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Foreword

As Henrik Ibsen said in 1906 A picture is worth a thousand words, and this has been
taken literally by the skilled illustrations and representations presented in this highly
valuable illustrated guide to neonatal brain injury. The experienced editors Drs.
Meijler and Mohammad have been assisted by many other leaders in the field of
neonatal neurology, including Drs. Cowan, de Vries, Steggerda, Leijser, Martinez-
Biarge, and El-Dib. Beautiful illustrations have been created under their guidance
by Amanda Gautier. An understanding of the neonatal brain can be challenging for
many—ifrom neonatologists and caregivers in the neonatal intensive care unit, com-
munity pediatric providers and therapists, and most importantly, the families of the
infants who are affected. This illustrated guide is a powerful companion to any clini-
cian and caregiver to provide insights pictorially. It provides images that can be
easily translated to the common representation of brain imaging, such as the images
acquired with a cranial ultrasound. This allows valuable insights to apply imaging
for an individual infant, providing additional confidence and assistance in counsel-
ing a family related to findings such as intraventricular hemorrhage. This atlas pro-
vides representation of the patterns of the common forms of brain injury in the
newborn, clearly depicting where and what is influenced in the newborn brain. The
guide also portrays common diagnostic and management approaches, such as lum-
bar puncture studies and drainage of cerebrospinal fluid by temporizing devices. At
a stressful time for many families with a small or sick infant, the capability to have
greater insights and understanding that this atlas provides is invaluable. As a clini-
cian guiding colleagues and counseling families, I cannot count the thousands of
times that I have drawn illustrations on paper and whiteboards. This atlas will now
take the place of my amateur illustrations with skilled accurate artistic renderings
that will be used again and again. This is a must-have book in the armamentarium
of any clinician caring for the high-risk newborn infant, and its pictures are truly
worth thousands of words.

Center for Neonatal Research, Terrie Eleanor Inder
Children’s Hospital of Orange
County, Orange, CA, USA

University of California Irvine,
Irvine, CA, USA
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1.1 For Parents

The brain of the newborn baby is still immature and undergoes essential and rapid
growth and development. Important maturational processes include the folding of
the brain surface, which enables enlargement of the brain surface without needing
too much space; the “wiring” of the nerve cell extensions with insulating material,
enabling fast conduction of electrical impulses between nerve cells; the formation
of synapses that connect different nerve cells with each other; and the programmed
elimination of abundant nerve cells and synapses.

The immaturity of the newborn’s brain combined with its rapid development
renders the brain of the newborn infant vulnerable to injury and abnormal growth
and development. This is especially true for the brains of preterm-born infants.
Therefore, problems around and after birth, such as traumatic delivery or oxygen
shortage during delivery, or illness during the first weeks after birth may lead to
brain injury or abnormal brain development. On the other hand, the abundance of
nerve cells and synapses gives the brain “plasticity,” meaning that injury does not
necessarily result in significant impairment. In addition, the young nervous system
is capable of learning and adapting, again meaning that injury does not always lead
to functional problems. Thus, early intervention in infants with brain injury may
help the infant to develop as normally as possible and to cope with possible impair-
ments. Besides the prevention of brain injury, early detection and diagnosis are
therefore of utmost importance.
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1.2 For Professionals

Human brain development is a very protracted and highly orchestrated process that
starts in the early embryonic phase and proceeds until adulthood (Fig. 1.1) [1].

During the fetal period, brain development is rapid and critical. It comprises
neuronal and glial cell proliferation and migration, a massive increase in volume
and weight, layering of the cerebral wall, cortical folding, establishment of
connectivity, apoptosis and programmed elimination of synapses, and beginning of
myelination.

In the case of preterm birth, essential brain growth and maturation need to take
place outside of the protective in utero-environment, while the infant is cared for in
an incubator in a neonatal (intensive care) unit and undergoes many (sometimes
painful and/or stressful) medical and nursing procedures.

The critical brain development during this period explains the vulnerability of
the preterm brain. The preterm brain is susceptible to injury from ischemic, hemor-
rhagic, inflammatory, and infective insults [2].

In this chapter, we provide an overview of the most important developmental
processes that take place during the preterm and neonatal period and that largely
determine preterm brain injury. We also explain brain maturation disturbance (dys-
maturation). Cerebellar development will be described in the chapter on cerebellar
injury (See Chap. 4).

1. Neuronal and glial cell proliferation and migration.
2. Increase in volume and weight.
3. Gyration and sulcation.

Timeline Brain Development

Embryonic‘EarnyetaI‘ Late fetal ‘ Preterm ‘Neonatal Infancy ‘ Childhood  Adolescence

Proliferation and migration

Gyration and sulcation

ﬁ-\xonal outgrowth andingm‘\
/// Neuronal dendritic differentiation
T

P —— ‘
)//' Synaptogenesis ﬁ
Pruning and apoptosis

[ I

Myelination

l l l l |

T T
0 5 10 15 20 25 30 35 birth 1M v 12y 18Y

© Amanda Gautier-Ronopawiro

Fig. 1.1 Timeline of important human brain developmental processes from the embryonic phase
until adolescence. (© Amanda Gautier-Ronopawiro)
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. Development of connectivity.

. Apoptosis and programmed elimination of synapses.
. Myelination.

. Dysmaturation.

U )N N

1.2.1 Neuronal and Glial Cell Proliferation and Migration

The bulk of cell proliferation takes place in the germinal matrix (Fig. 1.2): a tran-
sient, highly cellular and vascular embryological and fetal structure located in the
lateral ventricular wall that gives origin to neural and glial precursor cells.

In the germinal matrix, neuronal precursor cells divide into two identical clones.
One of these clones will migrate along a radial glial cell toward the cortex or deep
gray matter, and the other clone will further divide and then start its journey along
the glial cell.

The cortex is built up by different layers of cells: the “oldest” (first arriving) cells
will end up in the most inner layer of the cortex, while newer cells will form a layer
on top of this. This process goes on until the cortex consists of six separate cell lay-
ers, each containing differentiated neurons, in an inside-out orientation: the first
arriving cells forming the most inner layer and the latest arriving cells forming the
most outer layer (Fig. 1.3).

Because of its high cellularity and vascularity, combined with poor vascular sup-
port, the germinal matrix is one of the most vulnerable brain structures in the very
preterm infant. It is abundantly present between 14 and 26 weeks gestation.

/2

(\ %Germinal matrix

© Amanda Gautier-Ronopawiro

Fig. 1.2 The germinal matrix is a transient highly cellular and vascular structure beneath the
ventricular ependyma and is most prominent on the head of the caudate nucleus. In the germinal
matrix, neuronal and glial precursor cells proliferate and subsequently migrate toward their final
destinations (© Amanda Gautier-Ronopawiro)
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© Amanda Gautier-Ronopawiro Layers of cortical neurons

|:Lasr born neurons

B R
o ol

~—

'
:

Dividing progenitor cell Radial glial cell = Later born neurons migrate
past earlier born neurons

Progenitor cell

Fig. 1.3 The process of proliferation in and migration from the germinal matrix. The cortical lay-
ers are shown: the oldest neurons end in the most inner layer of the cortex, while the newest neu-
rons end in the most superficial cortical layer. (© Amanda Gautier-Ronopawiro)

Afterward, it undergoes regression, and after 34 weeks gestation, only some rem-
nants remain [3, 4].

In preterm neonates the vast majority of intracranial hemorrhages thus arise in
the germinal matrix (see Chap. 3).

1.2.2 Increase in Volume and Weight

Due to massive cell proliferation, impressive brain growth takes place during the
fetal period: between 26 and 40 weeks gestation, brain weight increases more than
twofold and brain volume almost fivefold [5-8]. There is a linear growth pattern of
brain structures between 25 and 37 weeks gestation [7], and between 20 and
40 weeks gestation, there is a 90% increase in brain weight [6].

1.2.3 Gyration and Sulcation

In the early fetal period, the brain surface is smooth. The development of the cere-
bral gyri and sulci is a sequential and orderly process that starts around the 14th
week of gestation with the formation of the lateral fissure (or Sylvian fissure). The
process of gyration and sulcation is probably driven by several mechanisms, includ-
ing exponential brain growth within the confinement of the hard skull, and complex
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mechanical forces in the cortex and the underlying white matter [9, 10]. Gyration
enables maximizing the number of cortical neurons and minimizing the total fiber
length within the skull [11].

The sulci can be classified into primary sulci (the pericallosal, cingulate, parieto-
occipital, hippocampal sulci) and secondary sulci (including the central, precentral
and postcentral, intraparietal, frontal, temporal, calcarine, and occipital sulci). The
primary and secondary sulci develop in a predictable, fixed sequence and are sym-
metric in location [12—14].

The primary sulci appear shortly after mid-gestation, followed by the secondary
sulci between 25 and 30 weeks gestation. Tertiary sulci are branches of the primary
and secondary sulci and are variable in appearance and development [15].

In general, the development of gyri and sulci is most rapid in the area of the cen-
tral sulcus and the medial occipital area, while the development is slowest in the
frontobasal and frontopolar areas and the anterior part of the temporal lobe [16].
There is a lag between the development of the cortical surface at postmortem and
detection of gyri and sulci with ultrasound and MRI.

For the normal sequence of gyral and sulcal development, we refer to the previ-
ous literature [17, 18].

Several factors such as antenatal brain injury, antenatal infection, and genetic
and metabolic disorders may directly affect the processes of proliferation and
migration and of gyration and sulcation, resulting in variable neurodevelopmental
delay, epilepsy, and motor problems [9, 15, 17, 19].

1.2.4 Development of Connectivity

Before midgestation, there is no direct connection between the cortex and the rest of
the central nervous system. With developing connectivity, axons are formed and
axonal branches multiply. During the second half of gestation, axons extend
branches to numerous cortical and subcortical targets, until each neuron connects
with thousands of other neurons [19].

The newborn brain undergoes rapid and massive connectivity modeling and remod-
eling through two simultaneous, interactive, and complex processes: progressive and
regressive. Both are guided by predetermined genetic factors and modifiable epigenetic
and environmental factors which allow for brain plasticity and adaptive mechanisms.

The progressive process is mainly due to the generation of new synapses, den-
drites, and axons [20, 21], while the regressive process is due to pruning of unused
or unnecessary connections [22]. The balance between both processes, and complex
interactive relationship makes our neuronal circuits and functional networks: “neu-
rons that fire together wire together” (Donald Hebb, cited from [23].

1.2.5 Apoptosis and Programmed Elimination of Synapses

Neurons and glial cells that fail to participate in a functioning network die through
a process called programmed cell death or apoptosis; the cell shrinks, the nucleus
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condenses and fragments, and there is a lack of inflammatory reaction by the dying
cell. Eventually the dead cells get removed by macrophages [24]. This type of pro-
grammed cell death is an essential part of brain development during proliferation
and migration and should be differentiated from cell death due to injury or aging.
Synaptic pruning on the other hand seems to be triggered by signals from the neu-
ronal cell itself, inviting microglia to prune the unused synapses flagged by comple-
ments [25, 26].

1.2.6 Myelination

Myelination of the central nervous system starts relatively late, in the third trimester of
pregnancy, and proceeds slowly until birth. It accelerates after birth and progresses
rapidly during infancy, slower thereafter, and continues into adulthood [27, 28].
Myelination follows a fixed, predictable, and orderly pattern and sequence. The most
basic “rules” of myelination are as follows: anatomic brain regions responsible for
primitive functions myelinate earlier than anatomic regions responsible for phyloge-
netically advanced functions; myelination parallels function; tracts myelinate in the
direction of impulse conduction; and myelination proceeds from caudal to rostral, pos-
terior to anterior, and central to peripheral. Thus, myelination in the central nervous
system starts in the brainstem and then moves to the cerebellum and pons, followed by
the deep gray matter and finally the central and peripheral white matter [17, 28-34].

In the central nervous system, myelin is produced by a certain type of glial cells,
the oligodendrocyte. Oligodendrocytes wrap a myelin sheath in tight spirals around
the axons (Fig. 1.4).

The axons carry electrical signals from one nerve cell to another. Myelinated
axons enable rapid action potential transmission and thereby support brain

Fig. 1.4 Immature and Immature neuron Mature neuron
mature neurons in the
central nervous system: the
immature neuron is
unmyelinated and not yet
connected to other A
neurons. The axon of the Nucleus
mature neuron is covered ] / %
with myelin (produced by ————— Cellbody

mature oligodendrocytes).
The mature neuron

Dendritic spines ——

connects with thousands of Oligodendrocyte 0
other neurons through its

axon that sends impulses to Axon

other neurons, and

extensive dendritic spines Myelin sheeth

that receive impulses from
other neurons. (© Amanda
Gautier-Ronopawiro)

Synapses
© Amanda Gautier-Ronopawiro
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connectivity. The insulating myelin sheaths are discontinuous, resulting in so-called
saltatory conduction, whereby the action potential “jumps” from one so-called node
of Ranvier over a long myelinated stretch of the axon to the next node of Ranvier and
so on until it reaches the axon terminal. The nodes of Ranvier are very short unmy-
elinated parts of the axon interspersed between the adjacent long myelinated
internodes.

As myelination is extremely important for the speed of impulse conduction and
myelin provides axonal protection, it is essential for normal nervous system
functioning.

Myelin is white, due to its high fat content. In the mature brain, it is abundantly
present in the white matter (thus the name “white matter”’) which contains the con-
necting fibers and is mainly populated by axons.

Abnormal and/or delayed myelination plays a major role in neonatal brain
injury. Oligodendrocytes undergo critical maturation during the third trimester
of gestation. During the fetal period and in the case of preterm birth, the preterm
period, the immature white matter is abundantly populated by pre-myelinating
oligodendrocytes (pre-Ols). These immature oligodendrocytes are not yet capa-
ble of myelination and are highly susceptible to hypoxic-ischemic and inflam-
matory injury. Especially in the very preterm infant, injury to the white matter
may therefore lead to widespread myelination disturbances. Diffuse white mat-
ter injury (WMI) is associated with abnormalities in gray matter structures,
including the cerebral and cerebellar cortex, thalamus, basal ganglia, and hip-
pocampus [35].

Diffuse WMI and its associated gray matter injury are probably at least partly
responsible for the cognitive disabilities that are frequently encountered in children
born very prematurely (see Chap. 5) [2, 36-38].

In the full-term neonate, active myelination takes place in, among others, the
internal capsule and the deep gray matter. Due to their high metabolic demands,
these brain regions are highly susceptible to hypoxic-ischemic injury. In the full-
term infant, severe hypoxic-ischemic events (e.g., perinatal asphyxia) may therefore
lead to deep gray matter injury and abnormal myelination of the posterior limb of
the internal capsule (PLIC) (see Chap. 8) [39-42].

1.2.7 Brain Maturation Disturbance (Dysmaturation)

With the advances in technology and care, the more severe types of preterm brain
injury are declining [43—45]. However, milder forms of brain injury are increasingly
recognized [46, 47]. Nowadays there is also increasing attention for so-called neu-
ronal dysmaturation: arrested neuronal development rather than necrosis and apop-
tosis [48]. In cases with dysmaturation, no overt injury is present, and there is no
obvious delay in myelination. However, around term equivalent age (TEA) volumes
of the white matter and deep gray matter are reduced, and the extracerebral spaces
are wide. It is thought that independent of WMI and myelination delay, neuronal
maturation is impaired [49]. This impaired neuronal maturation may be related to
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undernutrition, pain, and stress. Besides WMI, primary neuronal dysmaturation
may be responsible for the cognitive problems that are so often encountered in chil-
dren born very prematurely.

This new concept of dysmaturation opens possibilities for new neuroprotective

strategies and a wider window of opportunity to improve neurodevelopmental out-
comes through positive parenting and an interactive nurturing environment [50, 51].
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2.1 For Parents and Professionals

This chapter includes important, clearly illustrated brain structures that may be
affected in neonatal brain injury. It also shows the territories of the main arteries of
the brain that play a role in perinatal stroke (see Chaps. 6 and 9).

These illustrations enable professionals to explain the location and meaning of
lesions to parents (Figs. 2.1,2.2,2.3,2.4,2.5,2.6,2.7,2.8,2.9,2.10,2.11, and 2.12).
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Fig. 2.1 Low axial plane. (1) Internal carotid artery. (2) Anterior cerebral artery. (3) Middle cere-
bral artery. (4) Posterior cerebral artery. (5) Basilar artery. (6) Superior sagittal sinus. (7) Straight
sinus. (8) Lateral ventricle (temporal horn). (9) Lateral ventricle (occipital horn). (10) Choroid
plexus. (11) Optic chiasm. (12) Midbrain (mesencephalon). (13) Frontal lobe. (14) Hippocampal
gyrus (of temporal lobe). (15) Temporal lobe. (16) Occipital lobe. (17) Cerebellar vermis (upper
part). (© Amanda Gautier-Ronopawiro)
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Fig. 2.2 Anterior coronal plane. (1) Superior sagittal sinus. (2) Lateral ventricle (frontal horn). (3)
Lateral ventricle (temporal horn). (4) Choroid plexus (in temporal horn). (5) Corpus callosum
(genu). (6) Septum pellucidum. (7) Internal capsule (anterior limb). (8) Caudate nucleus (head).
(9) Putamen. (10) Frontal lobe. (11) Temporal lobe. (© Amanda Gautier-Ronopawiro)
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Fig. 2.3 Mid-coronal
plane. (1) Superior sagittal
sinus. (2) Middle cerebral
artery (branches of). (3)
Lateral ventricle (body).
(4) Third ventricle. (5)
Corpus callosum (body).
(6) Internal capsule
(posterior limb). (7)
Lentiform nucleus
(putamen and globus
pallidus). (8) Thalamus. (9)
Frontal lobe. (10) Parietal
lobe. (11) Temporal lobe.
(12) Pons. (© Amanda
Gautier-Ronopawiro)

Fig. 2.4 Posterior coronal
plane. (1) Superior sagittal
sinus. (2) Internal cerebral
vein. (3) Middle cerebral
artery (branch of). (4)
Insular artery (branch of
middle cerebral artery). (5)
Body of lateral ventricle
containing choroid plexus.
(6) Corpus callosum
(body). (7) Thalamus. (8)
Mesencephalon
(Midbrain). (9) Frontal
lobe. (10) Parietal lobe.
(11) Temporal lobe. (©
Amanda
Gautier-Ronopawiro)
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Fig. 2.5 Mid-sagittal plane. (1) Superior sagittal sinus. (2) Confluence of sinuses (Torcular
Herophili). (3) Transverse sinus (beginning of). (4) Straight sinus. (5) Vein of Galen. (6) Inferior
sagittal sinus. (7) Basilar artery. (8) Internal carotid artery. (9) Anterior communicating artery. (10)
Anterior cerebral artery. (11) Pericallosal artery. (12) Posterior cerebral artery. (13) Cavum septum
pellucidum. (14) Third ventricle. (15) Aqueduct of Sylvius. (16) Fourth ventricle. (17) Corpus cal-
losum. (18) Fornix. (19) Interthalamic adhesion. (20) Midbrain (mesencephalon). (21) Pons. (22)
Cerebellum (vermis). (23) Medulla oblongata. (© Amanda Gautier-Ronopawiro)
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Fig. 2.6 Para-sagittal plane. (1) Transverse sinus. (2) Lateral ventricle (frontal horn). (3) Lateral
ventricle (body). (4) Lateral ventricle (occipital horn). (5) Lateral ventricle (temporal horn). (6)
Choroid plexus. (7) Caudate nucleus. (8) Lentiform nucleus (putamen and globus pallidus). (9)
Thalamus. (10) Frontal lobe. (11) Parietal lobe. (12) Occipital lobe. (13) Temporal lobe. (14)
Parahippocampal gyrus (temporal lobe). (15) Hippocampus (temporal lobe). (16) Cerebellar hemi-
sphere (superior cerebellar lobe). (17) Cerebellar hemisphere (inferior cerebellar lobe). (© Amanda
Gautier-Ronopawiro)
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Fig. 2.7 Arterial blood supply lateral brain surface, territory of the middle cerebral artery. (1)
Middle cerebral artery (MCA). (2) Frontal temporal branch. (3) Middle temporal branch. (4)
Posterior temporal branch. (5) Branch to angular gyrus. (6) Inferior terminal branch. (7) Superior
terminal branch. (8) Lateral frontobasal artery. (9) Prefontal artery. (10) Artery of precentral sul-
cus. (11) Artery of central sulcus. (12) Artery of postcentral sulcus. (13) Anterior parietal artery.
(14) Posterior parietal artery. (© Amanda Gautier-Ronopawiro)
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Fig.2.8 Ventricular
system. (1) Lateral
ventricle (frontal horn). (2)
Lateral ventricle (body).
(3) Lateral ventricle
(occipital horn). (4) Lateral
ventricle (temporal horn).
(5) Foramen of Monro. (6)
Third ventricle. (7)
Aqueduct of Sylvius. (8)
Fourth ventricle. (9)
Foramina of Luschka
(lateral apertures). (10)
Foramen of Magendie
(median aperture). (©
Amanda
Gautier-Ronopawiro)
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Fig. 2.9 Axial views of the brain stem and cerebellum. (© Amanda Gautier-Ronopawiro)
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Fig. 2.10 Territories of the major cerebral arteries, lateral surface. (© Amanda
Gautier-Ronopawiro)
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Anterior cerebral artery
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Fig. 2.11 Territories of the major cerebral arteries, medial surface. (© Amanda
Gautier-Ronopawiro)
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Fig. 2.12 Motor and sensory homunculus in relation to arterial territories. (© Amanda
Gautier-Ronopawiro)
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Abbreviations

AHW  Anterior horn width

CSF Cerebrospinal fluid

c-PVL  Cystic periventricular leukomalacia
cUS Cranial ultrasound

FOHR Fronto-occipital horn ratio

FTHR  Fronto-temporal horn ratio

GA Gestational age

GMH  Germinal matrix hemorrhage
IVH Intraventricular hemorrhage
LP Lumbar puncture

NEL Neuro-endoscopic lavage

PHVD  Post-hemorrhagic ventricular dilatation
PLIC Posterior limb of the internal capsule
PVHI  Periventricular hemorrhagic infarction
SWI Susceptibility weighted imaging

TEA Term-equivalent age

TOD Thalamo-occipital distance

VI Ventricular index
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3.1 For Parents

A bleed (or hemorrhage) is commonly seen in the brain of infants that are born too
early (preterm, prematurely). Bleeds mostly occur in the lining of the two nor-
mal fluid-filled spaces in the brain (one on either side) called the lateral ventricles.
This lining is called the germinal matrix. During the early stages of brain develop-
ment, the germinal matrix is important because it contains many immature cells that
develop into nerve cells and supportive (so-called glial) cells. During pregnancy,
these immature cells travel from the germinal matrix to the cortex of the brain. The
cortex is the outermost layer of the brain that contains billions of nerve cells that
send signals to each other. Most nerve cells have reached the cortex by 24 weeks
into the pregnancy. From that time onward, the germinal matrix starts to shrink, and
almost all of it will have disappeared by the expected delivery date.

3.1.1 Why Did My Baby Develop a Hemorrhage?

The germinal matrix also contains many small and fragile blood vessels. In a sick
preterm infant, the amount of blood that flows through these small vessels can vary
considerably. The variations in blood flow and pressure may rupture the fragile ves-
sels of the germinal matrix, resulting in a bleed.

A bleed in the brain of a preterm infant nearly always starts in the germinal
matrix and is therefore called a germinal matrix hemorrhage or GMH (Fig. 3.1a).
Due to the location of the germinal matrix in the wall of the lateral ventricles, the
hemorrhage may break through the wall and extend into the fluid-filled lateral ven-
tricle. In that case, the hemorrhage is called an intraventricular hemorrhage or IVH
(Fig. 3.1b). Germinal matrix or intraventricular hemorrhages mostly develop in the
first 3 days after birth. A hemorrhage can be seen in the lateral ventricle on one side
(unilateral) or on both sides (bilateral) of the brain. The size of the hemorrhage in
the ventricle can vary from small to large. In most cases, the hemorrhage is small.
However, in some cases, there is so much blood in the lateral ventricle that it causes
a sudden enlargement of the ventricle (Fig. 3.1c). In rare cases, blood is also seen in
the brain tissue surrounding the lateral ventricle, called parenchymal hemorrhage
(Fig. 3.1d, e). Germinal matrix and intraventricular hemorrhages are usually
detected with an ultrasound examination of the brain.

About 20% of preterm infants that are born before 30 weeks of pregnancy
develop a germinal matrix and/or intraventricular hemorrhage (GMH-IVH).
Fortunately, most of the hemorrhages are small, so-called grade I and II hemor-
rhages (Fig. 3.1a, b). These small hemorrhages do not have a serious effect on the
short-term development of the infant, but it is still unclear whether they have some
effect in the long term. In the case of a large hemorrhage in the ventricle (grade III;
Fig. 3.1c) or blood in the brain tissue (Fig. 3.1d, e), there is a risk of enlargement of
the ventricles and problems with the development of the infant later in life.
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Fig. 3.1 Schematic drawings of coronal and sagittal views of the brain showing: (a) unilateral
germinal matrix hemorrhage; (b) unilateral grade II intraventricular hemorrhage; (c) unilateral
grade III intraventricular hemorrhage; (d, e) unilateral intraventricular hemorrhage with parenchy-
mal hemorrhage (called periventricular hemorrhagic infarction). (© Amanda Gautier-Ronopawiro)
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3.1.2 Whatls the Treatment If My Baby Is Diagnosed
with a Hemorrhage?

The lateral ventricles contain fluid, called the cerebrospinal fluid (CSF). The CSF
normally flows downward from the lateral ventricles to the spaces around the brain
and the spinal cord, where it is absorbed by blood vessels (Fig. 3.2). If the flow of
CSF is obstructed by a blood clot in the ventricles or the CSF is not absorbed by the
blood vessels, CSF may accumulate in the ventricles. Accumulation of CSF may
lead to enlargement of the ventricles, called post-hemorrhagic ventricular dilatation
(PHVD) (Fig. 3.3).

PHVD may develop 7-14 days after the development of a hemorrhage and can
also be detected using ultrasound imaging of the brain. PHVD can become worse
over time and can cause pressure on the brain tissue surrounding the lateral ven-
tricles. The size of the ventricles should therefore be followed closely. This can
be done with measurements of the ventricles on ultrasound. When the ventricles
become too large for the age of the infant, treatment may be needed as too much
pressure on the surrounding brain tissue may cause injury to the brain. The size
of the ventricles can be reduced by draining CSF from the lateral ventricles. The
first method used to do this is a puncture from the lumbar space (lumbar puncture
[LP]) (Fig. 3.4). Draining some CSF from the lumbar space may be sufficient to
resolve PHVD. If the effect of the LP is not sufficient or if LPs need to be repeated
more than 3-5 times, the next step is to ask the neurosurgeon to implant a small
reservoir. The reservoir is placed under the skin of the infant’s head and con-
nected to a tube that ends in one of the lateral ventricles. CSF can then be removed

Fig. 3.2 Schematic
drawing of the mid-sagittal
view of the brain showing
the ventricular system and
cerebrospinal fluid

(CSF) outflow tract. (©
Amanda
Gautier-Ronopawiro)

© Amanda Gautier-Ronopawiro
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Fig.3.3 Schematic drawings of coronal and sagittal views of the brain showing post-hemorrhagic
ventricular dilatation. (© Amanda Gautier-Ronopawiro)

© Amanda Gautier-Ronopawiro

Fig. 3.4 Schematic drawing of lumbar puncture procedure in newborn infant; also showing the
spinal cord, vertebrae, and lumbar space. (© Amanda Gautier-Ronopawiro)
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Fig.3.5 Schematic drawings of ventricular reservoir in an infant with post-hemorrhagic ventricu-
lar dilatation and removal of cerebrospinal fluid (CSF) from the reservoir. The tip of the tube con-
nected to the reservoir lies in the lateral ventricle. (© Amanda Gautier-Ronopawiro)

from the reservoir 1-2 times per day to reduce the size of the ventricles (Fig. 3.5).
In most cases, removal of CSF from the ventricles is enough to resolve PHVD in
1-2 weeks. However, in about 40% of infants who need a reservoir, the CSF
removal through the reservoir is not sufficient to keep the ventricles small enough
so that they do not cause too much pressure on the surrounding brain tissue. In
those cases, a permanent solution, called a shunt, is needed. A tube is then con-
nected to the reservoir and led under the infant’s skin to the abdomen. The shunt
enables ongoing removal of CSF from the lateral ventricles into the abdomen.

3.1.3 What Will Happen to My Baby (Prognosis)?

Infants who have a small (grade I or II) hemorrhage mostly do well later in life.
However, if additional brain injury is seen on an ultrasound and/or MRI examina-
tion, such as small cerebellar hemorrhages or white matter injury, the development
of the infant may be affected.

Infants with a grade III hemorrhage have a higher risk of problems later in life,
especially if PHVD develops. However, we know that the later development of an
infant with PHVD improves considerably when treatment for PHVD is
started early.

About 50% of the infants with a hemorrhage in the surrounding brain tissue
(periventricular hemorrhagic infarction) have problems with motor development
(movement) of the opposite side of the body. The size and location of the hemor-
rhage in the brain tissue determine whether problems with movement develop and
how severe the problems will be. Ultrasound imaging, or better an MRI examina-
tion of the brain, around the expected delivery date can help with the prediction of
motor development. MRI can show the connections between nerve cells (called
nerve fibers) in the brain that are involved in controlling movement. When these
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connection are not visible on MRI on the side of the hemorrhage, an infant likely
develops a one-sided problem with movement (on the other side of the body). The
majority of the children with a one-sided movement problem will be able to walk
without support by the age of 24-30 months. When the infant has other risk fac-
tors for problems with later development (such as extremely low gestational age
at birth), the child may develop additional problems (e.g., learning and/or behav-
ioral problems).

Over the past decades, we have learned a lot about factors that both reduce and
increase the risk for preterm infants to develop a germinal matrix or intraven-
tricular hemorrhage. Corticosteroids, given to the pregnant mother to boost lung
maturation in the fetus when she is at risk of a preterm delivery, protect against
the development of hemorrhages. We have also learned that gentle handling of a
preterm infant, keeping the head in the midline during the first 3 days after birth
and an individualized approach to intensive care treatments the infant may need
are all important measures to reduce the risk of hemorrhages. The search for
other risk factors is ongoing, so we can further reduce the occurrence of
hemorrhages.
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3.2 For Professionals
3.2.1 Pathogenesis

Germinal matrix hemorrhage (GMH) and intraventricular hemorrhage (IVH) typ-
ically originate from the germinal matrix (Fig. 3.1a—d). The germinal matrix, also
called the ganglionic eminence, is a highly cellular and vascularized structure that
is transient, related to its role in brain development. It is the initial site for neuro-
nal and glial cell proliferation and differentiation before the cells migrate to other
parts of the brain including the cortex and the deep gray matter [1] (see Chap. 1).
The germinal matrix area is most abundant over the head and body of the caudate
nucleus, at the level of the foramen of Monro. It is also present in the roof of the
temporal horns and occipital horns of the lateral ventricles. When cell migration
is complete around 24 weeks gestation, the germinal matrix area gradually
regresses, and it has fully involuted by term-equivalent age (TEA) (Fig. 1.2,
Chap. 1).

The germinal matrix is described as an “immature vascular rete” as its vessels are
primitive and cannot be classified as arterioles, venules, or capillaries. The vessels
in the germinal matrix occupy border zones between cerebral arteries and the venous
outflow collection zone from the deep white matter. The vessels are thin-walled,
lack structural support, and are metabolically active. As a result, the walls have
increased permeability, rendering them vulnerable to injury and hemorrhage, par-
ticularly when exposed to hypoxia and/or fluctuations in cerebral blood flow [2].
The hemorrhage can be confined to the germinal matrix (i.e., GMH). It can also
disrupt the ependymal lining, at the interface of the lateral ventricles filled with
cerebrospinal fluid (CSF), and extend into the lateral ventricle to become an IVH
[3]. IVHs vary in extent of the hemorrhage filling the lateral ventricles and presence
of ventricular dilatation (see below).

In addition, there can be parenchymal involvement. The parenchymal venous
outflow occurs through a fan-shaped collection of short and long medullary veins.
These veins drain blood into the germinal matrix and subsequently into the termi-
nal vein, lying below the germinal matrix [4] (Fig. 3.6). A GMH-IVH can result
in impaired venous drainage of the medullary veins and subsequent congestion
and stasis of blood and therewith infarction of the periventricular white matter.
Cells in the infarcted area can become necrotic, eventually resulting in a cystic
evolution of the periventricular white matter. The cystic evolution can be a single
cyst communicating with the ipsilateral lateral ventricle, a so-called porence-
phalic cyst, or multiple cysts not or partly communicating with the lateral ventri-
cle [5-8].

Regardless of the gestational age (GA) at birth, most GMH-IVHs develop within
the first few days of birth. This is related to accelerated maturation of the germinal
matrix after birth [2]. It is not uncommon to detect a hemorrhage soon after admis-
sion; in 16%, a hemorrhage is diagnosed within 1 h of birth, and in up to 50% within
6 h of birth [9].
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Fig. 3.6 Location and trajectory of medullary and terminal veins in coronal view. (a) Normal
unobstructed trajectory; (b) triangular-shaped hemorrhage following rupture of distended veins in
the white matter due to impaired venous drainage. (© Amanda Gautier-Ronopawiro)

3.2.2 Risk Factors

GMH-IVHs have a multifactorial origin. In line with the etiology and impaired
cerebral autoregulation in preterm infants, an important risk factor for GMH-IVH is
fluctuations in cerebral blood flow related to changes in systemic blood pressure
[10, 11]. Other factors that have been described to cause fluctuations in cerebral
blood flow include anemia, hypercarbia, acidemia, hypoglycemia, hypoxia, and
abrupt elevations in systemic blood pressure (due to use of inotropes, rapid volume
expansion with fluid boluses, and seizures) [12].

3.2.3 Incidence

The incidence of GMH-IVH is usually reported for all grades combined and depends
on the GA and birthweight range described. Related to the evolution of the germinal
matrix during fetal and preterm brain development, the incidence of GMH-IVH
decreases with increasing GA. The incidence of GMH-IVH was as high as 45% in
a study looking at infants born <1000 g [13] and 38% in a recent study looking at
infants with a GA between 24 and 28 weeks [14]. Others have specifically studied
infants with a severe hemorrhage (see below). In a large study by Yeo and col-
leagues, a slight decrease in incidence of GMH-IVH (all grades) was seen over time
in infants <32 weeks gestation, from 23.6% in 1995-2000 to 21.4% in 2007-2012
[15]. The authors also looked at the subgroup of infants with severe hemorrhage and
reported a decrease from 6.6% to 5%. For infants born <27 weeks gestation, the
incidences were higher: 34.9% for all grades and 11.6% for the severe hemorrhages
during the most recent study period. While the incidence of GMH-IVH has
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gradually declined over the past decades, its multifactorial origin, in combination
with increased survival of extremely preterm infants, has so far challenged further
incidence reduction.

3.2.4 GMH-IVH Classification and Imaging

The most commonly used classification for GMH-IVH is the one by Volpe [2],
which recommends using three grades and noting parenchymal hemorrhage (previ-
ously referred to as grade V) separately.

— Grade I: Germinal matrix hemorrhage (Fig. 3.1a).

— Grade II: Intraventricular hemorrhage without ventricular dilatation (Fig. 3.1b).
— Grade III: Intraventricular hemorrhage with acute ventricular dilatation (clot fills

>50% of the ventricle) (Fig. 3.1c).

— Periventricular hemorrhagic infarction (PVHI), including description of size and

location (Fig. 3.1d, e).

Cranial ultrasound (cUS) remains the preferred tool to screen the preterm infant’s
brain for GMH-IVH development and progress. However, a low-grade IVH (grade
I and IT) can be missed with cUS, especially when it develops in unusual locations
such as the temporal or occipital horn of the lateral ventricle. When comparing with
MR, including a sequence called susceptibility-weighted imaging (SWI), the sen-
sitivity of cUS for low-grade IVH was found to be as low as 60% [16]. To better
distinguish a grade I from a grade II hemorrhage, performing cUS through the pos-
terior fontanel can be helpful as this allows for better visualization of presence of
blood in the occipital horn [17, 18].

Severe hemorrhages (grade III and PVHI) and larger grade II hemorrhages are
well visualized with cUS. The diagnosis of a grade III hemorrhage should be made
in the acute phase when the clot is filling the ventricle for >50%, causing acute dis-
tention of the lateral ventricle (which should not be confused with post-hemorrhagic
ventricular dilatation [PHVD; see below]).

A PVHI can vary in shape, size, and location and all these characteristics
should be reported. The shape can be globular with the parenchymal lesion com-
municating with the lateral ventricle (Fig. 3.7c). Such PVHI may evolve into a
porencephalic cyst that communicates with the lateral ventricle. A PVHI can also
be triangular in shape, with the tip of the triangle pointing toward the lateral ven-
tricle and be partly or completely separate from the lateral ventricle (Fig. 3.7a, b).
In the latter case, the PVHI may (initially) evolve into multiple small cysts instead
of one large cystic lesion. When these cysts are not communicating with the lat-
eral ventricle, they are sometimes incorrectly diagnosed as cystic periventricular
leukomalacia (c-PVL). Multiple cystic lesions due to PVHI are mostly unilateral
(ipsilateral to the side of the IVH), while c-PVL is mostly bilateral and preceded
by a period of bilateral inhomogeneous echogenicity in the periventricular white
matter (see Chap. 5). The size and location of a PVHI and number of lobes
involved can be best assessed from a sagittal cUS plane. A coronal plane can be
used to assess the presence of a midline shift, which is sometimes present [19, 20].
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Fig. 3.7 cUS images of three preterm infants with PVHI. Top row showing coronal images and
lower row showing parasagittal images. (a and d) Small PVHI, triangular in shape, involving the
frontal lobe; (b and e) larger PVHI, also triangular in shape, involving the fronto-parietal lobes; (¢
and f) large globular shaped PVHI clearly communicating with the lateral ventricle. See Figs. 3.9
and 3.10 for MRI correlate at term-equivalent age

Infants with a large IVH have a considerable (30-50%) risk to develop PHVD
[21]. PHVD usually develops between 7 and 14 days after the onset of the hem-
orrhage, when CSF accumulates in the ventricular system due to an imbalance
between the production and the outflow and reabsorption of CSF. PHVD can be
transient or slowly or rapidly progressive. The onset and progress of PHVD can
be followed with cUS measurements of ventricular size, for which thresholds in
relation to infant postmenstrual and postnatal age have been described. The
measurements that are most often performed are the ventricular index (VI, width
of midline of the brain to the lateral border of the ventricle in third coronal
plane), the anterior horn width (AHW, diagonal width between the walls of the
anterior horn at its widest point in third coronal plane), the thalamo-occipital
distance (TOD, distance between the outermost point of the thalamus at its junc-
tion with the choroid plexus and the outermost part of the occipital horn in the
parasagittal plane), and fronto-temporal or fronto-occipital horn ratio (FTHR/
FOHR, widest distance of the frontal horns plus temporal or occipital horns,
respectively, divided by twice the largest bi-parietal distance) (Fig. 3.8). A
recent study showed that the intra-observer and inter-observer reliability are
best for the VI and AHW [22]. To avoid a delay in intervention for PHVD (see
below), cUS including ventricular measurements should be repeated, and mea-
surements plotted in a graph several times per week when a GMH-IVH has been
diagnosed [23, 24].
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Fig.3.8 Coronal and parasagittal cUS images showing measurements of the lateral ventricles. (a)
Ventricular index (VI); (b) anterior horn width (AHW); (¢) thalamo-occipital distance (TOD); (d)
fronto-occipital horn ratio (FOHR; A + C/2 x B); (e) fronto-temporal horn ratio (FTHR;
A +C/2xB)

3.2.5 Prognosis (See Also Table 3.1)

The initial studies on neurodevelopmental outcomes related to low-grade GMH-
IVH were based on cUS assessment [28]. One could therefore not be certain about
additional subtle brain lesions, such as subtle white matter injury or small cerebellar
hemorrhages, that may influence prognosis. A recent study reported on outcomes at
8 years in preterm infants born at <28 weeks gestation and found children with a
grade I or I GMH-IVH to be at higher risk for cerebral palsy than those without
GMH-IVH (OR 2.24, 95% CI 1.21-4.16). However, the authors did not exclude
infants with c-PVL, as they suggested this to be along the causal pathway of an IVH
[25]. Other recent studies, using MRI with advanced imaging techniques around
TEA, suggest that neurodevelopmental outcome is less favorable in infants with
low-grade IVH compared with those without IVH [29-31].

The neurodevelopmental outcome following IVH grade III depends on the evo-
Iution of the IVH and the presence of associated white matter injury and/or
PHVD. The prognosis is more favorable without the development of PHVD; if
PHVD does develop, the outcome depends on the severity and the timing of inter-
vention. Therefore, once the diagnosis of a severe IVH is made, it is important to
perform cUS frequently to diagnose and follow the progress of PHVD so interven-
tion can be initiated timely, based on cUS findings rather than waiting for clinical
symptoms of increased intracranial pressure to develop [23, 32].
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Table 3.1 Prognosis for neurodevelopmental outcome [14, 25-27]

Conjunctive MRI findings at

cUS finding TEA (Carefully assess site
(maximum and extent of lesions and Prognosis
extent) PLIC myelination) (See  below table for important note)

2-year outcome
No GMH-IVH No GMH, IVH, CBH, or WM Favorable (no CP and Bayley composite

injury scores >85)
Low-grade IVH No WM injury or CBH Low risk of CP and/or mild motor delay
Low-grade IVH  Non-cystic WM abnormalities Mild risk of mostly ambulant CP and/or
and/or punctate CBH mild motor delay (adverse motor outcome

more likely if PLIC myelination delayed/
absent at TEA and/or lesions adjacent to the

CST)®

5-year outcome

Low-grade IVH  Not specified 15-20% risk of moderate to severe NDI,
similar to infants without IVH (Epipage-2
study)

2-year outcome

Grade III IVH Not specified Mild risk of (mostly mild, ambulant) CP

without when isolated

progressive Moderate risk of (mostly mild, ambulant)

PHVD CP when associated with WM lesions (in

particular if PLIC myelination is delayed/
absent)® and
30-40% risk of (mild-moderate) cognitive

impairment
Grade III IVH Not specified Mild risk of CP when isolated and PHVD
with progressive treated early based on US measurements of
PHVD ventricular size

Moderate risk of CP when isolated but
PHVD treated after onset of clinical
symptoms of increased ICP
and
At risk for cognitive impairment especially
when associated with WMI and/or treated
after onset of clinical symptoms

5-year outcome

Grade III IVH Not specified 35-40% risk of moderate-severe NDI,
including up to 20% risk of CP (Epipage-2
study)

2-year outcome

(continued)
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Table 3.1 (continued)
Conjunctive MRI findings at

cUS finding TEA (Carefully assess site

(maximum and extent of lesions and Prognosis

extent) PLIC myelination) (See  below table for important note)
PVHI without Not specified Higher risk of CP when parietal lobe is

and with involved as compared to other lobes (~ 50%
progressive risk of USCP), in particular if PLIC

PHVD myelination delayed/absent”

and
At risk for cognitive, behavioral, and/or
visual impairment, the latter in particular
with temporal lobe involvement

5-year outcome

PVHI Not specified 35-65% risk of moderate-severe NDI
(Epipage-2 study)

CBH cerebellar hemorrhage, CP cerebral palsy, CST corticospinal tract, GMH-IVH germinal
matrix-intraventricular hemorrhage, /CP intracranial pressure, NDI neurodevelopmental impair-
ment, PHVD post-hemorrhagic ventricular dilatation, PLIC posterior limb of internal capsule,
PVHI periventricular hemorrhagic infarction, PWML punctate white matter lesion, TEA term-
equivalent age, USCP unilateral spastic cerebral palsy, WM white matter

“Described risks are based on the average reported occurrence of neurodevelopmental deficits
across the very preterm population with GMH-IVH. However, risks are influenced by multiple
factors, such as lower gestational age and weight at birth, prematurity-related morbidity, and
required interventions. The severity of deficits can span the spectrum from mild to severe. The
table thus provides an indication, but risk needs to be assessed on an individual basis in view of
other risk factors for NDI

°If cysts do not involve the corticospinal tract and the extent of myelination of the PLIC is normal
for age, motor outcome in the normal range without cerebral palsy is expected

Performing an MRI at TEA is recommended to assess possible additional injury
to the periventricular white matter and cerebellum. MRI at this age also contributes
to the assessment of maturational features of the brain, such as myelination, which
may help with prognostication. Neurosurgical intervention for PHVD may also
result in additional brain injury, such as piercing of the corpus callosum during res-
ervoir insertion or periventricular or subcortical bleeds following a fast reduction in
ventricular volume, which can also be diagnosed with MRI [33, 34].

The prognosis related to a PVHI depends on the size and location of the lesion.
Motor sequelae are most common in preterm infants with a lesion in the parietal
white matter and rare for lesions in the frontal or temporal white matter. Behavioral,
visual, and cognitive problems are especially common in infants with a PVHI in the
temporal lobe [35]. The location of the PVHI can be best assessed on a cUS in the
parasagittal plane (see Fig. 3.7). In this plane, one can assess the number of lobes
involved and whether the trigonal area is affected [36]. In the coronal view, one can
best assess whether the PVHI is unilateral or bilateral and whether there is a midline
shift. A score can be used to assess PVHI severity [19, 37].

Performing an MRI at TEA is highly recommended in case of (suspected) PVHI
as MRI allows assessment of myelination of the posterior limb of the internal
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capsule (PLIC). An asymmetry in myelination between both sides of the brain is a
strong predictor of subsequent development of unilateral spastic cerebral palsy
(Fig. 3.9). When the MRI is performed at discharge, the infant is often <37 weeks
gestation, and myelination is still absent or insufficient to assess asymmetry.
Performing an MRI during the first week after the development of PVHI can con-
tribute to the prediction of motor outcome, when combining assessment of the site
and size of the lesion from conventional images with assessment of the PLIC using
diffusion weighted imaging (Fig. 3.10) [38]. This is especially useful in the case of
bilateral injury, as redirection of care may be considered with bilateral PLIC
involvement.

Fig. 3.9 MRIs at TEA of the three preterm infants shown in Fig. 3.7. (a) T2-weighted sequence,
coronal view reconstructed from 3D image, still showing remnants of blood seen as low signal
intensity in the right frontal lobe; (b) T1-weighted sequence, coronal view, showing cysts in the
white matter, separate from the lateral ventricle as well as asymmetry of myelination of the PLIC;
(c) T1-weighted sequence, coronal view, showing a large porencephalic cyst and absence of
myelination of the PLIC on the affected side

Fig.3.10 Brain MRI of a preterm infant (31 weeks gestation) performed in the first week after
birth. (a) Showing a PVHI on the T2-weighted sequence and (b) showing diffusion restriction of
the middle part of the PLIC. (¢) MRI at TEA in the same infant shows multi-cystic evolution on
the T2-weighted sequence. The child developed unilateral spastic cerebral palsy, level I on
the GMFCS
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In a recent study, mortality was reported to be as high as 40% with increased
PVHI severity score, being associated with a higher likelihood of death. Less than
half (42%) of the survivors assessed at 2 years corrected age developed cerebral
palsy. Involvement of the trigonal area was strongly associated with the develop-
ment of cerebral palsy. In infants with a grade III IVH, associated PHVD (in 36%
of the infants) was an independent risk factor for poorer cognitive and motor out-
comes (P < 0.001 for both) [37].

3.2.6 Prevention and Treatment

Proven effective preventive measures for GMH-IVH consist of antenatal adminis-
tration of corticosteroids to promote lung maturation and postnatal maintenance of
circulatory and respiratory stability to avoid rapid fluctuations in cerebral blood
flow. The introduction and use of neonatal care bundles, aimed at the prevention of
GMH-IVH by targeting multiple risk factors simultaneously, have been associated
with a reduction in the incidence of IVH [12, 39]. Also, it has been reported to
reduce the progression in size of the IVH following its diagnosis [39]. The neonatal
care bundles include maintaining the head in the midline position, tilting the head
end of the incubator and avoidance of flushing/rapid withdrawal of blood, sudden
elevation of the legs, and reduction in use of inotropes and fluid boluses.

At present, no treatment is available for GMH-IVH and management is conser-
vative. Once a hemorrhage has been diagnosed, serial cUS is needed to follow the
progression of the hemorrhage and the development of PHVD. Close cUS monitor-
ing of PHVD development, including frequent ventricular measurements, allows for
timely intervention. Growing evidence suggests that intervention started once ven-
tricular size is increasing, resulting in better neurodevelopmental outcome com-
pared to waiting for clinical symptoms of increased intracranial pressure (sunsetting,
apneic spells, rapid increase in head circumference) [20, 32, 40, 41].

Initiation of intervention should be considered when the VI has crossed the 97th
percentile and is approaching the p97 + 4 mm line, combined with an AHW >6 mm
[23]. LPs can be the first intervention method and be performed a total of 3-5 times,
with maximum frequency of once per day and depending on cUS measurements.
However, when LPs are unsuccessful, not well tolerated by the infant or do not lead
to a reduction in ventricular size, it is better to consult the neurosurgical team and
discuss the insertion of a ventricular access device (e.g., reservoir) or subgaleal
shunt. Punctures from a reservoir, starting with 10 mL/kg of CSF per day divided
over two punctures, will help to reduce ventricular size and remove blood-stained
fluid. Care should be taken to perform the punctures under sterile conditions (gown,
mask gloves, and surgical scrubbing) and to remove the CSF slowly (1 mL/min).
cUS with ventricular measurements should be performed every (other) day, and a
decision is made to increase or decrease the amount of CSF removed based on the
measurements. If punctures are still needed after 4-6 weeks, a challenge is per-
formed (stop or halve the amount punctured) to assess whether the infant is indeed
dependent on the punctures. If this is the case, a decision will be made to insert a
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ventriculo-peritoneal shunt when the infant has gained enough weight (mostly
2-2.5 kg), the protein level in the CSF has come down to 1-1.5 mg/dL, and the red
cell count in the CSF is less than 100/mm?.

At present, CSF drainage through LPs, reservoir tapping, or permanent shunting
has proven effective for the treatment of PHVD. Other techniques have been intro-
duced for treatment of PHVD, such as neuro-endoscopic lavage (NEL) and a com-
bination of ventriculo-external drainage with urokinase insertion during a 2-week
period [42, 43]. Also, a phase I study in nine preterm infants, all with PVHI, showed
intraventricular administration of mesenchymal stem cells to be safe, feasible, and
promising to reduce the inflammatory response related to severe IVH [44]. A phase
II study is currently underway to assess the potential beneficial effects of stem cells
on IVH evolution and PHVD development. These studies show promise toward
optimized prevention and treatment of IVH and PHVD.

3.3 Conclusion

GMH-IVH remains common in preterm infants, with the incidence increasing with
decreasing GA. Most GMH-IVHs are detected with cUS, which is an easy bedside
tool to screen for GMH-IVH and the development of clinically significant compli-
cations, including PVHI and PHVD which may require timely intervention. Brain
MRI around TEA is of additional value in the case of IVH as it is more sensitive to
detect associated white matter injury and cerebellar hemorrhage and enables assess-
ment of myelination. Low-grade [VHs without associated brain injury or complica-
tions are generally associated with a low risk of long-term sequelae, while the risk
of abnormal neurodevelopmental outcomes increases with presence of severe [VHs,
associated brain injury, and PHVD (in particular when treated late in its development).
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4.1 For Parents

The cerebellum is also called the “little brain.” It consists of two halves (the hemi-
spheres), connected in the middle by a structure called the cerebellar vermis. It is
positioned below the cerebrum and behind the brain stem (Fig. 4.1).

The mature cerebellum consists of less than 10% of the total brain volume.
However, it contains more than 80% of all the brain’s neurons (the brain cells that
are connected to other neurons and that transmit information).

It is a very important brain structure for fine-tuning movements (balance and
coordination). It also has an important role in many aspects of development, includ-
ing behavior, emotions, learning, and language. The development of the cerebellum
extends over a long period: it starts very early in fetal life and continues into infancy.
In the second half of gestation, development is very fast, and during this rapid devel-
opment, the cerebellum is especially vulnerable to injury. Therefore, children who
are born prematurely have the highest risk of cerebellar injury.

4.1.1 How Will | Know If My Baby Has Symptoms
of Cerebellar Injury?

Hemorrhage (or bleed) is the most common type of cerebellar injury. Hemorrhages
can be small (so-called punctate cerebellar hemorrhages), larger (so-called limited

Cerebrum

s~ Cerebellum

Brain stem

© Amanda Gautier-Ronopawiro

Fig. 4.1 The position of the cerebellum in relation to the cerebrum and brain stem. (© Amanda
Gautier-Ronopawiro)
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cerebellar hemorrhages), or even very large (also known as massive), involving
much or most of the cerebellum.

Cerebellar hemorrhage mostly develops within the first 3 days after birth. The
punctate and limited cerebellar hemorrhages usually cause no symptoms. The
more rarely occurring massive cerebellar hemorrhages may cause symptoms such
as agitation, apneic spells (short periods of absent or very superficial breathing),
and blood pressure fluctuations. Cranial ultrasound scans are routinely performed
in all babies born very prematurely. The limited and massive hemorrhages can be
detected with cranial ultrasound. Cerebellar hemorrhages are recognized as more
or less rounded white areas (whiter than the surrounding, healthy cerebellar tis-
sue) within the cerebellar region. After a few weeks, these lesions tend to become
darker than the surrounding, normal tissue. Even later, the affected part of the
cerebellum may show signs of underdevelopment and impaired growth as com-
pared to the unaffected tissue. Punctate hemorrhages are more difficult to detect
with ultrasound but are often seen on MRI scans in preterm babies. These punc-
tate hemorrhages can be a chance finding on MRI scans that are done for other
reasons, such as neurological symptoms, other ultrasound abnormalities, or
extreme prematurity. The punctate hemorrhages occur in around 20-25% of
babies born before 28 weeks gestation. In infants with larger, ultrasound detected
cerebellar hemorrhages, the neonatologist may recommend an MRI scan to obtain
a more detailed view of cerebellar growth and development and of the rest of
the brain.

4.1.2 Why Did My Baby Develop Cerebellar Hemorrhage?

As with most brain injuries in premature infants, there is no single cause for cerebel-
lar hemorrhage. Doctors and other professionals therefore rather talk about risk
factors.

Risk factors for cerebellar hemorrhage are prematurity as such: the more prema-
ture the baby, the higher the risk. In our experience, very premature infants who
additionally are growth retarded (small for gestational age) have the highest risk.
Other factors are a difficult delivery, respiratory problems needing artificial ventila-
tion, unstable blood pressure, and serious infections. In all these circumstances, the
very vulnerable and abundant small blood vessels at the cerebellar surface may
rupture, thus causing hemorrhage within or around the cerebellar tissue.

4.1.3 What s the Treatment If My Baby Is Diagnosed
with Cerebellar Hemorrhage?

Except for gentle handling and individualized breathing support, which is applied in
most NICUs, little can be done to prevent these cerebellar hemorrhages from occur-
ring. And once they have occurred, there is no treatment for this complication.
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It is, however, important to follow infants with larger cerebellar hemorrhages
well into childhood and to give them individualized help and care such as physio-
therapy or speech therapy and behavioral assessments and interventions if they
develop problems. The earlier these interventions are started, the better, as the
young brain can adapt very well.

4.1.4 What Will Happen to My Baby (Prognosis)?

If there are no other brain lesions, most infants with only punctate cerebellar hemor-
rhages or a limited cerebellar hemorrhage will have a favorable outcome. The
infants with a massive cerebellar hemorrhage have a higher risk of developing
motor, learning, and/or behavioral problems. Fortunately, these massive hemor-
rhages are rare. As mentioned before, close follow-up after discharge and early
intervention with physiotherapy and other interventions, such as occupational ther-
apy and speech therapy, may help to improve long-term outcome.
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4.2  For Professionals
4.2.1 Development and Pathogenesis

The human cerebellum undergoes a protracted development, starting in the early
embryonic period and extending into infancy [1, 2].

During the second half of gestation, the cerebellum is the fastest-growing struc-
ture in the human fetal brain. Between 24 and 40 weeks gestation, its volume
increases fivefold [1, 3-5], and the transcerebellar diameter (TCD) doubles between
25 and 35 weeks gestation [6].

As a result of massive cell proliferation within the so-called external granular
layer, which reaches a peak early in the third trimester of pregnancy, foliation
increases exponentially during the fetal period (Fig. 4.2), and therefore the surface
area of the cerebellar cortex increases more than 30-fold from 24 weeks gestation to
term [1, 7, 8]. This is also a period of active migration and establishment of neuronal
connectivity [1].

The external granular layer (a highly cellular and vascularized developmental
layer of the cerebellum) is a transient structure that covers the complete cerebellar
surface and is most prominent between 28 weeks gestation and 1-2 months post-
term. From the external granular layer, granular cells proliferate and migrate inward
to form the internal granular layer, and from there they connect with other cells both
within and outside the cerebellum [1, 9, 10] Fig. 4.3.

Myelination starts much earlier (around 25 weeks gestation) in the cerebellum
than in the supratentorial brain (around term age) [11-13].

Due to the combination of rapid growth and development during the fetal period
and the presence of extensive, vulnerable layers (including the external granular
layer), the immature cerebellum is very vulnerable to injury.

In preterm infants, cerebellar injury is mostly hemorrhagic [8, 14, 15].

<3

18 PCW 26 PCW 40 PCW 7 months

© Amanda Gautier-Ronopawiro

Fig. 4.2 The rapid increase of the cerebellar surface during the fetal period and infancy, due to
extensive foliation. PCW postconceptional weeks (the last drawing represents the situation at
7 months postnatally). (© Amanda Gautier-Ronopawiro)
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Proliferation and migration from the cerebellar external granular layer,
and the formation of the various cerebellar layers

1. Outward radial migration of P-cells

2. Tangential migration of GCPs

EGL
3. Inward radial migration of GCPs

@/@
t .t
@@@ Iz WM
=
@ @ vz
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© Amanda Gautier-Ronopawiro

Fig. 4.3 Proliferation and migration from the cerebellar external granular layer. P-cells Purkinje
cells, GCPs granule cell precursors, /GL internal granular layer, ML molecular layer, EGL external
granular layer, VZ ventricular zone, IZ intermediate zone, WM white matter. (© Amanda
Gautier-Ronopawiro)

Like supratentorial germinal matrix-intraventricular hemorrhage, preterm cere-
bellar hemorrhage (CBH) also originates from fragile developmental layers in the
brain: the extensive external granular layer and/or the germinal matrix of the fourth
ventricle and the rapidly developing internal granular layer [16]. Contributing fac-
tors are similar to those for supratentorial germinal matrix-intraventricular hemor-
rhage and include (extreme) prematurity and circulatory and respiratory failure [8,
17, 18].

In some cases CBH is caused by traumatic delivery through laceration of the
cerebellum or rupture of the cerebellar bridging veins, which may lead to massive
hemorrhage [17, 19].

Large CBH may lead to destruction of the cerebellar parenchyma and is thus
often followed by cerebellar atrophy [15-17].

4.2.2 Epidemiology/Incidence

The reported incidence of preterm CBH varies widely. The youngest, smallest,
and sickest infants are at greatest risk [14]. Small, punctate CBH are common in
preterm infants [15, 20-23]. The incidence of larger, ultrasound detected CBH
(see below) ranges between 3 and 9% in very low-birthweight infants [14, 21, 24,
24]. The largest and most destructive hemorrhages occur mainly in extremely
preterm (<25 weeks gestation) and/or extremely low-birthweight (<750 g) infants,
with reported incidences as high as 15% in these tiny infants [14, 24].
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4.2.3 Clinical Signs and Diagnosis

CBH can be classified according to size (see below). The smallest, punctate (grade
1) lesions and the medium-sized, limited (grade 2) lesions rarely cause symptoms,
although some infants may show some nonspecific symptoms such as restlessness
or irritability and/or may have apneic spells. Grade 1 and 2 CBH are therefore
mostly a chance ultrasound or MRI finding (Figs. 4.4 and 4.5). Large, massive
(grade 3) CBH may cause serious symptoms, including respiratory and circulatory
failure, irritability, and decreased consciousness [17].

Most CBH are diagnosed by neuro-imaging (ultrasound and/or MRI). Punctate
CBH are not reliably detected by ultrasound and therefore generally a chance MRI
finding [21, 22, 25-27]. The presence of punctate CBH can still be underestimated on
conventional MRI. It is therefore recommended to add T2*-weighted or susceptibility-
weighted sequences that improve the detection of these small lesions, as these sequences
also show small hemosiderin depositions in tissue (Fig. 4.4) [28, 29]. Larger (grade 2
and 3) CBH can be visualized by ultrasound, especially when the mastoid fontanel is
used as an additional acoustic window [21, 30, 27, 31] (Figs. 4.5 and 4.6).

Fig. 4.4 Ultrasound images (a coronal, b axial) through mastoid fontanel of a likely punctate
CBH (arrow) in a very preterm infant, scanned 1 week after birth. T2-weighted (c) and susceptibil-
ity weighted (d, e) transverse MR images performed at term equivalent age confirmed the presence
of multiple punctate CBH (not all were visible on the initial ultrasound scan)
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Fig. 4.5 Coronal ultrasound images (through anterior a and right mastoid fontanel b) at 3 days
after birth and T2-weighted MRI image (c) at term equivalent age of grade 2 CBH on the right and
smaller CBH on the left in in a preterm infant. The larger hemorrhage in the right cerebellar hemi-
sphere (arrow) is visible from the right mastoid fontanel view (b) but not on the anterior fontanel
view. The smaller hemorrhage in the left hemisphere was not detected on ultrasound

Fig. 4.6 Grade 3 CBH. Ultrasound images (a coronal, b para-sagittal, ¢ and d coronal planes) at
postnatal day 3 through anterior a and b, left mastoid fontanel ¢, and right mastoid fontanel d in an
extremely preterm infant. The ultrasound images clearly show the large CBH in the right cerebellar
hemisphere, which was already detected through the anterior fontanel. No MRI was performed

Recently we introduced a classification for CBH, depending on the size and

extent [27, 32]:

e Grade 0: Normal echogenicity/signal intensity of the cerebellar vermis and
hemispheres with normal anatomic features. No signs of destruction or atrophy.

e Grade 1: Small (<4 mm) focal, punctate lesion(s) in the cerebellar parenchyma.
These punctate lesions are usually not detected by ultrasound but are a frequent
finding on MRI performed in preterm infants. There is usually no atrophy on
follow-up ultrasound or MRI (see Fig. 4.4).

* Grade 2: Limited CBH, larger than a punctate lesion (>4 mm), but involving at
the most one third of a cerebellar hemisphere. Usually, these lesions involve the
lateral or inferior convexity of the cerebellar hemisphere(s). They can be detected
by cranial ultrasound, especially when mastoid fontanel views are performed and
proper settings are used. On follow-up scans focal cystic evolution or atrophy
may be seen, involving again at the most one third of the affected cerebellar
hemisphere (see Fig. 4.5).
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* Grade 3: Extensive CBH, involving more than one third of the cerebellar hemi-
sphere. They are easily detected with ultrasound. These lesions lead to obvious
volume reduction of the cerebellar hemisphere on follow-up imaging (see
Fig. 4.6).

4.2.4 Treatment

Preventive measures of CBH are similar to those of germinal matrix and intraventricu-
lar hemorrhage and consist of maintaining circulatory and respiratory stability, thus
avoiding rapid fluctuations in cerebral blood flow. Antenatal administration of cortico-
steroids and magnesium sulfate may be protective [32]. Once CBH has developed,
treatment is no longer possible, but maintaining stability is crucial to prevent further
extension of the bleed. In the case of massive CBH and/or hemorrhage into the fourth
ventricle, frequent follow-up imaging with cranial ultrasound is required to screen for
the development of posthemorrhagic ventricular dilatation as this may have therapeu-
tic consequences. Follow-up imaging is also important to assess possible subsequent
cerebellar atrophy and/or destruction. Long-term follow-up of these infants is needed
for the early detection of disabilities and to enable early interventions.

4.2.5 Prognosis (Table 4.1)

Cerebellar injury is increasingly recognized as a severe complication of preterm
birth with possibly serious consequences for neurodevelopmental outcome [17, 24,
32, 34-37].

Table 4.1 Prognosis [17, 23, 30, 25, 31, 33-39]

cUS and/or MRI finding Prognosis®
No abnormalities Favorable if no supratentorial injury
Punctate (grade 1) CBH Favorable if no cerebellar volume loss and no supratentorial injury

Limited (grade 2) CBH  Small risk of motor, cognitive, and/or behavioral problems,
depending on location, laterality, vermis involvement, and size of
lesion®

Massive (grade 3) CBH High risk of motor and cognitive impairment and behavioral
problems?

Cerebellar volume loss  Risk of motor and cognitive impairment and behavioral problems

around TEA

*Prognosis depends on total volume and location of the cerebellar lesion(s), laterality and vermis
involvement (higher risk of impairment with bilateral and/or vermis involvement), deeper exten-
sion of lesions into cerebellar tissue, volume loss of the cerebellar tissue, and on presence of
supratentorial injury. Risks of impairments are influenced by multiple factors, such as lower
gestational age and weight, prematurity-related morbidity, and required interventions. The table
provides an indication, but risk needs to be assessed on an individual patient basis
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Cerebellar injury may not only affect motor outcome but also cognitive and
behavioral development [32, 35, 38, 39].

While grade 1 CBH in the absence of severe supratentorial injury is associated
with favorable outcome [25, 26, 32, 40], grade 3 CBH (massive or extensive CBH)
has a much less favorable prognosis even after correction for supratentorial injury
and is associated with motor, cognitive, and behavioral problems [24, 32, 35, 38, 39,
41]. Involvement of the vermis carries a risk of behavioral problems and autism
[35], while lesions in the medial anterior lobe are associated with motor impairment
[24]. In a recent study, the outcome of infants with CBH was related to the above
classification. Infants with grade 3 CBH had a high risk of abnormal outcome, while
infants with grade 1 and 2 CBH had a comparable, generally more favorable out-
come. The risk of abnormal outcome at 2 years corrected age increased with the size
of the CBH [32]. In a systematic review, Hortensius et al. reported the highest inci-
dence of abnormal outcome in infants with extensive bleeds and/or vermis involve-
ment [38].

Estimation of prognosis in infants with CBH remains challenging, as there is
often concomitant or associated supratentorial injury and as CBH mainly occurs in
the sickest and smallest infants.
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5.1 For Parents

The brain consists of different tissues that each have a particular function. The tissue
that forms the largest part of the brain is called white matter. This is made up of long
fibers connecting one area of the brain to another forming the equivalent of an “elec-
trical wiring” system in the brain. Each fiber originates from its nerve cell body and
connects to other nerve cells. These nerve cell bodies together are called the gray
matter of the brain (Fig. 5.1a). The fibers conduct electrical signals between cells.
The fibers tend to group together in bundles making the conduction process more
efficient. With time, a special insulating material called myelin covers the fiber bun-
dles (Fig. 5.1b). Myelin protects the fiber bundles and increases the speed by which
the electric signals can be transmitted. Much of the process of myelination of nerve
fibers takes place in early infancy, and there is little myelin in the brain at term age
(the due date of the baby) and even less in babies born too early
(preterm, prematurely).
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Fig. 5.1 (a) The brain white matter and gray matter. (b) Nerve cell extensions enveloped by
myelin which increases the speed of signal conduction. (© Amanda Gautier-Ronopawiro)
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5.1.1 How Will | Know If My Baby Has Symptoms of White
Matter Injury?

In babies born too early (preterm, prematurely), injury to the white matter can
develop anytime between birth and the due birth date, depending on the condition
of the baby. Occasionally it may even develop before birth. White matter injury
mostly develops gradually and rarely causes symptoms while the baby is still in
the hospital. After a few weeks, babies may become somewhat restless, they may
also show signs of abnormal muscle tone, and their movements may be less fluent
than usual. Babies with more severe white matter injury may even develop
seizures.

As most babies do not show symptoms, white matter injury is usually detected
by imaging the brain using cranial ultrasound. Cranial ultrasound scans are rou-
tinely performed in all babies born very prematurely. On cranial ultrasound,
changes in the white matter are seen as brighter areas (called echogenic) within
an intermediate gray background of normally appearing white matter, looking
like bright “clouds” (called abnormal echogenicities) within an otherwise clear
light gray sky, and, when seen, scans are repeated more often to check if they
remain visible. When they are present for only a short time (a few days), they are
generally without consequence, but if they last longer, over weeks, or are patchy
in appearance, some babies will develop small areas of damage or even small
holes (cysts), resulting from the breakdown of the previously bright brain tissue.
If the cysts are numerous and/or large, they cause reduced and disturbed
brain growth.

In babies with persisting white matter abnormality on ultrasound scans, the neo-
natologist will probably also recommend an MRI scan of the brain, to get a more
detailed view of the white matter changes and the brain growth and development.
This MRI scan is typically performed around the time the baby was due to be
born—this is frequently referred to as term-equivalent age.

5.1.2 Why Did My Baby Develop White Matter Injury?

In babies that are born too early, the cells that are responsible for making myelin are
still immature. As a result, the nerve fibers do not yet have a myelin cover, and they
function less efficiently and are more vulnerable to infection or a low oxygen con-
tent in the blood than the white matter of babies that are born full term. In addition,
the blood vessels that run through the white matter and provide oxygen to the brain
are still immature and fragile. If preterm babies are sick and unstable, there can be
changes in the amount of blood and oxygen going to the brain. Infection, more fre-
quently occurring in preterm than in full-term babies, can also cause injury to the
developing white matter. Consequently, the brain of preterm babies, and especially
the white matter, is vulnerable to injury.
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5.1.3 Whatls the Treatment If My Baby Is Diagnosed with White
Matter Injury?

Unfortunately, there is as yet no specific treatment for white matter injury. As is also
true for preterm babies without brain injury, the doctors and nurses want to keep the
baby as stable as possible, to optimize and stabilize the blood and oxygen supply to
the brain. They also prevent infections as much as possible and will treat infections
promptly with antibiotics.

Restless babies may benefit from physical contact and/or swaddling, while
babies who develop seizures will be treated with anti-seizure medicines. In babies
with abnormal muscle tone, physiotherapy will be started early, even while the baby
is still in the hospital. In some neonatal units, physiotherapy is even started based on
the ultrasound findings, while there are no symptoms yet (see below).

5.1.4 What Will Happen to My Baby (Prognosis)?

Although a baby’s development is also influenced by other factors, patchy abnor-
malities (the abnormal echogenicities) in the white matter that persist may have
consequences later in life, such as motor (movement), learning, visual, and behav-
ioral problems. These possible consequences depend on the extent and location of
the injury within the white matter—something that is important to determine from
the scans. Babies with many cysts are at the highest risk for problems later in life:
they may develop cerebral palsy, visual impairment, learning and behavioral prob-
lems, and epilepsy. Fortunately, nowadays, cysts in the white matter are not com-
monly seen anymore.

When white matter injury is detected with ultrasound and/or MRI of the brain
during the baby’s stay in the NICU, interventions such as physiotherapy, occupa-
tional therapy or speech therapy can be started while the baby is still in the hospital
or as soon as the baby is discharged home. Such early intervention can help babies
develop as optimally as possible, leading to a better long-term outcome.

The interventions will usually be continued after discharge. Therefore, repeated
ultrasound examinations of the brain are standard care when a preterm infant is
admitted to the NICU and sometimes after discharge.
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5.2 For Professionals
5.2.1 Pathogenesis

The white matter of preterm infants is vulnerable to injury, which is related to the
brain’s immaturity, pregnancy and birth complications, as well as early exposure to
the extra-uterine environment. First, the immature vascularization of the white mat-
ter with arterial border zones in the periventricular area likely contributes to the
susceptibility of the periventricular white matter to ischemia [1, 2]. Second, the
immature oligodendrocytes (so-called pre-myelinating oligodendrocytes or pre-
OLs) that are abundantly present in the immature white matter of preterm infants
are susceptible to hypoxia-ischemia and inflammation. Ischemic or inflammatory
insults may lead to injury or selective death of pre-OLs and, subsequently, to pro-
hibit the maturation of pre-OLs to more mature oligodendrocytes. Mature oligoden-
drocytes are key to normal brain development, including myelination. Maturational
arrest of pre-OLs may thus result in hypomyelination [1, [2]. Third, inflammation
may lead to increased release of cytokines and activation of microglial cells. The
cytokines are toxic to oligodendrocytes and neuronal lineage cells, while activated
microglia may play a role in cortical dysmaturation [1, 3-5]. Finally, the immaturity
of the autoregulation of the cerebral blood flow, thus the lack of compensation for
changes in systemic blood pressure and flow, contributes to the vulnerability of the
immature white matter.

Based on current knowledge, three forms of white matter injury (WMI) can be
distinguished: focal (macroscopic) cystic necrosis, focal microscopic necrosis and
diffuse non-necrotic injury [2, 4, 6-8]. All forms of WMI tend to be symmetrical.
Focal cystic necrosis, representing cystic WMI, is the most severe form of
WML Until recently, it was known as cystic periventricular leukomalacia (cPVL).
Focal cystic necrosis is characterized by coagulation necrosis, degeneration of
astrocytes and microglial activation [6, 9, 10]. The cystic lesions are generally bilat-
eral and mostly symmetrical and most often seen at the trigones of the lateral ven-
tricles and around the occipital horns but also in the frontal white matter [6, 11].

Focal microscopic WMI probably represents a milder form of WMI. The lesions
are caused by focal necrosis, resulting from microglial and axonal degeneration,
and often lead to areas of gliosis [6, 11].

Diffuse WMI is characterized by diffuse gliosis, without focal necrosis. The
lesions are characterized by diffuse astrocytosis and microglial activation and relate
to injury to the pre-OLs [6, 11, 12] (see also Chap. 1). Therefore, the distribution of
vulnerable pre-OLs and timing of the insult in preterm infants seem crucial to the
development of this form of WMI with relative sparing of other glial cell elements
and axons [6, 11].
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A clear distinction between the different forms of WMI, relevant to prognostica-
tion, cannot always be made. Brain pathology studies have shown that diffuse WMI
and focal microscopic lesions are often seen in conjunction [11, 12]. Also, in very
preterm infants (<32 weeks gestation), WMI is often associated with gray matter
injury [4, 10, 13].

5.2.2 Epidemiology/Incidence

WMI (the now preferred terminology over periventricular leukomalacia) is the most
frequently detected type of brain injury in very preterm infants. It is present in about
50% of infants born very prematurely and probably accounts for most of the motor,
cognitive, and behavioral impairments encountered in this population [14].
Fortunately, macroscopic cystic WMI (cPVL), the form of WMI with the most
severe implications for long-term outcome, is rarely seen nowadays [15-17]. The
marked decrease in the incidence of cPVL is related to improvements in perinatal
and neonatal care, such as the widespread use of antenatal corticosteroids to accel-
erate lung maturation and reducing inflammation, and less invasive, more individu-
alized respiratory and hemodynamic support [15, 18, 19]. Applying neuroprotection
care bundles also contributes to the prevention of severe brain injury in very preterm
infants [20].

Non-cystic WMI is, however, seen more frequently in very preterm infants [ 2, 4,
13, 15, 21, 22]. It is detected in the vast majority of preterm infants with WMI as
assessed with MRI [15, 17, 23, 24].

5.2.3 Clinical Signs and Diagnosis

WMI seldom causes symptoms during the neonatal period. However, infants
with serious (cystic) WMI may be restless and irritable and/or may already show
disturbances in tone or develop seizures. In most infants, the diagnosis is made
with cUS. WMI mostly affects both hemispheres with a more or less symmetrical
pattern (unlike hemorrhagic venous white matter infarction). Cystic WMI (or
cPVL) is well detected with serial cranial ultrasound (cUS) (Chap. 14). It mostly
starts with inhomogeneous increased echogenicity (also called abnormal flaring
or abnormal periventricular echodensities [PVE]) of the periventricular white
matter [15, 21, 25-28]. It should be noted that certain homogeneous PVE or
flares represent normal maturational changes in the preterm infant’s brain ([29,
30], Chap. 8).

Abnormal PVE may either resolve spontaneously over a variable period (thus
representing transient changes or less severe WMI) or gradually evolve into cystic
lesions over a period of 2—-3 weeks and, in some cases with smaller focal cysts, up
to 6 weeks. White matter cysts are well detected with cUS if the examinations are
optimally timed and repeated sufficiently often (Fig. 5.2).
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Fig. 5.2 (a) and (b) Coronal and parasagittal cUS images, respectively, performed in a very pre-
term infant, showing homogeneous, physiological echogenicity in the white matter. (c—f) cUS
examination in a very preterm infant with postnatal infection and respiratory failure. (¢) Coronal
cUS image through the parieto-occipital lobes and (d) parasagittal image through the right hemi-
sphere, showing mildly abnormal, inhomogeneous PVE in the parietal, occipital and temporal
white matter (arrows). (€) Coronal and (f) parasagittal cUS images, performed 4 weeks later show-
ing mostly symmetrical small cystic lesions (cystic WMI, cPVL; arrows). Also showing mild wid-
ening of the subarachnoidal space, representing white matter tissue loss. It is important to realize
that extensive cystic WMI (cPVL) is a rare condition and that most abnormal PVE will either
gradually disappear over time or will evolve into small, localized cystic lesions, as in this example.
At 3 years corrected age, the child is microcephalic and has developed mild spastic diplegia (walk-
ing independently), is irritable with sleeping problems and has delayed speech development.
Visual development is normal
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However, if the cUS examinations are not well timed, the intervals between
serial examinations are too long, or examinations are discontinued too early (before
the natural evolution of cysts), the cystic stages of WMI may be missed. Fluid
within the WM cysts is gradually absorbed over time, and small cysts mostly
become invisible before term-equivalent age (TEA) [28, 31-33]. White matter vol-
ume loss will ensue, showing as irregularly shaped, (mildly) enlarged lateral ven-
tricles (so-called ex vacuo ventricular dilatation), thinning of the corpus callosum,
and widening of the subarachnoid spaces [15, 28, 32, 34, 35] (Fig. 5.3). Often the
thalamic volume is also reduced. The signs of white matter volume loss are best
seen around TEA, both on cUS and MRI. It should be noted that white matter vol-
ume loss can also occur in cases with WMI without cystic degeneration.

It is important to not confuse ex vacuo ventricular dilation with ventricular dila-
tation resulting from impaired drainage (outflow obstruction) and/or reabsorption of
cerebrospinal fluid following an intraventricular hemorrhage or meningitis. In the
latter, the shape of the lateral ventricles is more rounded, and the ventricular walls
are less irregular (see Chap. 3).

In preterm infants WMI may develop at any time during the neonatal period,
especially following complications such as sepsis, necrotizing enterocolitis,

Fig. 5.3 (a) Coronal and (b) parasagittal cUS scan in very preterm and growth-restricted infant,
scanned 4 weeks postnatally, showing extensive bilateral cystic lesions in the periventricular white
matter (c(WMI; arrows). (¢) Midsagittal and (d) parasagittal cUS scan of the same infant scanned
around TEA, showing wide subarachnoid space (arrowhead), irregular and thinned corpus callo-
sum posteriorly (arrow), and coarse gyri due to volume loss. MRI performed around TEA in the
same infant. (e) Axial, (f) midsagittal, and (g) parasagittal T1-weighted MR images of the same
infant after TEA (2 months corrected age), showing irregular ventricular dilatation, thinning of the
posterior part of the corpus callosum, wide subarachnoid spaces, and small thalami. The posterior
limb of the internal capsules (PLIC) (arrows) is myelinated on both sides. At 2 years of age, the
child has developed mild bilateral spastic cerebral palsy, but is able to walk independently. There
are behavioral problems and cerebral visual impairment. The child is treated at a rehabilita-
tion center
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hemodynamic significant patent ductus arteriosus, and/or neonatal surgery.
Therefore, serial cUS should be continued throughout the neonatal period, up to
TEA, and be intensified after such complications.

Cystic WMI needs to be differentiated from the cystic stage of periventricular
hemorrhagic infarction (see Chap. 3), which is mostly unilateral or evidently
asymmetrical.

As mentioned above, abnormal PVE (Fig. 5.4) may also resolve over time
(mostly days to weeks) without evolution into cystic lesions and no longer be detect-
able on cUS.

Fig.5.4 cUS scans in very preterm infant with lung hypoplasia and respiratory failure. (a) and (b)
Coronal and parasagittal scans, respectively, showing partially inhomogeneous PVE (arrows). cUS
examinations were frequently repeated over the neonatal period. The abnormal PVE persisted over
a longer period of time (>1 week), but cystic lesions were not detected. (c¢) and (d) Coronal and
sagittal cUS, respectively, performed at TEA show wide subarachnoid spaces (arrows), mildly
irregular shape of the lateral ventricle and coarse gyration, indicating WM volume loss. No paren-
tal consent for TEA MRI was obtained. At 5.5 years of age, the child has global psychomotor delay
and behavioral problems, receives special education, and is enrolled in a rehabilitation program.
The child did not develop cerebral palsy
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Transient PVEs are considered a less severe form of WMI and probably repre-
sent focal microscopic necrosis [36]. When brain MRI is performed at the time
inhomogeneous PVEs are seen on cUS, punctate white matter lesions (PWMLs) are
often seen in the same areas [28, 32, 35]. PWMLs are small lesions in the white
matter, often localized around the lateral ventricles, that tend to disappear over time
[37] (Fig. 5.5). In some cases, PWMLs result in glial scarring that may be recog-
nized at TEA with cUS, but are best seen with MRI and better on T1-than
T2-weighted imaging [32, 35, 37] (Fig. 5.6).

In some preterm infants, serial cUS may be unremarkable, while MRI shows
white matter changes, such as inhomogeneous signal intensity changes within the
periventricular WM on T2-weighted images (Fig. 5.7) and/or PWML.

While smaller lesions can be detected with modern, high-quality ultrasound sys-
tems, cUS is not sensitive enough for reliable detection of diffuse or subtle WMI
without punctate lesions or cysts [21, 28].

Fig.5.5 Brain MRI performed around TEA in very preterm infant with chronic lung disease. cUS
scans had shown patchy PVE. (a) Axial T1-weighted image at high ventricular level, showing
small areas of increased signal intensity, representing punctate white matter lesions (PWMLs)
(arrows). (b) Corresponding T2-weighted image, showing the same lesions as decreased signal
intensity (arrows). PWMLs are mostly better depicted on T1-weighted images. There were no
other abnormalities seen and the PLIC was normally myelinated. At 2 years corrected age, there
was a mild fine motor delay, but the child was otherwise developing normally. Physiotherapy
was started
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Fig. 5.6 (a) Coronal cUS and (b) coronal T1-weighted MRI scan in very preterm infant, scanned
at TEA, showing mild gliosis (arrows) with both techniques. Myelination of the posterior limb of
the internal capsules (PLIC) is somewhat poor but not absent. This child developed mild cerebral
palsy and is walking independently

Fig. 5.7 T2-weighted axial MR image at a high ventricular level in a late preterm infant with
hypoxic-ischemic encephalopathy. MRI scan performed at 39 weeks postmenstrual age shows
increased signal intensity in the white matter, mainly around the trigones of the lateral ventricles
and in the frontal white matter. At 2 years of age, the child has a mild motor delay
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5.2.4 Treatment

Although trials of stem cell and erythropoietin treatment are being undertaken, at
present no treatment is known to reduce WMI [15, 38]. Therefore, the focus of neu-
roprotective strategies in preterm infants lies on the prevention of WMI through
avoidance of sudden changes in cerebral blood flow, hypocarbia, neuroinflamma-
tion, hypoglycemia, and hypoxic-ischemic events [15, 20]. This can be achieved
with measures such as maintaining the infant hemodynamically and respiratory
stable, prevention of maternal and neonatal infections, prompt treatment of infec-
tions, hypoglycemia, and apneic spells, and application of neonatal care bun-
dles [20].

Optimizing nutrition and pain management also contribute to the prevention of
(further deterioration of) this condition [8, 15].

Symptoms, such as irritability and seizures, should be treated accordingly. Early
interventions, including physiotherapy and speech therapy, may improve functional
outcome [15, 39].

5.2.5 Prognosis (Table 5.1)

Severe WMI is strongly associated with adverse long-term outcomes, and the
presence and severity of disabilities are related to the severity and extent of the
white matter changes. Infants with extensive cystic WMI, leading to significant
white matter volume loss, almost invariably develop severe motor problems (e.g.
spastic diplegia), often combined with cognitive and behavioral problems, epi-
lepsy, and visual impairment later in life [15, 18, 19, 40-42, 44-48]. Infants with
small, more localized WMI, including only a few small cysts, may also develop
cerebral palsy. However, the incidence and severity of cerebral palsy in these
infants are considerably less than in infants with extensive WMI [15, 17, 36, 37,
43, 44, 49-52].

While infants with subtle or diffuse WMI may experience later cognitive and/or
behavioral problems, they may also have a normal outcome [14, 36, 53-57].
Prognostication remains uncertain on an individual basis, especially for babies with
milder forms of WML
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Table 5.1 Prognosis [15, 36, 40-43]

Conjunctive MRI finding
(Look at site and extension
of lesions and PLIC
cUS finding myelination) Prognosis®
No WM abnormalities No WM abnormalities Favorable
No WM abnormalities or <6 PWMLs Up to 10% risk of CP and/or mild
inhomogeneous PVE motor delay
Inhomogeneous PVE >6 PWMLs Up to 10% risk of CP and/or mild
motor delay (especially if PLIC not
well myelinated and/or lesions
adjacent to the CST)®
Persistent, Small, focal cystic lesions  60-80% risk of (mostly mild) CP
inhomogeneous PVE, (especially if PLIC not well
followed by small, focal myelinated and/or lesions adjacent to
cystic lesions the CST)®. CP unlikely if lesions only
present in frontal white matter
+50% risk of (mild) cognitive
impairment
Small, focal Small, focal periventricular High (up to 80%) risk of (mostly mild)
periventricular WM cystic WM lesions or ex CP (especially if PLIC not well
cystic lesions vacuo dilation and/or myelinated and/or lesions adjacent to
punctate glial scars the CST)®, + 50% risk of (mild)
cognitive impairment
More extensive cystic More extensive cystic WM High (up to 90%) risk of more severe
WM lesions with volume lesions with volume loss at  CP?; high risk of cognitive, behavioral,
loss at TEA TEA and/or visual impairment
Extensive cystic lesions, Extensive cystic lesions, Very high risk of CP and severe
also in the deep white also in the deep white cognitive, behavioral, and visual
matter matter impairments

WM white matter, PWML punctate white matter lesion, CP cerebral palsy, CST corticospinal tract,
SI signal intensity, PVE periventricular echodensities, TEA term-equivalent age

“Noted risks are based on the average occurrence of deficits across the very preterm population.
However, risks are influenced by multiple factors, such as lower gestational age and weight,
prematurity-related morbidity, and required interventions. The severity of deficits can span the
spectrum from mild to severe. The table thus provides an indication, but risk needs to be assessed
on an individual patient basis

°If cysts do not involve the corticospinal tracts and myelination is normal in the posterior limb of
the internal capsule (PLIC) at term age, there is a high chance of a normal motor outcome [41]
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6.1 For Parents

Arterial infarction, often referred to as a “stroke,” is a term used to describe a local-
ized area of tissue damage in the brain, usually but not necessarily on one side of the
brain. Strokes can occur at any age, most often in older adults. But strokes can also
occur in babies before birth when they are still in the womb, around the time of
birth, and afterwards both in babies born at term (when expected) and those born
early (preterm). They occur more commonly in some groups of babies, e.g. those
with heart problems or infection or in identical twins. The term “stroke” is mainly
used to mean an area of damage to brain tissue in a region that gets its blood supply
from one arterial blood vessel that becomes blocked—also called perinatal or neo-
natal arterial ischemic stroke (PAIS and NAIS). The term stroke can also be used for
brain injury associated with thrombosis in a vein or hemorrhage.

Strokes occurring around the time of birth were thought to be less common in
babies born early than in babies born at term, though a recent study suggests this is
not actually the case. Stroke in preterm babies is often detected on routine brain
imaging done using cranial ultrasound during their stay on the neonatal unit. The
stroke may appear to have occurred recently perhaps in relation to severe illness—
but it also may look as if it could have occurred before birth. Most often the baby
does not show any specific signs or symptoms of stroke at this time.

6.1.1 Why Did My Baby Develop a Stroke?

Few studies exist on stroke in preterm infants. One study found that having a low
blood sugar was a risk factor. An abnormal heart rate pattern before birth was also a
risk factor. Identical twins who share a placenta can be affected by a condition known
as twin-to-twin transfusion syndrome and they are also more at risk. Stroke detected
in the days and weeks after birth may occur in relation to sickness, infection, having
some thrombosis (clots) or surgery. Very often we do not know exactly why the strokes
happen. As with term-born babies, strokes in preterm babies seldom occur again.

6.1.2 What Will Happen to My Baby?

The long-term effects (outcome) of stroke depend on which part(s) of the brain are
affected and whether there are other problems present that may occur in babies born
early. Strokes in preterm babies tend to occur on one side and in the central parts of
the brain, but they may also affect other areas, as happens in babies born when
expected. As well as regular early cranial ultrasound scanning, it is important to
have good magnetic resonance (MR) brain imaging at least when the baby reaches
term age to enable the best prediction for the future.
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6.1.3 Whatls the Treatment?

If the scans suggest that problems with movements are expected, early physiother-
apy may be helpful rather than a “wait and see” approach. Importantly most babies
with a stroke on one side will walk independently even if they have a problem with
movement and most attend mainstream school. If the scan does not suggest that
movement problems will occur, this is reassuring, though problems in other areas of
development may still occur and the scan may also help in predicting these—for
example, whether there is an increased risk of difficulties with learning, vision, or
behavior and whether seizures (epilepsy) might occur later. Early referral for assess-
ment by therapists should be made, as well as arrangements for long-term follow-up
and support for the child and the family, well into school age.
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6.2 For Professionals

Take-Home Points

Focal ischemic stroke in preterm infants

1 There is still relatively little data. Most stroke registry studies focus on full-term infants, and
preterm infants are often excluded or their data is not given separately

2 The onset of the stroke in preterm infants is often later in relation to the time of birth than in
full-term infants, and the onset is often asymptomatic, so easily missed

3 Awareness of the possibility of stroke in preterms especially around times of sickness,
infection, and surgery is needed together with regular cranial ultrasound scanning for prompt
detection

4 MRI scanning at term age gives the optimum information for prognosis

Perinatal stroke may affect the fetus, preterm, and term-born infant and be a
cause of serious long-term disability. Its early and accurate detection is increasingly
important because of the development of treatment options both in the neonatal
period and in infancy and in a few cases because of genetic implications. Although
the term “stroke” may be used to include lesions associated with cerebral sinove-
nous thrombosis (CSVT, see Chap. 11) and even periventricular hemorrhagic
(venous) infarction (see Chap. 3), this chapter is limited to addressing ischemic
stroke occurring within an arterial territory in preterm infants.

6.2.1 Incidence of Stroke in Preterm Infants

As with full-term infants, stroke in preterms may have occurred antenatally or may
occur around the time of birth or during the neonatal period. In preterm infants
occurrence sometime during the postnatal period is commonest, but some strokes
are clearly present and established at birth. They are mostly referred to as perinatal
arterial ischemic stroke (PAIS), but by definition this term covers a period starting
at 20 weeks of pregnancy, lasting till day 7 after birth, and neonatal arterial ischemic
stroke (NAIS) covers the period from birth to 28 days or up to term age in preterm
infants.

The prevalence of stroke in preterm infants is not well studied [1], but in one
tertiary referral center in the Netherlands, stroke was diagnosed in 7 per 1000 pre-
term infants born <34 weeks gestation [2]. A recent study [3] indicates that stroke in
preterm infants is actually more common than in term infants (32/100,000 preterm
vs. 21/100,000 term). Very often the diagnosis is made from routine cranial ultra-
sound examination, or if the baby has unexplained apneas and not because of sei-
zures [3-5], unlike in full-term infants. It may occur and be detected several weeks
after birth in relation to surgery, thrombosis, or the presence of long venous or arte-
rial catheters or postnatal infection [3, 6].
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6.2.2 Risk Factors and Investigations

Risk factors for neonatal stroke in preterm infants are twin-to-twin-transfusion syn-
drome (Fig. 6.1), abnormal intrapartum fetal heart rate pattern, neonatal hypoglyce-
mia [2, 4, 7], and sepsis [3]. The presence of catheters and evidence of placental
inflammation increase the risk of stroke, as does the presence of thrombosis
(Fig. 6.2). It is recommended that cranial ultrasound scans are obtained pre- and

Fig.6.1 Monochorionic twin pregnancy affected by twin-twin transfusion syndrome treated with laser
ablation at the beginning of the second trimester. The twins were delivered by caesarian section at
30 weeks gestation. Apgar scores and cord pH were good. CPAP was needed only briefly and there
were no neurological symptoms. Cranial ultrasound on day 4 (a) shows a small focus of increased
echogenicity on the right in the posterior basal ganglia and (b) bilateral white matter echogenicity par-
ticularly on the left extending out toward the cortex. The MRI on day 5 (¢) T2-W axial and (d) axial
diffusion-weighted image, shows a small acute infarction in the posterior right basal ganglia adjacent to
the posterior limb of the internal capsule (PLIC) which also shows abnormal signal. There is a larger
stroke in the posterior left MCA territory extending to the cortex but not affecting the central gray matter
or the PLIC on the T2-W image and only the very posterior part of the PLIC with minimal change in
the thalamus on the diffusion-weighted image. The MRI at term-equivalent age (e, f, axial T1-W
images) shows the smaller stroke on the right with tissue loss in the posterior basal ganglia and poor
myelination of the PLIC predicting a left-sided hemiplegia. The lesion on the left has evolved with
white matter tissue loss but relative preservation of the cortex and a normal appearance to the left PLIC
and thalamus. There is tissue loss alongside the ventricle adjacent to the left optic radiation. This child
developed a clear asymmetry of motor function with abnormal signs on the left quite early on, likely
related to the smaller lesion on the right which was affecting the motor pathway. This child is also at risk
of some asymmetry of visual field development and later epilepsy
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Fig.6.2 A lenticulostriate (perforator) stroke in the right caudate nucleus in a very preterm infant,
first seen on cranial ultrasound (a) around 2 weeks of age and 6 days after an umbilical venous
cannula was removed. Cardiac evaluation showed a large thrombus in the right atrium, and low
molecular weight heparin therapy was begun. The lesion became more defined at 4 weeks, (b), and
by term-equivalent age (TEA) (¢) a cyst had formed at the site of the stroke. The MRI at TEA (d—f;
lower row, 2 axial and 1 sagittal T1-W images) showed atrophy at the site of the stroke, but other-
wise normal basal ganglia and a normal posterior limb of the internal capsule (PLIC) on both sides,
predicting a good motor outcome. However there were additional bilateral periventricular punctate
white matter lesions (PWMLs) (e) with mild ventricular dilatation at the trigone (f) not uncommon
in preterm infants, that might lead to a mild motor deficit. This is an example of the importance of
imaging the brain at TEA, not only to assess the known lesion but also to detect other unsuspected
problems that may influence outcome. This child has developed, at a relatively young age,
increased tone in both lower limbs, findings likely related to the bilateral PWMLs.

post-surgery especially in infants with cardiac problems. Strokes were not more
common in males in the study from Benders et al. [5], but Sorg et al. [3] found a
male predominance as seen in term-born infants. Stroke is reported to be more com-
mon after recreational drug use in pregnancy [8].

Isolated causes of stroke are seldom found. Review of the placenta in infants
with a stroke clearly of antenatal onset (Fig. 6.3) and a cardiac ultrasound to look
for thrombus (Fig. 6.2) in those with a postnatal onset and to exclude congenital
heart disease are recommended. Although in general routine thrombophilic testing
is no longer recommended in cases of stroke [9], if the stroke is of antenatal onset,
of an unusual pattern, associated with hemorrhage or congenital developmental
abnormality on the MRI and/or ultrasound scan or there is a positive family history,
one should consider both thrombophilic and genetic testing, e.g. testing for
Col4A1/2 variants.
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Fig. 6.3 Cranial ultrasound images (a—d) obtained soon after birth in a late preterm growth-
retarded infant. No seizures were seen but the infant was jittery. There is a clearly defined area of
increased echogenicity in the left hemisphere (a, b, d) in the territory of the middle cerebral artery
but no involvement of the basal ganglia (a, c¢). There is no overt evidence of atrophy, and the
appearances suggest an onset of stroke a week or so before birth. An MRI (T1-W coronal and
parasagittal images (e, f) done 4 weeks later confirms a stroke and shows complete atrophy of the
region but preservation of the basal ganglia and posterior limb of the internal capsule. Such rapid
tissue atrophy occurs typically in newborn infants with stroke

6.2.3 Site of Stroke

An MRI brain scan is the best method for fully defining the type and extent of the
stroke. If only one MRI scan is feasible then, it is best done at term-equivalent age
when myelin can be seen in the posterior limb of the internal capsule (PLIC) and the
cerebral peduncle in the mesencephalon. As in the term infant, it is important to
determine which tissue is involved, particularly the central gray matter and the
cortico-spinal tract [10]. Strokes in preterm infants are more common in the central
gray matter and are often referred to as lenticulostriate or perforator strokes
(Fig. 6.2), but they can occur anywhere in the brain. An isolated perforator stroke is
usually easily identified using cranial ultrasound as it is in the center of the imaging
field, but here too defining the site accurately is important as primary involvement
of the basal ganglia and the adjacent PLIC is likely to lead to the development of a
contralateral hemiplegia, whereas perforator stroke in other areas generally has a
good outcome in all domains. If there is uncertainty about the extent of tissue
involvement, especially the cortico-spinal tracts, a repeat MRI scan at 3 post-term
months is recommended [11]. It is also important to record whether the stroke
affects the optic radiation or the visual cortex [12].
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In the very preterm infant, there may be preservation of a cortical rim around the
area of stroke (Fig. 6.1), which is not usually seen in more mature infants. It is prob-
ably due to the stage of cerebral vascular development at the time of the insult [13].
Unfortunately this cortical sparing does not seem to confer neurodevelopmental
benefit.

Stroke in the cerebellum is rare. It may be that earlier reports of cerebellar stroke
in preterm infants, usually with imaging some time after the occurrence of the
lesion, mainly described cases with primary cerebellar hemorrhage and secondary
cystic degeneration and/or atrophy in the cerebellum rather than ischemic stroke
[14] (see Chap. 4).

6.2.4 Prognosis

Similar principles in predicting outcomes to those used in term-born infants apply
to the preterm—see Wagenaar et al. [10] and Chap. 9, but with the need to take into
account additional effects of prematurity and other lesions the infant may sustain
(Fig. 6.2).

Infants with a middle cerebral artery (MCA) territory infarction and PLIC/
peduncle involvement (Fig. 6.1) will develop a hemiplegia, and about a quarter will
develop epilepsy by 2 years [15]. Despite this almost all children with a unilateral
stroke will walk independently, albeit a little later than usually expected, unless they
have additional complications leading to other difficulties [16].

In one comparative study [5], preterm infants with larger strokes did less well on
cognitive outcome testing at 2 years than full-term infants with stroke though the
difference was not found significant (perhaps due to small numbers). For other
small MCA strokes and strokes in other sites, the overall developmental quotient
(DQ) was in the lower normal range and best for small isolated perforator strokes
(Fig. 6.2). Preterm infants had more problems with language development—this
may more be due to their prematurity than their stroke—and further studies need to
be done to address this issue. Infants with posterior cerebral artery territory stroke
and those with more posterior MCA stroke affecting the optic radiation need refer-
ral for assessment of their visual abilities.

6.2.5 Treatment

No specific acute treatments are currently available for preterm stroke. Management
is as for full-term infants: paying attention to maintaining normothermia, normogly-
cemia, and normotension and avoiding hypocapnia. If the baby is having seizures or
symptoms such as apneas suggestive of seizures than monitoring with EEG or
aEEG should be done. Seizures should be treated quickly and aEEG monitoring
continued till the seizures have stopped. There is no evidence to support the long-
term continuation of anti-seizure medications.
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Additionally, none of the non-acute therapeutic interventions has been especially
trialed in preterm infants. It is sensible to make an early referral for physiotherapy
assessment, especially if a hemiplegia is likely to ensue, in addition to the routine
follow-up for infants born preterm. Physiotherapy could be started on the neonatal
unit if the infant is still an inpatient for a long time after the diagnosis is made and
a motor deficit is anticipated.

An assessment of general movements (GMAs) at 3—4 months post-term age (age
corrected for prematurity) together with a Hammersmith Infant Neurological
Examination (HINE) score will help in assessing the likelihood of developing cere-
bral palsy (CP). Preterm infants with absent fidgety movements but a HINE score
>50 at 3 months are highly likely to develop a hemiplegia, while those with absent
fidgety movements and HINE scores <50 are most likely to develop bilateral CP
[17]. Asymmetries in hand function can be quantified using the HAI (Hand
Assessment for Infants) from 3 months post-term age [18].

For infants with asymmetries of limb function, encouraging bimanual activities
and also, in some cases, constraint therapy (Baby CIMT) of the unaffected limb for
periods of the day have been shown to improve early motor function [19], and a
clinical trial of this therapy is underway in Australia [20]. A study is ongoing to
assess the effects of focused therapy for lower limb function in infants with hemi-
plegia with encouraging early results, but the findings from the full RCT are yet to
be published [21]. While there are data to support early interventions, long-term
effects and sustained improvements are yet to be established.

If the visual pathway appears affected (Fig. 6.1), visual assessment and support
for visual development are needed [22].

Follow-up plans should include long-term cognitive, language, and behavioral
review and monitoring for later seizure occurrence as well as support for the family
[23-25].

Readily accessible information and support for parents and carers are available
from, for example, Hemihelp in the UK (https://contact.org.uk/help-for-families/
information-advice-services/hemihelp/), and similar associations in Europe and the
USA (http://chasa.org) have greatly increased both professional and public knowl-
edge of the condition.

6.3 Conclusion

Arterial infarction is more common in preterm infants than generally recognized.
Diagnosis is often made from cranial ultrasound scans performed regularly during
the neonatal period.

It is especially important to think of this diagnosis around times of illness, in
relation to surgeries and in infants affected by twin-to-twin transfusion syndrome.
MRI scanning is the best method for defining exactly the tissues involved and for
prognosis. Early referral for physiotherapy and planning long-term follow-up and
parental/carer support are very important.
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7.1 For Parents

Before birth, your baby receives a constant supply of nutrients and oxygen from the
mother through the placenta which is connected to the baby by the umbilical cord.
Birth is a stressful event for any baby. If the labor is particularly difficult or there are
problems that lead to the baby being born early, these may affect the supply of nutri-
ents and oxygen necessary for the baby’s brain to function normally. If, e.g. the cord
appears before the baby or there is bleeding from the placenta, the baby’s blood
supply may diminish greatly. However, such dramatic events are not necessary for a
baby to suffer a lack of oxygen. Infection, which may be a reason for labor to start
early, may also make the baby very susceptible to a lack of oxygen. Sometimes we
do just not know why this happens.

As preterm babies usually need some help with breathing shortly after birth and
they may not feed well because their suck has not yet developed and they do not
move as much or respond as quickly as babies born at term age, it can be difficult to
tell by looking at the baby alone whether they are seriously affected or not.
Measuring the acidity in the blood in the cord is useful as is recording the brain
waves (EEG) to see if there are seizures as these are not always obvious. Imaging
the brain regularly over the first days using ultrasound and getting an MRI as soon
as the baby can be safely taken to the scanner will be the most help in trying to know
whether the brain is injured and what will happen.

There are no specific treatments for this problem in preterm babies. In older
babies we use cooling down to 33.5 °C for 3 days to reduce the demands of brain
cells while they try to recover, but small preterm babies do not tolerate this treat-
ment well, and a recent study did not show improvements. We try to keep the baby
as stable as possible to prevent any further damage and treat any signs of infection
or seizures.

Often the results of brain imaging are the best way to tell if there has been any
permanent damage. The type of injury seen and the places in the brain where it is
tell us a lot about how the baby will progress in the future. If the central parts of
the brain have been affected, then the future can be very difficult particularly in
terms of moving independently and feeding but also in many other areas of devel-
opment and some babies may not survive. If the brain looks normal or only mildly
affected, even if the baby has been very sick, usually future progress will be good.
For all babies we suggest regular follow-up to check on this well into school age.
Early intervention programs (such as physiotherapy, rehabilitation, speech ther-
apy) help the young, still resilient brain to overcome or to lessen developmental
problems.
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7.2 For Professionals
7.2.1 Epidemiology

The true incidence of HIE in preterm infants is difficult to determine, and different
definitions have been used [1]. Salhab and Perlman found, over a 10-year period,
that 61 infants (1%) of all preterm babies (31-36 weeks GA) admitted to their NICU
had an umbilical cord blood pH <7 but only 8 of the 61 infants were described as
being encephalopathic—of these 8, 3 died and the others had abnormal neonatal
outcomes [2]. Chalak et al. [3] identified 9 of 1305 (0.7%) infants of 33—-35 weeks
GA, with HIE, but only 3 had a poor outcome. An incidence of 0.9% of 1325 pre-
terms of 32-36 weeks GA was reported by Schmidt and Walsh in 2010. Of these
infants, 52 had a 5-min Apgar score <6, but only 12 also had a cord or initial blood
pH <7 or base deficit >15 mmol/L, experienced a sentinel event and had seizures
and hypotonia taken as evidence of encephalopathy; 7 of these 12 infants had a poor
outcome [4]. In a study by Logitharajah et al. of 55 preterm infants <36 weeks GA,
all were diagnosed with HIE and had an MRI, and the main criteria used for inclu-
sion were an Apgar score <5 at 1 min and <7 at 5 min and the need for major resus-
citation (pH was not available in many infants). Additional supporting evidence
came from a sentinel event, abnormal intrapartum CTG, meconium staining, cord
pH <7, multiorgan failure, and seizures [5]. In the Preemie RCT (NCT 01793129:
https://clinicaltrials.gov/study/NCT01793129?tab=results) of hypothermia for pre-
term infants of 33-35 weeks gestation, criteria were severe acidosis and/or resusci-
tation at birth as well as moderate or severe encephalopathy.

Placental abruption was the commonest identifiable antecedent in all the studies
that examined antenatal and perinatal factors [1, 2, 4-7]. Other intrapartum compli-
cations (abnormal fetal heart rate, cord abnormalities) have also been described [1, 2,
5, 6]. In the Preemie randomized trial of hypothermia (2023) study, 10% of infants
had a cord-related event, 45% a placental problem, and 75% an abnormal CTG [8].

7.2.2 (Clinical Signs and Diagnosis

Encephalopathy in preterm infants, who often have low muscle tone, need ventilat-
ing and assisted feeding because of their immaturity may be difficult to recognize,
and the more so, the more immature they are—indeed there are no studies of clinical
neurological signs in extremely preterm infants [1]. The frequency of seizures is
very variable between studies (35-82%) [1, 5, 6], and EEG monitoring has not been
routinely used in preterm infants. It is well documented however that after an acute
and severe hypoxic insult, preterm infants may develop a similar pattern of injury to
that seen in term infants (see Chap 8).


https://clinicaltrials.gov/study/NCT01793129?tab=results
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Fig. 7.1 Cranial US scan of a 33 weeks gestation infant with hypoxic-ischemic encephalopathy
showing increased echogenicity in the thalami ((a) coronal plane, (b) parasagittal view) and in the
tectum and tegmentum of the brainstem (two shorter arrows) and vermis (longer arrow) ((¢) mid-
sagittal plane)

In an MRI study of 55 infants of 26-37 weeks GA, median 35 weeks, referred to
a tertiary center with evidence of HIE, Logitharajah et al. [5] found that sites of
injury were similar to the full-term infant, being the basal ganglia and thalami (70%,
>50% being severe), white matter (89%), brainstem (44%), and cortex (58%)
though the cortex was relatively spared, increasingly so in younger infants, as for-
merly reported [9]. The patterns of injury seen were not typical of the injury seen in
the preterm population in general as described in other chapters (see Chaps. 3, 4,
and 5). Few infants had intraventricular hemorrhage, cystic white matter injury or
cerebellar hemorrhage though of course these may co-occur. In a very recent study
of 80 preterm infants with evidence of perinatal asphyxia, including a great number
of younger GA infants, more hemorrhage was seen in the extremely-very preterm
and WM injury in the moderate-late preterm infants [10].

As in full-term infants, signs of injury can be recognized 12-24 h after the acute
event on cranial ultrasound as focal areas of increased echogenicity within the basal
ganglia and/or thalami (Fig. 7.1). This part of the brain is not usually the focus of
attention in preterm infants who are more susceptible to intraventricular hemor-
rhage and white matter injury, emphasizing the importance of looking specifically
at the central gray matter in all preterm babies.

The severity of the central gray matter injury may not be recognized in preterm
infants until it becomes difficult to wean them from a ventilator or not possible to
establish feeding, and contractures resulting from lack of movement may become
apparent. This combination of symptoms may lead to extensive investigations for
neuromuscular or metabolic disorders [1]. Early appropriate investigation and diag-
nosis help avoid this difficult and distressing situation.
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7.2.3 Treatment

There is currently no specific treatment for preterm infants with HIE. Good general
management is of course mandatory. Care needs to be taken to keep blood gases,
avoiding any hypocapnia, and blood pressure in the normal range. Preterm infants
are particularly susceptible to hyperglycemia as well as hypoglycemia and also
thrombocytopenia, clotting derangements, and hemorrhage which may complicate
management.

Unlike in term infants where therapeutic hypothermia is standard treatment (see
Chap. 8), there are considerable concerns about the use of hypothermia in small and
immature infants because cooling may have a deleterious effect on hemodynamic
and physiological stability [7, 11], with the risk of causing or worsening any brain
injury they already have. Herrera et al. treated 30 preterm infants with hypothermia,
and 50% of those with known outcomes either died or had a moderate to severe
neurodevelopmental impairment. A randomized control trial of cooling was under-
taken in the USA (Preemie Hypothermia for Neonatal Encephalopathy) in preterm
infants with signs of HIE, enrolling 168 infants between 33 and 35 weeks GA and
weighing more than 1500 g. The trial, completed in 2022 with follow-up at
18-22 months, showed no benefit of the cooling treatment [8].

7.2.4 Outcome and Prognosis

The prognosis after HIE in preterm infants seems to be poorer than in term infants.
The early mortality rate is high (25-33%), partly related to the high incidence of
central gray matter and brainstem injury and also to the associated multiorgan fail-
ure, and most survivors develop some degree of developmental impairment [1, 2, 5,
11]. In the recent Preemie RCT, death or disability occurred in 35% of cooled
infants and 29% of non-cooled infants.

In the study by Logitharajah et al., neurodevelopmental outcomes were predict-
able from the pattern of injury (Fig. 7.2), with severe injury to the basal ganglia-
thalami and brainstem leading to death or severe quadriplegia in 95%. Normal scans
were associated with normal 2-year outcomes (corrected age) in all cases. While
white matter injury was common, in general it was mild, only three infants develop-
ing cystic changes; ten infants had some hemorrhage, but these were mostly small
punctate lesions. Intraventricular hemorrhage was only seen in four infants, none
developing post-hemorrhagic ventricular dilatation. In the recent study [10] with 80
preterm infants who had early and/or term-age MRI, 44% of infants had an adverse
outcome, and deep gray matter abnormalities and a low Kidokoro score [12] were
strongly associated with adverse neurodevelopmental outcomes. Smit et al report on
6 late cooled preterm infants - none died but two had a poor outcome [13].

There are no longer-term studies of preterm infants with HIE, but it is reasonable
to presume that the data showing more subtle problems affecting memory, learning,
behavior and motor skills becoming apparent at early school age in the term-born
population would apply to the preterm population (see Chap. 8). Long-term follow-
up is therefore recommended.
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Fig.7.2 Prediction of outcome from the pattern of injury on neonatal MRI in preterm infants with
HIE. Severe BGT lesions (same infant as shown in Fig. 7.1) are in most cases associated with
brainstem injury and white matter involvement. These are clearly seen on these axial T2-W images
at the level of (a) the lower BGT and (b) the mesencephalon. Outcome is uniformly poor: almost
all infants have severe neurodevelopmental impairment affecting all developmental domains, with
a high incidence of feeding problems or they do not survive the first few months. (¢) Mild-moderate
BGT lesions in a 36 weeks GA infant, shown on this axial T1-W image at the level of the BGT. In
most cases this is associated with a normal-looking brainstem and normal white matter or only
mild injury. Outcomes are variable, ranging from normal (50%) to severe impairment and death
(30-40%). (d) Isolated white matter injury in a 35 weeks GA infant with normal BGT and brain-
stem (axial T1-W image). Most infants with isolated white matter injury have normal assessments
at 2-3 years; mild developmental impairment may occur in a few. BGT basal ganglia and thalami,
GA gestational age

7.3  Symmetrical Thalamic Lesions (Fig. 7.3)

This is a poorly understood condition also affecting both preterm and full-term
infants, often with a history of early rupture of membranes, polyhydramnios,
reduced fetal movements, and antenatal maternal blood loss. The infants usually
have marked hypotonia at birth but may have contractures and often poor oro-
motor control. They quite quickly go on to develop limb spasticity with persisting
central hypotonia. The condition is typified by symmetrical thalamic lesions
(STLs). Often the brainstem is also involved, and the pattern of injury and out-
come overlaps with that described by Logitharajah et al. [5] in preterm infants
with HIE.

Cranial ultrasound scans usually show abnormal thalamic echogenicity imme-
diately after birth, and these changes can be more obvious than abnormalities
seen on MRI. MRI changes are most marked on T1-weighted images, and acute
DWI changes are rarely seen suggesting that the injury is of antenatal onset.
Outcome is almost uniformly very poor in relation to the severe injury pattern
(see [14]).
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Fig. 7.3 Symmetrical thalamic lesions. Baby born by breech delivery at 39 weeks GA. Apgar
scores 3/6/8. Normal cord gases. After brief resuscitation she breathed spontaneously for a few
hours but needed ventilation again till day 10. She had contractures at the knees, hips, and elbows,
and she did not swallow and had a facial diplegia. Her cUS shows marked bilateral thalamic echo-
genicities (a), coronal and parasagittal). MRI (bi, axial T1-W at BGT level), shows abnormal sig-
nal in the thalami and posterior limbs of the internal capsules and to some extent in the globus
pallidi. These findings were most obvious on the T1-W imaging shown. bii mid-sagittal T2-W
image shows a thin corpus callosum and open sulci of the vermis suggesting some atrophy already
present at birth, consistent with an antenatal insult. No acute changes were seen on DWI. Outcome:
Poor suck, continued need for suctioning, aspiration. PEG insertion. CP (axial hypotonia and
4-limb hypertonia). Severe hearing loss. At 2 years she had poor facial expression and poor head
control; she could roll and remain in a sitting position, but not get herself into sitting. BGT basal
ganglia and thalami, CP cerebral palsy, cUS cranial ultrasound scan, DWI diffusion weighted
imaging, GA gestational age, PEG percutaneous gastrostomy
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PWMLs Punctate white matter lesions
ROS Reactive oxygen species
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TTNT  Time to normal trace
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8.1 For Parents

Before birth, the baby receives a constant supply of nutrients and oxygen from its
mother through the placenta which is connected to the baby by the umbilical cord.
Birth is a stressful event and complications can happen during this process. Some
complications may cause an interruption to the blood supply to the baby. This lack
of blood supply will affect the delivery of essential nutrients and oxygen to your
baby and may affect the brain and cause your baby not to be normally active after
birth. When this happens a condition called hypoxic-ischemic encephalopathy
develops - often shortened to HIE.

8.1.1 How Will | Know If My Baby Has Symptoms of HIE?
Certain key information helps us make this diagnosis:

* A sudden event close to the time of birth such as cord prolapse (when the umbili-
cal cord exits before the baby) or placental abruption (when the placenta detaches
before birth).

* Alow Apgar score—an Apgar score is a summary measure of your baby’s health
condition shortly after birth and includes breathing and heart rate as well as your
baby’s general activity and color—these are scored on a scale of 0-10, 0 being
the most worrisome. Apgar scores are recorded for all babies at 1, 5, and often 10
minutes after birth. We also do tests on the blood from the umbilical cord to look
for signs of stress (known as the cord gases).

* The presence of certain symptoms within the first 6 hours after birth such as leth-
argy (being sleepy and not crying vigorously), weakness or absent spontaneous
activity, having floppy arms and legs, a weak or absent suck, weak or interrupted
breathing, twitching or jerky movements (seizures), and/or coma. Combinations
of these symptoms is what is called hypoxic-ischemic encephalopathy (HIE).

8.1.2 What s the Treatment If My Baby Is Diagnosed with HIE?

Treatment is aimed at preventing any further damage following the reduced blood
supply and low oxygen levels. This includes, for example, keeping the blood pres-
sure and oxygen levels as stable as possible and within the normal range, avoiding
a high temperature and being prompt to treat seizures. Your baby may qualify for a
treatment called therapeutic hypothermia. Therapeutic hypothermia means the baby
is cooled, using a “cooling” blanket that the baby is either laid on or wrapped in (see
Picture 8.1). Cooling limits the damage to the brain after a low blood supply/oxygen
event by slowing the metabolism in the affected brain cells. This is a bit like hiber-
nation for the brain, so it can try to recover. The hypothermia treatment usually will
last for 72 hours, and your baby will be cooled until the body temperature is down
to 33.5°C; then your baby will slowly be rewarmed to a normal temperature. Your
baby will be monitored for pain or discomfort on a regular basis, and anti-pain
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Picture 8.1 Baby
wrapped in a cooling
blanket in an incubator.
The baby has two tubes,
one for help with breathing
and one in the mouth so
any air in the stomach can
be removed

medication and/or a sedative will be given as needed. Because of your baby’s prob-
lem and also the cooling and medication, your baby will move less than usual, and
so the skin will be frequently checked for pressure effects.

Careful feeding is important because of decreased blood flow to your baby’s
stomach and bowels around the time of delivery. In the beginning nutrition will be
started through an intravenous (IV) line, so your baby can receive the nutrients it
cannot get through drinking. As soon as possible, your baby will receive small
amount of fresh breast milk (if available) or formula administered through a gastric
tube to stimulate the gut even while being cooled. If your baby is stable enough, you
may be helped to hold your baby while wrapped in the cooling blanket.

There are other interventions that possibly improve outcomes such as gentle han-
dling, music, massage therapy, reading, holding, etc. For these interventions, the
evidence as yet is not strong, so ask your baby’s doctor for information about this.

8.1.3 What Will Happen to My Baby (Prognosis)?

HIE is divided into three stages (or grades): mild, moderate, and severe. Outcome
i.e. the future for your baby, depends (among other things) on the severity of HIE.

Some babies with very severe HIE may not survive. Fortunately, most babies will
survive, but a small number of babies with HIE will develop a motor (move-
ment) disability such as cerebral palsy.

Outcomes have improved, i.e., later problems have lessened considerably since
the introduction of therapeutic hypothermia in the first decade of this century, and
nowadays more babies with moderate and severe HIE do well, developing and
behaving as their peers. However, there remains a risk of some long-term problems,
such as learning disorders, delayed development, memory problems, or milder
motor problems. Most infants with milder HIE have a good outcome, but still we
recommend longer-term follow-up well into school age to ensure they are doing
well with learning and memory and with developing their social skills. The neonatal
brain is more resilient than the adult brain, as it is still developing and making new
connections. Parents play a key role in improving the outcome regardless of the
severity of the brain injury as they provide essential stimulation to their baby’s
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brain. Follow-up with a developmental specialist after discharge will be important
to assess your baby’s progress and to support your baby and you.

Your child will be followed up and assessed closely by a specialized team for
hearing, vision, motor, speech and language, cognitive function, and the possible
development of epilepsy. The goal is to ensure that your child remains healthy and
to identify problems early, so your child can be treated and enrolled in early inter-
vention programs. These early intervention programs (such as physiotherapy, reha-
bilitation, speech therapy) help the young, still resilient brain to overcome or to
lessen any developmental problems.
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8.2  ForProfessionals
8.2.1 Incidence, Risk Factors, and Pathogenesis

The incidence of HIE varies depending on the country of birth. In high-income
countries, the incidence of perinatal asphyxia is 1-4/1000 live births [1], while it is
up to 10-20/1000 live births in low- and middle-income countries [2, 3].

Although often no causation is found, there are many risk factors for perinatal
asphyxia [4]; some are listed below:

e Maternal health and conditions: Primiparity, advanced age, pre-pregnancy
weight, pregnancy-induced hypertension, and gestational diabetes.

* Newborn related: Advanced gestational age, large for gestational age, and small
for gestational age.

* Delivery related: Induced labor, breech presentation, need for instrumental deliv-
ery (forceps or vacuum), perinatal inflammation, cord prolapse, uterine rupture,
or placental abruption [5-8].

The pathophysiology of HIE is complex and a process over time. The key pro-
cesses are ischemia-reperfusion phases and primary and secondary energy failure.
The primary energy failure occurs during the ischemic phase which involves ATP
pump failure and entrapment of ions inside cells followed by water diffusion and
restriction of its movement across membranes. Following the ischemic/primary
energy failure, reperfusion and energy restoration occur with influx of reactive oxy-
gen species (ROS), toxins, and an inflammatory cascade. During the reperfusion
phase, some cells may get “overwhelmed” and undergo secondary energy failure,
apoptosis, necroptosis, or inflammation. The role of inflammation or infection is
unclear in HIE but may be important particularly in lower-income settings. The goal
of therapeutic hypothermia, sedation, and minimal handling initiated in the early
reperfusion phase is to slow down the reperfusion and inflammation process to
allow cells to recover. A tertiary phase when gliosis and impaired oligodendrocyte
maturation occur can last years [9]

8.2.2 Diagnosis

The staging of severity of HIE was introduced by Dr. Sarnat in 1976 (see Table 8.1)
[10] and was based on careful physical examination, vital signs, and EEG findings.
It is very important to make a diagnosis of HIE and determine as soon as possible
the eligibility for therapeutic hypothermia (TH). Infants must be of certain gesta-
tional age (usually >35 weeks at birth) and birth weight (usually >1800 g).
Furthermore, a baby must fulfill criteria A and B:
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Table 8.1 The major categories and sub-categories for assessing the severity of neonatal enceph-
alopathy (adapted from Sarnat encephalopathy staging) [10]

Encephalopathy ~ Normal Mild Moderate Severe
1. Level of [] Normal []Hyperalert  [] Lethargy [ Stupor/coma
consciousness
2. Spontaneous [] Active [] Active [] Decreased activity [] No activity
activity
3. Posture [1 Normal [IMild distal ~ [] Strong distal flexion [] Strong
flexion of arms and extension of
extension of legs arms and legs
4. Tone [] Normal [1Hypertonia  [] Hypotonia [ Flaccid
5. Deep tendon ] Normal [ Brisk [ Brisk [] Absent
reflexes
6. Primitive
reflexes
Suck [] Normal [] Weak [] Weak/absent [] Absent
Moro [ Complete [] Strong/ [J Incomplete [J Absent
Jittery
7. Autonomic
system
Pupils [JEqual & [] Dilated [ Constricted [] Variable and/
Heart rate reactive [] Tachycardia [] Bradycardia or poorly
(HR) [] Normal ] Normal [ Periodic breathing reactive, often
Respirations [] Normal unequal
[] Variable HR
[] Apnea
8. Seizures [ No [ No [ Yes [ Yes
(clinical or
electrographic)

Criteria A: a combination of fetal acidosis (cord arterial blood gas pH <7 and base
excess (BE) <—16) and need for resuscitation (Apgar score <5 and need for
respiratory support at 10 min after birth) [11-15]

Criteria B: the presence of seizures or abnormal findings in three of six categories
(level of consciousness, spontaneous activity, posture, tone, primitive reflexes,
and autonomic system) [14].

The Thompson HIE score (see Table 8.2) was developed to assess the severity of
perinatal asphyxia. This score was shown to be predictive of short- and long-term
outcomes. A Thompson score of >7 is used as an indication for TH treatment [ 16—18].

8.2.3 Brain Monitoring

Some form of brain monitoring (commonly amplitude integrated EEG (aEEG) or
EEG) is used in HIE for seizure monitoring during cooling and the rewarming
phase. It is essential to monitor infants with moderate to severe HIE by aEEG or
continuous video EEG for seizures. EEG background activity, particularly time to
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Table 8.2 Thompson scoring system

Score
Sign 0 1 2
Tone Normal Hypertonia Hypotonia
Conscious  Normal Hyper alert, stare  Lethargic
state
Fits None Infrequent <3/day  Frequent >2/day
Posture Normal  Fisting/cycling Strong, distal flexion
Moro reflex Normal Partial Absent
Grasp reflex Normal Poor Absent
Suck Normal Poor Absent =+ bites
Respiration Normal Hyperventilation  Brief apnea
Fontanel Normal  Full not tense Tense

Total score per day

Voltage classification

Moderately
abnormal

Abnormal

lower margin s5pV 0 =
upper margin >10p\lf

Day
3 1 2 3
Flaccid
Comatose
Decerebrate
IPPV (apnea)

Pattern classification

aEEG trace 6cm/hour

>
=3
3
°
S
3
]

Fig. 8.1 Classification of five example traces using the pattern recognition method (right) and
voltage method (left) to assess the aEEG background at 3 to 6 hours after birth (from [19]).
(Publisher acknowledges that the material will be published in an OA publication)

normal trace, can be helpful in prognostication and assessment of brain recovery
(see Chap. 16 for more details).
aEEG background can be classified based on the voltage and pattern (Fig. 8.1) [19].
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8.2.4 EEG/aEEG Background and Prognosis

During therapeutic hypothermia (TH), the recovery time taken to achieve a normal
background pattern (time-to-normal-trace or TTNT) is the best predictor of good
and poor outcomes. Among infants who never gain a normal trace, all had poor
outcomes and 72% died [19]. Furthermore, combining longitudinal background
analysis with a sleep-wake cycling score may improve the predictive value of aEEG
[20] (see Chap. 16).

8.2.4.1 Presence of Seizures and Prognosis
Short and focal seizures may be missed using aEEG, and cEEG (continuous EEG
monitoring) is therefore recommended, but this is not possible in all centers espe-
cially over a long period. High electrographic seizure burden (>40 min) is associ-
ated with abnormal long-term outcomes, independent of HIE severity or TH [21,
22]. Seizures occurring during rewarming are also associated with a poor outcome
and are seen in infants who have a poor background activity during TH [23].

Early seizure detection and treatment within 1 hour are critical in achieving sei-
zure control and decreasing seizure burden [24].

Continuous brain monitoring can improve seizure detection and decrease anti-
seizure medication burden [25].

8.2.5 Neuroimaging

8.2.5.1 Cranial Ultrasound (cUS)

Cranial ultrasound (cUS) (including Doppler) is the primary neuroimaging modal-
ity in neonates including infants with HIE (see Fig. 8.2) and plays an important role
in determining non-HIE causes of neonatal encephalopathy as well as assessing the
timing and evolution of hypoxic-ischemic brain injury, the effects of TH treatment
(i.e., basal ganglia changes improving over time during TH), and prognostication
[26-28]. A scoring system based on white/gray matter differentiation, size of the
ventricles, and echogenicity of the periventricular and subcortical white matter
(Table 8.3 and Fig. 8.2) was predictive of long-term neurodevelopmental outcomes
[29]. cUS needs to be performed on admission and repeated at least twice in the first
week to assess the progress of any injury. With an acute insult, the initial scan may
well appear normal, and this, in itself, is important information but does not exclude
an evolving injury pattern.

8.2.5.2 MRI

Brain MRI is the gold standard for detecting and defining the extent of acute injury
after perinatal asphyxia. Brain MRI is usually done shortly after rewarming to help
with counseling families as soon as possible; the MRI is either done between days
4-6 in order to take advantage of information from diffusion-weighted imaging
(DWI) (see Chap. 15 “MRI”) and then into the second week to see maximum injury
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Table 8.3 Cranial ultrasound (cUS) scoring system for brain injury in HIE

Item

Edema:
Impaired
white/gray
matter
differentiation
and/or slit-like
ventricles
Echogenicity
periventricular
white matter

White
matter
items

Echogenicity
subcortical
white matter

Gray
matter
items

Echogenicity
of the thalami

Echogenicity
of the
putamina

Four-column
sign

Visibility of
the posterior
limb of the
internal
capsule
(PLIC)

Scoring

Normal-mildly
abnormal (0)
Normal
differentiation
between gray and
white matter and
open ventricles

Normal
echogenicity or
minor
hyperechogenicity
Normal
echogenicity or
minor
hyperechogenicity

Normal
echogenicity or
minor
hyperechogenicity
Normal
echogenicity or
minor
hyperechogenicity
Absent (0)
Normal
echogenicity or
minor
hyperechogenicity

The PLIC is not
visible as a
hypo-echogenic
line between the
putamen and
thalamus

matter damage (0—6 points)
Gray matter involvement includes hyperechogenicity of the thalami, putamen,
visibility of the PLIC, and four-column sign (0—6 points)
Adapted from Annink KV et al. Pediatric Research 2020;87 (Suppl 1):59-66 [29]
PLIC posterior limb of internal capsule

Moderately
abnormal (1)
Reduced
differentiation
between gray and
white matter and/or
slit-like ventricles

Moderate or focal
hyperechogenicity,
but not as white as
the choroid plexus.
Focal
hyperechogenicity
of the subcortical
white matter.
Moderate
differentiation
between white and
(subcortical) gray
matter

Moderate or focal
hyperechogenicity
of the thalami

Moderate or focal
hyperechogenicity

of the putamina

Present (1)

Total
points

Severely abnormal
2

No differentiation
between gray and
white matter and
slit-like ventricles

Severe and diffuse
hyperechogenicity,
as white as the
choroid plexus
Clear “tramlines”
sign:
hyperechogenicity
of the subcortical
white matter
similar to that of
the sulci with
intervening
hyposignal of the
cortex

The
hyperechogenicity
is severe and
diffuse

The
hyperechogenicity
is severe and
diffuse

On the coronal cUS plane the four-
column sign is apparent caused by
moderate or severe bilateral
hyperechogenicity of the thalami and

putamina

The PLIC is clearly visible as a
hypo-echogenic line between the
hyperechogenic thalamus and putamen

White matter involvement is the sum of edema, periventricular, and subcortical white
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Fig. 8.2 Examples of scored brain injury in HIE using cUS: (a) moderate cerebral edema (1
point), (b) severe cerebral edema (2 points), (¢) moderate periventricular white matter (1 point), (d)
severe periventricular white matter (2 points), (e) moderate subcortical white matter (1 point), (f)
severe subcortical white matter (2 points), (g) moderate thalamus (1 point), (h) severe thalamus (2
points), (i) moderate putamen and thalamus (1 point), (j) severe putamen and thalamus (2 points),
(k) “four-column sign” which means that both left and right thalamus and putamen are visible on
coronal view as four columns (1 point), (I) visibility of the PLIC on parasagittal view (1 point). For
the scoring sheet and definitions, see Table 8.3 [29].

on conventional MRI. If one MRI examination is done, the preferred timing is
between day 4 and 6.

Acute ischemic brain injury due to HIE detected by cUS and MRI can be divided
into the following:

A. Central/Basal Ganglia—Thalamus (BGT) Predominant Pattern (Fig. 8.3):
This pattern is characterized by injury to the gray matter of the BGT and cere-
bral cortex, usually localized to the perirolandic region, and is often referred
to as the cerebrocortical-deep nuclear pattern on neuropathology. The pattern
is typically bilateral and symmetric. The predominant neuropathological fea-
tures include selective neuronal necrosis in the basal ganglia and thalamus and
perirolandic cortex as well as the hippocampus (pyramidal neurons) [30]. On
neuroimaging, the predominant features include injury to the BGT (Fig. 8.4a)
and perirolandic cortex. Hippocampal injury is more difficult to detect unless
the MRI is done within the DWI window [31, 32]. Nevertheless, it may be
detected chronically as reduced volume by quantitative morphometry [33].
Clinically, the central/BGT pattern is commonly observed following perinatal
sentinel events [34, 35] and moderate to severe, relatively prolonged
insults [30].
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Fig. 8.3 Central basal ganglia—thalamus (BGT). (a—d) MR scan performed 1 day after birth in a
full-term infant with neonatal encephalopathy and no clear history of perinatal depression. Axial
T1-weighted (a), axial T2-weighted (b), axial diffusion-weighted imaging (DWI) (c), and axial
apparent diffusion coefficient (ADC) (d) MRI images. There is bilateral and symmetric injury to
the BGT with T1 hyperintense and T2 hyperintense signal. There are only small areas of involve-
ment that have concomitant restricted diffusion with hyperintensity on DWI and hypointensity on
ADC. The established signal alteration on the T1- and T2-weighted sequences on MR imaging
1 day after birth supports an antenatal timing of injury in this infant. (e-h) MR scan performed
3 days after birth in a full-term infant with clinical encephalopathy, respiratory distress, and peri-
natal depression at delivery. Axial diffusion-weighted imaging (DWI) (e), axial apparent diffusion
coefficient (ADC) (f, g) MRI images, and single voxel MR spectroscopy (h). Bilateral and sym-
metric injury to the BGT and perirolandic cortex is identified from areas of restricted diffusion
(open arrows). MR spectroscopy sampling of the left BGT, using a single voxel and long echo time
(TE 270), revealed elevated cerebral lactate (doublet peak at 1.3 ppm, white outlined arrow) from
anaerobic metabolism

B. Deep Gray Nuclei—Brainstem (Fig. 8.4): This pattern is characterized by injury
to the basal ganglia, thalamus, and brainstem (mesencephalon, pons, and
medulla). The predominant neuropathological features include selective neuro-
nal necrosis in the BGT and select brainstem nuclei. Injury to these areas may
be visualized on neuroimaging, in particular on MRI; while this pattern is well
documented on neuropathology, in neuroimaging studies, isolated injury to the
deep nuclear gray and brainstem is relatively rare; more commonly, there is also
injury to the cerebral cortex (see paragraph above) [36]. Experimental studies in
primates suggest that injury to the deep nuclear gray and brainstem results from
an acute total hypoxic-ischemic event [30].

C. Global Pattern (Fig. 8.5): The global pattern, also referred to as “near total brain
injury,” is the most severe, characterized by diffuse brain injury. The predomi-
nant neuropathological feature is widespread neuronal necrosis across essen-
tially all levels of the neuraxis (cortex, deep gray nuclei, brainstem). On
neuroimaging, the global pattern is characterized by diffuse signal
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Fig. 8.4 Brainstem injury. (a—d) MR scan performed 3 days after birth in a full-term infant with
clinical encephalopathy, respiratory distress, and perinatal depression at delivery (same case as
shown in BGT figure above, (e-h) Axial T2-weighted (a), axial diffusion-weighted imaging (DWI)
(b, ¢), and axial apparent diffusion coefficient (ADC) (d) MRI images. Small symmetric focal
lesions in the cerebral peduncles of the midbrain (white arrows) have restricted diffusion with
hyperintensity on DWI and hypointensity on ADC. The focal (<50%) brainstem injury was associ-
ated with injury to the BGT in this infant. (e-h) MR scan performed 4 days after birth in a full-term
infant with clinical encephalopathy and severe prolonged asphyxia. Axial T2-weighted (e), axial
DWI (f, g), and axial ADC (h) MRI images. The midbrain has diffuse restricted diffusion and its
extensive (>50%) injury was associated with the global HIE in this infant (referred as white brain)
[31]. Of note the cerebellum appeared relatively spared in this case

abnormalities in the BGT, cortex, brainstem, and white matter. The cerebellum
may appear relatively normal, though quantitative imaging metrics (e.g., appar-
ent diffusion coefficient) may be abnormal [37]. Clinically, the global pattern
has been associated with very severe and prolonged insults and experimentally
with prolonged asphyxia [30, 38].

D. Parasagittal/Watershed Pattern (Fig. 8.6): The parasagittal pattern is character-
ized by injury to the cerebral cortex and/or subadjacent white matter in a para-
sagittal distribution along the vascular border zone between the major cerebral
arteries (for this reason, this pattern is also referred to as the watershed or border
zone pattern). The injury is typically bilateral, although it may be asymmetric.
The predominant neuropathological feature is selective neuronal necrosis
involving cortical neurons along the parasagittal convexity [30]. Neurons in
deeper cortical layers and, in particular, localized in the depths of sulci are espe-
cially affected [39]. In the most severe cases, the area of necrosis extends across
the entire parasagittal convexity; however, more commonly, it is localized to
posterior parietal-occipital regions. This pattern is among the least common
observed at autopsy, especially in isolation; however, it is among the more
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Fig. 8.5 Global injury pattern. (a—d) MR scan performed 4 days after birth in a full-term infant
transferred to our NICU from outside hospital following emergency C-section for persistent fetal
heart rate decelerations. Severe neonatal encephalopathy. Axial diffusion-weighted imaging (DWI)
(a, b), axial apparent diffusion coefficient (ADC) (¢), and coronal DWI (d). MRI images. Extensive
signal abnormalities and restricted diffusion involve the BGT, posterior pons, cortex, and cerebral
white matter with hyperintensity on DWI and hypointensity on ADC. The cerebellum appears rela-
tively spared. (e-h) MR scan performed 4 days after birth in a full-term infant with severe pro-
longed asphyxia delivered by emergency C-section. Axial DWI (e, f, h) and axial ADC (g) MRI
images. Global pattern of restricted diffusion with more extensive brainstem involvement than in
the example above. The cerebellum again appears generally spared

common patterns observed on neuroimaging, with the observed differences
likely attributed to the fact that most infants with this pattern of injury that does
not include injury to the central gray matter survive long term. In clinical and
experimental studies, parasagittal injury is associated with hypotension [30, 39].
E. White Matter Injury Pattern (Fig. 8.7): White matter injury may be primary or
secondary, such as Wallerian degeneration. The primary white matter injury pat-
terns are characterized by injury to the parasagittal white matter (described
above) and the periventricular white matter. On neuropathology, this periven-
tricular white matter injury is characterized by focal necrotic lesions in the peri-
ventricular white matter surrounded by larger areas of diffuse reactive gliosis.
On neuroimaging, these are often referred to as predominant punctate white
matter lesions (PWMLs) and may be visualized on cranial ultrasound, or more
often on MRI, as punctate foci of high signal on T1-weighted imaging with or
without concomitant restricted diffusion. This pattern is relatively common, in
particular, among premature infants and (near)term infants with a milder degree
of encephalopathy [40]. Clinically, white matter injury in term infants with HIE
has been associated with chorioamnionitis, decreased placental maturation [41],
and hypoglycemia [42] as well as pathological genetic mutations [43].
Experimental studies in primates suggest that white matter injury, including



8 Hypoxic-lschemic Encephalopathy (HIE) in Term and Near-Term Infants 113

Fig. 8.6 Watershed injury pattern in two infants with neonatal encephalopathy. Both infants were
delivered by emergency C-section due to decreased fetal movements and bradycardia. (a—d) MR
scan performed 4 days after birth in a full-term infant. Axial diffusion-weighted imaging (DWI) (a,
¢, d) and axial apparent diffusion coefficient (ADC) (b) MR images. Predominant restricted diffu-
sion involves the cortex and subcortical white matter in the watershed zones. The basal ganglia and
thalami are generally spared. Note also low ADC in the genu and splenium of the corpus callosum
in (b). (e-h) MR scan performed 4 days after birth in a full-term infant. Axial DWI (e, g, h) and
axial ADC (f) MR images. A similar injury pattern involves the cerebral cortex and subcortical
white matter in a parasagittal distribution along the vascular border zone between the major cere-
bral arteries. The basal ganglia and thalami are generally spared. Note also low ADC in the optic
radiations (black arrows) and genu of the corpus callosum. Additional perinatal arterial ischemic
strokes involve the right occipital and right parietal lobes

PVL, results from clinical circumstances that lead to hypoxia, but without a
significant degree of acidosis [38].

F. Perinatal Arterial Ischemic Stroke Pattern (Fig. 8.8): Perinatal asphyxia is one
of the many risk factors for perinatal arterial ischemic stroke (PAIS), which is
characterized by an acute ischemic lesion localized within a cerebral artery dis-
tribution, most commonly the middle cerebral artery. It is not a common pattern
seen with HIE and more commonly occurs in the absence of HIE (see Chap. 9).
Infants with a large stroke are encephalopathic. On neuroimaging, these lesions
appear as acute on early scans (i.e., first week), indicating they were acquired in
the perinatal period and are readily recognized due to their wedge-like shape
and localization in a vascular distribution (Fig. 8.8).

G. Cerebellar Injury Pattern (Fig. 8.9): Cerebellar injury has been largely under-
recognized in infants with HIE. Although experimental studies in primates and
neuropathological studies in infants have both demonstrated that cerebellar neu-
rons are vulnerable to hypoxia-ischemia [30, 44], this insult has received less
attention in clinical studies. However, recent studies have demonstrated
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Fig. 8.7 Predominant white matter injury (a—d). MR scan performed 11 days after birth in a full-
term infant with neonatal encephalopathy post therapeutic hypothermia. Axial T1-weighted (a),
T2-weighted (b), diffusion-weighted imaging (DWI) (¢), and apparent diffusion coefficient (ADC)
(d) MRI images. There are multiple punctate foci of T1-weighted hyperintense and T2-weighted
hypointense signal (PWMLs) in the periventricular white matter. Some foci have concomitant
restricted diffusion with hyperintensity on DWI and hypointensity on ADC (arrows). An earlier
MR scan performed 4 days after birth showed fewer and less conspicuous PWMLs. Images also
show a trace volume of subdural blood layering along the left side of the posterior interhemispheric
falx. (e~h) MR scan performed 4 days after birth in a full-term infant with clinical encephalopathy.
Axial T1-weighted (e), T2-weighted (f), DWI (g), and ADC (h) MRI images show similar punctate
foci of high signal on T1-weighted imaging with or without concomitant restricted diffusion
(white arrows)

cerebellar abnormalities on cUS and MRI as well as a correlation between these
abnormalities and microglia activation on neuropathology among infants with
HIE [37, 45-47].

H. Mamillary bodies (Fig. 8.10): Recent studies have demonstrated acute injury to
the mammillary bodies in HIE [48] even after TH, best seen on thin T2-W axial
images but also, though less often, on diffusion weighted images. This injury
may co-occur with other patterns discussed above or can occur in isolation even
after treatment with TH. Noting injury to the mammillary bodies is important as
it is associated, even independent of hippocampal injury, with significant mem-
ory problems at early school age and later imaging shows atrophy of the tissue
[49, 50]. In order to access the mammillary bodies neonatally it is necessary to
include thin (2mm) T2W axial slices in the neonatal HIE imaging protocol.

I. Other Injury Patterns (Fig. 8.11): In addition to the hallmark patterns described
above, other injury patterns have been identified by neuroimaging in infants
with HIE. These include hemorrhages, focal ischemic lesions, venous infarcts,
and sinovenous thrombosis (see Chap. 11).
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Fig. 8.8 Perinatal arterial ischemic stroke. (a—d) MR scan performed 3 days after birth in a full-
term infant born asphyxiated and treated with therapeutic hypothermia. The baby had thrombocy-
topenia and left cerebral hemisphere focal onset seizures. Axial T2-weighted (a), diffusion-weighted
imaging (DWI) (b, d), and apparent diffusion coefficient (ADC) (¢) MRI images. Acute left middle
cerebral artery infarct affecting mainly the posterior distribution area, with T2 hyperintense signal
and restricted diffusion (hyperintensity on DWI and hypointensity on ADC map) in the white mat-
ter and cortex. The posterior limb of the internal capsule and basal ganglia appear minimally
involved. Secondary changes are seen in the pulvinar of the left thalamus and crossing the sple-
nium of the corpus callosum. (e-h) MR scan performed 1 day after birth in an asphyxiated full-
term infant with severe neonatal encephalopathy for possible redirection of care. Axial T2-weighted
(e), DWI (f, h), and ADC (g) MRI images. Extensive bilateral perinatal arterial ischemic stroke
involved multiple arterial territories in the anterior, middle, and posterior cerebral circulation with
bilateral thalamic and brainstem (not shown) involvement. Congruent ADC hypointensity of the
infarcts is consistent with injury caused by a single embolic shower event. Restricted diffusion
typically occurs within 30-120 min after cerebral infarction, pseudonormalising by 10-14 days

8.2.6 Treatment

Efforts should focus on effective resuscitation in the first hour after birth to allow
optimal transition from fetal to neonatal circulation and restore perfusion and oxy-
genation and glycemia as quickly and effectively as possible as well as the avoid-
ance of hyperoxia, hypocarbia, and hyperthermia. Clinical and electrical seizures
should be treated quickly and effectively, and this means that continuous EEG or
aEEG monitoring needs to be instituted. Evidence suggestive of infection should be
sought (e.g. prolonged rupture of membranes, maternal fever, chorioamnionitis
either from the history and directly in the baby) and treated until proven negative.
Therapeutic hypothermia (TH) is so far the only proven effective evidenced-based
intervention as shown by multiple well-designed RCTs [51]. For TH to be effective,
it needs to be initiated as early as possible (preferably 1-2 hours but up to 6 hours
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Fig. 8.9 Cerebellar injury. (a—d) MR scan performed 4 days after birth in a full-term infant with
clinically suspected hypoxic-ischemic encephalopathy and limited right cerebellar hemorrhage
(arrows). Axial T1-weighted (a), T2-weighted (b), T2* gradient-echo weighted (GRE) (c), and
coronal T2-weighted (d) MRI images. The signal characteristics of the blood (T1 hyperintense, T2
hypointense, and very dark on T2* GRE) are consistent with intracellular methemoglobin and an
early subacute stage (>3 days to 1 week) of intraparenchymal hemorrhage. No other parenchymal
lesions were seen in this infant. A subgaleal hemorrhage is also visible on the coronal T2-weighted
image. (e-h) MR scan performed 4 days after birth in a full-term infant with clinical encephalopa-
thy. Axial T1-weighted (e), T2-weighted (f), diffusion-weighted imaging (DWI) (g), and apparent
diffusion coefficient (ADC) (h) MRI images. MR imaging shows acute bilateral cerebellar infarcts
that have subtle T1 hypointense and mild T2 hyperintense signal but have more conspicuous
restricted diffusion with hyperintensity on DWI (arrows) and hypointensity on ADC. Additional
supratentorial cerebral infarcts of similar age (not shown) were present in a watershed distribution

from birth), although some suggest that it can still be effective up to 8—12 hours of
age [52]. Many adjunct therapies (e.g., erythropoietin, stem cells, xenon, melatonin)
to TH are being studied but as yet none with strong evidence supporting [53-56].
It is important to keep infants undergoing TH well sedated and to avoid noxious
stimuli. Morphine is currently the opioid of choice and extensively studied. If the
infant is hemodynamically unstable, then fentanyl is an option. If, despite opioid seda-
tion, the infant is still restless or uncomfortable, midazolam (as sedative) can be added.
There is an increasing interest in a multi-intervention bundled approach using
quality improvement methodology to prevent neonatal brain injury. Neuroprotection
bundles may target reducing acute brain injury or reinforcing neuroplasticity. The
key concepts in the acute brain injury prevention bundles are early identification and
referral, prevent fluctuations in physiologic parameters (such as pCO,, blood pres-
sure, temperature, etc.), minimal handling and pain management, early seizure
diagnosis and treatment, early nutrition, normoglycemia, treatment of acidosis, and
optimizing fluid and electrolyte balance including calcium [57-61]. Implementing
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Fig. 8.10 Abnormal high signal and swelling is seen in both mammillary bodies on a thin 2mm
T2-W axial image (a) with abnormal high signal on the diffusion-weighted image (b) in a term
infant with perinatal asphyxia, treated with therapeutic hypothermia. The infant was imaged
toward the end of the first postnatal week. Abnormal signal is also seen in both hippocampi in this
instance. No other lesions were seen on this infant’s scan

Fig.8.11 Other injury. (a—d) MR scan performed 3 days after birth in a full-term infant with a small
right temporal lobe hemorrhage. Axial T1-weighted (a), T2-weighted (b), T2* gradient echo (GRE)
(c), and apparent diffusion coefficient (ADC) (d) MRI images. The signal characteristics of the blood
(T1 mild hyperintense, T2 hypointense, dark on ADC, and “blooming” on T2* GRE) are consistent
with deoxyhemoglobin and an acute stage (1-3 days) of intraparenchymal hemorrhage. The mecha-
nism is most likely venous because the lesion is within the (sub)cortex and hemorrhagic. (e-h) MR
scan performed 5 days after birth in a full-term infant with neonatal encephalopathy and cerebral
sinovenous thrombosis of the straight sinus (open white arrows). Axial T1-weighted (e), T2-weighted
(f), T2* GRE (g), and diffusion weighted (DWI) (h) MRI images. On the T2-weighted sequence, the
dark signal of acute sinovenous thrombosis (white arrows) mimics normal intrasinus “flow void” that
is seen within the patent superior sagittal sinus (black arrows). However, clues to the presence of an
acute clot in the straight sinus are its moderately enlarged size (“fat sinus” sign) and, compared to the
superior sagittal sinus, its differential mildly hyperintense T1 signal (e) compared to brain and its
profoundly hypointense signal (“blooming”) on T2* GRE (g). The straight sinus thrombosis was
believed non-occlusive, and no ischemic changes were seen in the venous drainage territories
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neuroprotection bundle approach has proven to be effective in improving HIE iden-
tification (through outreach educational programs) and preventing short-term
morbidities and brain injury, anti-seizure medication burden, use of boluses and
inotropes, temperature fluctuation, and overall hospital length of stay [25, 62-66].

Neuroplasticity bundles, unlike those aiming to prevent acute brain injury, target
potential brain injury and brain growth well beyond the first few days of birth and
after discharge [67]. Key elements in such bundles are as follows:

* Empowering families through family-centered care model (FICARE) [68].
* Optimizing nutrition [69].

* Developmental care [70].

» Skin to skin care and massage therapy [71, 72].

* Positive stimulating sounds such as music therapy, reading programs [73].
¢ Parental voice [74, 75].

¢ Minimizing disturbing noises [76].

* Enhancing physiologic sleep-wake cycles [77].

* Encouraging positive social interaction [78].

These neuroplasticity interventions may improve long-term cognitive and motor
outcomes [71-73].

8.2.7 Other Diagnoses That Mimic HIE

It is important to keep in mind other conditions that can present with acute encepha-
lopathy at birth such as vascular conditions, congenital anomalies, neuromuscular
and metabolic diseases, and genetic conditions (Table 8.4).

8.2.8 Prognosis and Follow-Up

Fortunately, with the advances in neonatal care, long-term neurodevelopmental out-
comes have improved for infants receiving TH for HIE. However, infants are still at
risk of adverse neurodevelopmental outcomes even when the encephalopathy is
mild or after they received TH [80]. Moreover, in many clinical settings, TH is not
available and might even be detrimental especially in the context of infection [81].

Normal serial clinical neurological exams during the first week after birth, nor-
mal aEEG/cEEG background recovery within 24 hours of birth, and normal brain
imaging are good predictors of normal neurodevelopmental outcomes. However
more recent studies have shown that children with neonatal brain imaging and other
findings considered normal or near normal and who are functioning within the nor-
mal range at 2-3 years may still have problems later with higher executive func-
tions, memory, more subtle motor development, and social interactions at early and
mid-school age [82, 83].

Unfortunately, some children will have unfavorable long-term outcomes though
fewer than before the introduction of TH. Although the most discussed outcome is
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Table 8.4 Features distinguishing HIE from other causes of neonatal encephalopathy [79]; origi-
nally published in Seminars in Fetal and Neonatal Medicine, 2021, https://doi.org/10.1016/j.
siny.2021.101272, all rights reserved

Suggestive of HIE

History -

Exam -

Blood -
tests

Imaging -

Other -
studies

Sentinel event during labor
or immediately before/
during birth

Fetal heart rate
abnormalities consistent
with an acute event

Need for resuscitation at
birth

Apgar <5 at 5 and 10 min
Encephalopathy evident
immediately from birth

Abnormal Sarnat exam in
isolation

Cord pH or blood gas with
acidosis (pH < 7.0)

Elevated lactate
Evidence of multisystem
end-organ dysfunction
(abnormal CK, BUN/Cr,
LFTs, troponin, LDH)
Bleeding/clotting
abnormalities

cUS or MRI showing
pattern of brain injury
consistent with HIE

Acute/subacute placental
lesions on placental
pathology, with or without
chronic changes

Suggestive of other NE

IUGR

Oligohydramnios or polyhydramnios

Maternal infection

Maternal medication or substance use
Family history of genetic disorders, neonatal
illness, or seizures

Delayed onset of symptoms after birth

Abnormal Sarnat exam in association with:

— Congenital anomalies
— Microcephaly
— Macrocephaly

Contractures

— Spasticity
— Absent deep tendon reflexes + hypotonia
— Hepatosplenomegaly

Rashes/signs of infection
Severe and/or persistent electrolyte
derangements (hypoglycemia,
hypermagnesemia, elevated lactate)
Elevated WBC count, inflammatory markers
Positive urine or meconium toxicology screens

Hyperammonemia, hypouricemia

cUS or MRI with evidence of chronic injury
(e.g., cystic changes, atrophy) soon after birth
cUS or MRI with other brain abnormality or
injury (brain malformations, sub-ependymal or
other cysts and/or calcifications, hemorrhage,
lenticulostriate vasculopathy (on cUS))
Normal MRI

Chronic placental lesions on placental
pathology

BUN/Cr Blood Urea Nitrogen/Creatine, CK creatine kinase, cUS cranial ultrasound, /[UGR
Intrautering growth restriction, LDH Lactate Dehydrogenase, LFTs Liver Function Tests, WBC
White blood cells
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cerebral palsy, there are many other problems that may ensue including cognitive,
speech and language, visual and/or hearing impairments, feeding difficulties, milder
motor problems, memory problems, behavioral problems, later seizures/epilepsy,
and abnormal higher executive functions [84, 85]. As a rule of thumb, injuries iso-
lated to the deep gray matter put infants at risk of motor more than cognitive dis-
abilities. On the other hand, injury to the watershed areas with normal central gray
matter increases the risk for cognitive impairment that may only be first recognized
at school age together with other non-motor impairments [86]. Most studies classify
children into good/poor outcome categories, but this binary approach does not take
into account the range of issues that may occur. It is important to try to make as
precise a prognosis as possible to inform and empower parents and to put in place
early intervention programs, including early support for feeding and communica-
tion issues [87].

A good guide published pre-TH is that of Martinez Biarge et al. for babies with
any injury to the central gray matter and for those without central gray matter injury
but different grades of white matter injury [42, 87-89]. These studies relate different
grades of injury seen on MRI to a range of outcomes at 2-3 years, e.g., most infants
with severe injury to the central gray matter will in addition to their motor problems
have significant feeding difficulties including the need for PEG placement and also
speech and communication problems that need to be addressed early.

While outcomes have improved with TH, the relationship between imaging find-
ings and outcomes remains unclear especially between mild to moderate central gray
matter injury and motor deficits. In the post-TH era, scoring systems assessing differ-
ent regions of the brain have been validated for predicting outcomes but still with a
binary approach to outcome [90, 91]. So while low MRI scores predict good 2-year
outcomes, higher scores encompass a range of problems. However a recent study
published by van Steenis et al. has shown that individualized neuroprognostication in
HIE is possible and accurate, in the era of TH, not just for the motor domain but also
for mortality, cognition, epilepsy, central visual impairment and feeding across a
range of severities [92], confirming the earlier work of Martinez-Biarge et al.

It is also important to try to assess early how much parents wish to know. In most
cases parents appreciate having the wider picture and being made aware of potential
problems. This means providing parental support and enrolling the infant in a fol-
low-up and early-intervention program with a pro-active rather than “wait and see”
approach. It is crucial to follow these babies closely, frequently, and long term till at
least to school age. It is also important to provide early and ongoing parental sup-
port at a very difficult time.

For a guide to outcomes at 2 years in relation to brain imaging, please see
Figs. 8.12, 8.13, 8.14, and 8.15 and Table 8.5. Figures 8.12, 8.13, and 8.14 give
information on a range of outcome domains in infants with mild, moderate and
severe basal ganglia/thalamic injury including whether the posterior limb of the
internal capsule (PLIC) and other tissues are involved. Whilst this data was obtained
in the pre-cooling era there is no definite evidence that the relationship between
MRI findings in HIE and 2-year outcomes has changed significantly since cooling
was introduced.
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Mild BGT lesions

I

Cerebral palsy 10-15%

(Mild-moderate impairment in all)

| With normal PLIC |

ll

| All will be walking at 2 years |

Speech & language

T

1

| With equivocal PLIC ‘

l

‘ 2/3 will be walking, some may ‘

start late

Seizures

Look at the cortex

10% may have some
feeding problems, but
always mild. No need
for a gastrostomy

25% may have some
speech problems,

In most cases mild-
moderate.

The probability of visual
impairment is very low,
unless there is extensive
WM injury.

>70in 90%,
especially
if normal PLIC

Normal or mild: 3-6%
Moderate: 11%
Severe: 19%

Fig. 8.12 Flow chart showing patterns of outcomes with mild basal ganglia/thalamic (BGT)
injury. (Martinez-Biarge et al. Originally published in Early Human Development. 2010. https://
doi.org/10.1016/j.earlhumdev.2010.08.013. All rights reserved). PLIC Posterior limb of the inter-
nal capsule and other tissues are involved [89]

| Moderate BGT lesions |

Equivocal PLIC

Cerebral palsy 60%
Mostly mild (75%)
2/3 will be walking, may start late

Feeding

[ Look at the PLIC

||

Speech & language

Abnormal PLIC

Cerebral palsy 75%
Moderate (50%) or severe (40%)
70-80% will not walk at 2 years

Seizures

Look at the cortex

40-50% may have
some feeding
problems, but less
than 10% will need a
gastrostomy

Most children will
have some speech
problems, and in 25%
they will be severe

20-55% will have some
grade of visual
impairment, depending
on the severity of

WM — brainstem injury

50-75% of children
are assessable, up
to 35% of them will
have a DQ < 70

Normal or mild: 3-6%
Moderate: 11%
Severe: 19%

Fig. 8.13 Flow chart showing patterns of outcomes with moderate basal ganglia/thalamic (BGT)
injury. (Martinez-Biarge et al. Originally published in Early Human Development. 2010. https://doi.
org/10.1016/j.earlhumdev.2010.08.013. All rights reserved). PLIC Posterior limb of the internal capsule
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Severe BGT lesions

1

Cerebral palsy 98%
Mostly severe (95%)

Vision Seizures

Feeding Speech & language

o wil :
90% will have some S Wl GEVD €D 50-75% will have some Most children are Look at the cortex
feeding problems. speech problems, grade of visual e —
severe in most impairment, especially

with moderate-severe BEEEMED Gif il

WM - brainstem injury polefmpaiment
Gastrostomy
Normal: 25-30%
Mild: 45-50%
Look at the pons Moderate: 60%

Severe: 75%

Normal: 35%
Moderate: 50%
Severe: 90%

Fig. 8.14 Flow chart showing patterns of outcomes with severe basal ganglia/thalamic (BGT)
injury. (Martinez-Biarge et al. Originally published in Early Human Development. 2010. https://
doi.org/10.1016/j.earlhumdev.2010.08.013. All rights reserved). PLIC Posterior limb of the inter-
nal capsule

Figures 8.12, 8.13, and 8.14 give information on a range of outcomes in infants
with mild, moderate, and severe basal ganglia injury including whether the posterior
limb of the internal capsule (PLIC) and other tissues are involved [89]. While this
data was obtained in the pre-cooling era, there is no definite evidence that the rela-
tionship between MRI findings and 2-year outcomes has changed significantly since
cooling was introduced.

Figure 8.15 gives outcomes (death, cerebral palsy, other impairments) for infants
with central gray matter injury defined as present or not in two cohort of infants all
of whom were cooled for their HIE [91].

Table 8.5 gives outcomes for infants with normal looking central gray matter, but
no or mild, moderate, or severe white matter/cortical injury [42]. The 2-year DQ
values here for children with normal/mild scan findings are over 100 and similar to
those reported by Weeke et al. [91] but higher than those found in the recent study
by Wu et al. [56] for children with normal scans (BSID-III mean cognitive score
93.5). Reasons for this difference are unclear. One speculation could be the hetero-
geneity of diagnoses under the umbrella of HIE and differences in early intervention
programs between cohorts.
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Fig.8.15 Individual score values of the gray matter subscore of infants with normal and abnormal

outcome (Weeke et al. [91])

Table 8.5 Comparison of long-term outcomes for infants with hypoxic-ischemic encephalopathy
(not-cooled) with normal/mild, moderate, and severe white matter injury but without central grey

matter injury

Neurodevelopmental outcomes
Motor outcomes

Cerebral palsy, n (%)

Delayed walking (>18 months) n
(%)

Other outcomes

Feeding impairment, n (%)
Communication impairment, n (%)
Visual impairment, n (%)
Hearing loss, n (%)

Behavioral problems, n (%)
Seizures (follow-up), n (%)

Normal and mild

WM
n=26

@2

1(4)

(=]

1(3.5)
0

Moderate
WM
n=34

1(3)
1(3)

309)
9(28)
1(3)
1(3)
10(30)
309

Severe

WM

n=22 P
4(18) 0.018
5(23) 0.005
5(23) 0.026

14(64) <0.001
7/2035)  <0.001

1(4.5) 0.72
13/19(68)  <0.001
8(36) <0.001

(continued)
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Table 8.5 (continued)
Normal and mild WM Moderate WM  Severe WM

n=22 n=28 n=21 P

Developmental quotient (DQ)°
Total DQ + SD 112 + 14.1 1043 +11.1 88.5£20.5 <0.0001
Motor 108.4 + 10.5 107.3 £15.9 92.8+24.6 0.12
Social 1143 +13.3 108.5 = 12.9 96.1 £23.7 0.02
Hearing and language 111.7 £ 18.4 106 £21.2 83.2+23.6 <0.001
Eye and hand coordination 109 = 11.6 993 +11.5 83.4+17.6 <0.001
Performance 115.6 +17.4 103.5+12.4 83.6£18.3 <0.001

Normal, mild, and

moderate WM Severe WM

n=>52 n=20 P
Head growth
HC SDS at follow-up, mean = SD —0.05+14 —2.1+1.04 <0.001
Head growth (difference between birth HC SDS —0.37 + 1.1 —2.02 +1.46 <0.001

and HC SDS at follow-up, mean + SD)

Martinez-Biarge, Bregant et al. 2012. Originally published in Journal of Pediatrics 2012. https://
doi.org/10.1016/j.jpeds.2012.04.054. All rights reserved

Between mild and severe WM subgroups, significant differences were found for total DQ
(p < 0.001), social subscale (p < 0.05) language, eye and hand coordination, and performance
subscales (p < 0.001), but not for the motor subscale

Between moderate and severe subgroups, significant differences were found in total DQ (p < 0.05),
language subscale (p < 0.05), and eye and hand coordination and performance subscales (p < 0.01),
but not in motor or social subscales

Head circumference (HC) corrected for age and sex and expressed as SD from the mean for a
British population

aKruskal-Wallis test, Bonferroni, and Dunn multiple comparison post hoc tests: No significant
differences were found between mild and moderate WM subgroups in total DQ and all subscales
®DQ measured using the Griffiths Mental Development Scales
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9.1 Focal Arterial Infarction (Stroke)
9.1.1 For Parents

9.1.1.1 What s a Stroke?

A stroke happens when the blood flow to an area of the brain gets interrupted. This
causes brain cells not to get the oxygen and glucose they need, and they cannot sur-
vive this for more than a few minutes after the blockage. Insufficient oxygen to part of
the body is known as ischemia. Usually the blood flow is interrupted by a blood clot.

9.1.1.2 Aren't Strokes a Disease of Older People?

Although strokes affect older people in greater proportion, they can occur at any
age, including newborn babies. In fact, babies are especially vulnerable, and stroke
happens to newborns more often than older children or young adults.

9.1.1.3 How Does the Clot Form?

During pregnancy (and the first few days after birth), the mother and the fetus
increase the factors that produce clots in order to prevent excessive blood loss dur-
ing labor. This is one reason why babies and mothers are more prone to having clots
around the time of birth.

The clot that causes the stroke is usually thought to start in the placenta, and this
happens more often as the placenta gets “older.” If the clot loosens from the wall of
ablood vessel, it can travel to the baby through the umbilical cord and reach the heart
and then move to arteries going to the brain. This does not usually occur later once
the cord has been cut and the baby’s circulation has fully adapted to living outside the
womb. However, the symptoms can occur during the first few days after birth.

9.1.1.4 Why Some Babies Have Strokes, But Not Others?

We do not know yet why strokes happen in some babies. Some situations during
pregnancy and labor have been related to a higher risk of having a stroke—these are
called risk factors and include inflammation of the placenta, high maternal blood
pressure or a long and difficult labor. However these situations are also very com-
mon in babies who do not have a stroke. We do not yet know how to prevent a stroke.

9.1.1.5 How Are Strokes in Babies Diagnosed?

A stroke is suspected when a baby has seizures (fits) during the first few days after
birth. Some babies do not have seizures but are sleepier than usual, irritable, do not
feed well or show irregular breathing.

Seizures happen because the injured brain cells produce an abnormal electrical
pattern. In babies with stroke, the most common seizures involve the arm, the leg,
or both, of one side of the body. They usually last a few minutes, during which jerky
and twitching movements can be seen. Babies are usually awake and calm during
the episode and do not show signs of pain, although some might be a little irrita-
ble—and they are usually calm after the episode.
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When a stroke is suspected, doctors will do some tests to confirm or exclude it.
These tests include taking images of the brain using cranial ultrasound (can be done
on the ward) and MRI (magnetic response imaging—the baby needs to be taken to
the scanner), various blood tests, EEG (recording brain waves) and an echocardio-
gram (imaging of the heart using ultrasound).

9.1.1.6 What Is the Treatment for Strokes?

Babies with a suspected stroke are admitted to the neonatal intensive care unit.
There is no specific treatment at present for the stroke itself, but it is important to
keep the baby’s temperature in the normal range and also the blood pressure, pulse
rate, oxygen level, and blood sugar, all of which are thought to help in preventing
further damage. If seizures recur, some medications will be used to stop them.

9.1.1.7 Is the Life of My Baby at Risk?
Strokes in otherwise healthy, term babies very seldom cause death. The majority of
babies will recover well from the acute problems and will be able to go home
approximately a week after they are diagnosed. Strokes that happen around the time
of birth are not expected to recur later in life—this would be extremely rare.

If the baby has an underlying medical condition (heart problems or infection
such as meningitis) or is very premature, a stroke can make the baby’s general con-
dition more severe.

9.1.1.8 What Are the Consequences of the Stroke?
A summary of problems that may occur following a stroke are shown in the illustra-
tion below (Fig. 9.1). A stroke on the left side of the infant may affect move-
ment abilities on the right side of the body and vice versa.

Because of the stroke, one part of the baby’s brain has been damaged. At present
we have no means to heal this part of the brain. Depending on the size and the loca-
tion of the stroke (and which brain functions are affected), the consequences for the
baby’s future will be different. The information below is very general, and many
babies with stroke do not have all the potential issues talked about.

Small strokes near the cortex (surface) of the brain may not cause any problems.
However larger strokes and strokes that involve the central part of the brain or the
areas supplied by one of the major cerebral arteries (called the middle cerebral
artery) often affect the main areas controlling motor (movement) and language. If
this happens, it is very likely that the child will develop a condition called hemiple-
gia and that they will find some aspects of communication challenging. This hap-
pens in about one third of babies with stroke. Remarkably however there is usually
no major problem with language.

Hemiplegia means that one side of the body is weak or stiff or a combination of
both. In children with neonatal stroke, the affected side of the body is opposite to the
site of the stroke, and the arm and the hand are usually more affected than the leg
and the foot (see illustration). It is very uncommon that a child with hemiplegia will
not be able to walk, though walking may start later than in most children.
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Vision

Problems with visual acuity,

"peripheral vision" and perception

of depth are not uncommon after (anns
neonatal stroke.

Hand function

The degree of impairment of manual
function is variable. Children with mild
hemiplegia may only have limitations in
activities that require fine finger
movements and coordination.

= (B

When the hand function is more severely
affected, children may need assistance to
complete self-care tasks.

Physiotherapists and Occupational
Therapists can help children to improve their
skills and be more independent.

Gross motor development

The majority of children with hemiplegia can walk, run and jump,
but they may find it difficult to run fast, walk up and down the
stairs if there is no handrail, participate in sports that require
coordination and speed, and do activities that require balance, like
dancing or skating.

Seizures

One out of five children with
stroke will have one or more
episodes of seizures. These can be
controlled with medicines.

Language development
Some children, with or without hemiplegia,
may experience some language delay in the
first 2 years.

Older children may have problems
understanding or expressing complex ideas,
or with reading, spelling or grammar.

Long-term outcomes of
Perinatal Stroke

Early physical therapies designed for perinatal stroke
can help children to reach their motor developmental
milestones and improve their performance. Some
children also benefit from orthotic shoes.

© Amanda Gautier-Ronopawiro

Fig. 9.1 Schematic drawing outlining possible long-term difficulties that may be faced by chil-
dren with perinatal stroke. (© Amanda Gautier-Ronopawiro)

Some children may have impaired visual function. This does not mean that they
cannot see, but their visual acuity or their ability to perceive distances or objects that
are not in the center of where they are looking may be limited. Hearing is not
expected to be affected. There is an increased risk of seizures or epilepsy in later
childhood but most children do not develop this difficulty.

Although it is not possible to anticipate in detail all the problems a child may
have, knowing the size and location of the stroke can predict quite accurately the risk
of developing hemiplegia. The best test to obtain this information is an MRI scan.
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9.1.1.9 What Happens After the Baby Is Discharged Home?

Depending on the hospital where your baby was born or admitted to, the person
seeing you after your baby goes home can be a pediatrician, a neonatologist, or a
pediatric neurologist. Other professionals are usually involved at different times:
rehabilitation specialists, physiotherapists, occupational therapists, and speech and
language therapists.

Babies at higher risk of hemiplegia will be seen more frequently during the first
year, when any problems with movements usually emerge. If this happens, your
baby will be referred early for physiotherapy assessment.

In some cases, a repeat MRI scan at 3 months of age will be offered; this second
scan can help to define the risk of motor or visual impairment better if the first one
was inconclusive.

During the first years, the developmental progress of your child will be moni-
tored. Most children are doing well at this age, so assessments may be infrequent.

Around the time your child starts going to school, it would be useful to perform
a neuropsychological assessment to see if there are any areas of development (lan-
guage, attention, memory, how they process visual information, etc.) that could ben-
efit from extra support. By doing this your child will feel more confident in school
and with their peers, and their academic performance will improve.

9.1.1.10 Can Hemiplegia Be Cured?

No, but physical therapies (physiotherapy, occupational therapy), and sometimes leg
support and adaptations to footwear, can improve hand and foot function, thus increas-
ing the ability to perform everyday tasks. They can also help to correct posture and
prevent pain and contractures (muscle tightening). In recent years, various rehabilita-
tion strategies have been developed for children with hemiplegia, and others are under
research. Some of them are applied intensively in summer camps for older children.
This experience, as well as joining a club or group for children with hemiplegia, can
be very positive and can help children to improve their skills and confidence.

In some centers one of these therapies (Baby Constraint-Induced Movement
Therapy, Baby-CIMT) is now applied to babies as young as 3 months, if they are not
using one hand as much or as well as the other. The long-term effects and other
aspects of this early intervention are still being investigated.

9.1.1.11 Will My Child Be Able to Attend Mainstream School?

Most children with neonatal stroke can attend mainstream school. As explained
before, some children may find some academic areas more difficult and may need
extra help.

If the child has a hemiplegia, they may find managing a knife and fork together
difficult, and getting dressed and undressed and sports challenging, and may not
feel confident to participate in team sports (see illustration). Teachers and class
helpers need to be aware of this and provide appropriate and discrete support.
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Many parents report that their child with neonatal stroke experiences more
behavioral or emotional problems than their siblings or friends. In many cases these
are related to the degree of motor problems and how they are affecting your child’s
daily life. It is also possible that the injury to the brain itself makes the child more
vulnerable to psychological problems. In any case, it is important to speak about
this with your doctor and ask for help early. Some children, as they get older, per-
ceive themselves different to other children, and this can create problems for them
with peer relations.

Parents caring for a baby who so unexpectedly has very worrying symptoms
often find this difficult and studies have documented that parents not uncommonly
suffer from depression and other problems in the weeks and months after the birth
even if the baby seem to be making good progress. If you are findings this to be the
case seek help from your home doctor, visiting health professional, obstetrician or
your baby’s doctor.
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9.1.2 For Professionals

9.1.2.1 Incidence
Perinatal stroke is the second most common cause of neonatal seizures in term-born
infants after HIE and affects between 1:1600 and 1:5000 live births [1, 2], with a
slight preference for males [2—4]. These different prevalence rates are likely due to
differences in the populations included in studies. Perinatal stroke is the leading
cause of unilateral cerebral palsy in children born at term and is also associated with
other adverse outcomes in childhood: cognitive, language, and behavioral problems
and an increased risk of epilepsy.

The terms perinatal arterial ischemic stroke and neonatal arterial ischemic stroke
are often used interchangeably, and there is an overlap between them, but they are
not exactly the same.

Terminology
Perinatal arterial ischemic stroke (PAIS) or perinatal stroke. Stroke that
occurs at any time in the perinatal period, from 20 weeks of pregnancy to
postnatal day 7.

Neonatal arterial ischemic stroke (NAIS) or neonatal stroke. Stroke
that occurs within the first postnatal month.

Arterial presumed perinatal ischemic stroke (APPIS). Stroke that is
detected after the neonatal period in infants who were not symptomatic at
birth (but whose stroke, from its imaging appearances, would seem to have
occurred neonatally or more likely before birth).

9.1.2.2 Pathophysiology and Risk Factors
The perinatal period is a high-risk time for cerebrovascular events. Of all arterial
strokes affecting the pediatric population, 25% occur in the neonatal period [1].

Although the details are not well understood, it is accepted that in most cases a
thrombo-embolus originating in the placenta crosses the patent foramen ovale to
the left side of the heart and then moves onward to the aortic arch and the cere-
bral circulation [5] (see Fig. 9.2). Fetuses and neonates have a high hemoglobin
concentration, relatively slow blood velocity and low serum activity levels of pro-
tein S and protein C, all of which contribute to create a hypercoagulable and pro-
inflammatory state.

Some antenatal and mostly perinatal factors have been associated with a higher
risk of neonatal stroke in epidemiological studies [4, 6, 7] (Fig. 9.3). None of these
factors is determinant on its own, but most studies have shown that a combination
of factors increases the risk.

Thrombophilic abnormalities in infants and/or their mothers were once thought to
play a significant role in the pathogenesis of neonatal stroke; however results from
more recent studies, along with the very low rate of recurrence of neonatal stroke,
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Fig. 9.2 Schematic drawing of potential mechanisms causing perinatal stroke. (© Amanda
Gautier-Ronopawiro)

suggest that thrombophilia may be a predisposing factor that acts only in the specific
context of the perinatal period when other risk factors are also present [8, 9]. However,
if there is a strong family history, then this should be investigated in the infant.

9.1.2.3 Presentation

The typical scenario is represented in Fig. 9.4. Focal and brief seizures in a non-
encephalopathic neonate who otherwise looks well are the most frequent sign; other
infants may be just sleepy, not feed well or present with apneas [4]. Clinical presen-
tation is different in neonates with congenital heart disease or in infants with sepsis
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Family history Pregnancy Perinatal Postnatal
- Family history of - Maternal hypertension - Maternal pyrexia - Male sex
seizures - Maternal diabetes - Abnormal CTG pattern - Congenital heart
- Family history of - Smoking during pregnancy - Premature rupture of membranes  disease
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Fig. 9.3 Summary of clinical information from the family history, pregnancy, perinatally and
postnatally currently thought relevant to the development of perinatal stroke. (© Amanda
Gautier-Ronopawiro)
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Fig. 9.4 Time course of likely presentation and symptom onset in term or near-term infants with
perinatal stroke. (© Amanda Gautier-Ronopawiro)
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or meningitis. These infants may be clinically ill, sometimes even sedated, and sei-
zures may be difficult to identify. Neonatal stroke occasionally also occurs in the
context of HIE.

9.1.2.4 Diagnosis and Management

Infants with seizures or any other suspicious signs should be admitted to the inten-
sive care unit for investigation and to receive supportive care in order to minimize
secondary brain injury (Fig. 9.5).

The diagnostic tests and when to use them are shown in Table 9.1. Although MRI
is the imaging modality of choice to determine the existence and extent of the infarc-
tion and to give information on timing [10-12], cranial ultrasound on admission and
in the first few days can show signs of antenatal injury or other conditions as well as
clear signs of evolving stroke and should not be neglected [13, 14]. Furthermore, it is
important to follow the evolution of the lesion over time with cranial ultrasound.

There is no specific treatment at present for neonatal stroke though trials of the
early administration of erythropoietin and stems cells are underway; hypothermia
has been suggested, but there is no strong evidence to support its benefit and the
infant usually presents outside the therapeutic window for HIE. Repeated seizures

| Admission l _cUS

- Infection screening
- Blood glucose and
blood gases

During admisson:
Two-channel

- Maintain normal blood pressure, aEEG monitoring
blood gases, electrolytes, blood
glucose and acid-base balance I

24h ] Cardiac
- Strict avoidance of hyperthermia examination

- Antibiotics if suspected/proven cUS
infection

- Anticonvulsants for clinical & I 48h l
electrical seizures

- Antithrombotic therapy (heparin/
aspirin) if documented cardioem- |:|
bolic source

cUs MR/

[]
- Exclude genetic &
metabolic conditions *

Prognosis & follow-up plan

© Amanda Gautier-Ronopawiro

Fig. 9.5 Summary of the recommended clinical management of a newborn infant with perinatal
stroke. (© Amanda Gautier-Ronopawiro)
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Table 9.1 Investigations

Test Timing
Cranial On admission
ultrasound
scan
24-48 h after
admission

48-72 h after
admission

MRI 1-7 days after
admission

3 months

Two-channel From admission

aEEG until normal
tracing and end of
seizures

Full EEG First week

Cardiac/ First 24 h
vascular
exam

Findings

Often normal or non-specific findings if stroke onset was
recent

Can show signs of other conditions or prenatal injury
Doppler exam of the MCA may show low/absent blood
velocities on the side of stroke if the artery is still blocked
Asymmetries of echogenicity—can still be subtle

Loss of normal echogenic interface between cortex and
white matter

Unilateral swelling and sometimes midline shift with larger
strokes

Subtle or more obvious focal echogenicity

Doppler exam may show low/absent blood velocities or
increased velocities from reperfusion on the side of

an MCA stroke

More obvious focal and usually unilateral echogenicity—
wedge shape if larger stroke affecting the main MCA
branch

Restricted diffusion on DWI and ADC—up to day 7 (full
extent may not be seen on day 1 or 2)

Changes in SI on T1-W and T2-W images (these appear
later than the changes on DWI) show the size and location
of the infarct and the affected structures

DTI can show involvement of the CST and the OR if
neonatal MRI was inconclusive. Atrophy can be seen with
asymmetries of the PLIC, peduncles, and thalami, being
less myelinated/smaller on the side of the lesion
Identifies seizures and monitors response to treatment -
important as seizures may become sub-clinical after
treatment

Assessment of background activity

Assessment of background and identifying focality

of seizure activity

Echocardiogram can show signs of endocarditis and
thrombosis

Neck ultrasound can show carotid thrombogenesis or
occlusion

Umbilical, abdominal, and femoral artery/vein ultrasound
can show thrombosis if catheters are or were used

ADC apparent diffusion, CST corticospinal tract, DT diffusion tensor imaging, DWI diffusion-
weighted imaging, MCA middle cerebral artery, OR optic radiation, PLIC posterior limb of the

internal capsule, S/ signal intensity

should be treated urgently, usually until the (a)EEG tracing is normal and electrical
seizures are no longer seen. Most infants with a stroke do not have ongoing seizure
activity. Although the risk of recurrent seizures or epilepsy in infancy and childhood
is increased, there is no evidence that prolonging anticonvulsant therapy after neo-
natal seizures has any effect in preventing later epilepsy. These drugs may have
adverse neurodevelopmental effects, and prolonged use of these drugs should be
avoided. Most infants do not need to be discharged home on medication [15].
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9.1.2.5 Prognosis

Neonatal stroke affects many areas of development (see Table 9.2 and Figs. 9.6 and
9.7). Overall, 50-60% of children will have some developmental problems in one or

Table 9.2 Prognosis

Outcome
Contralateral
hemiplegia—
upper limb
generally more
affected

30%

Language 50%

impairment

Cognitive
impairment or
low academic
skills

Epilepsy

Visual field
defects

Prevalence

20-30%

20% >1
isolated
episodes
10% active
epilepsy

20-30%

When it appears

First signs: 2-9 months

Obvious:
12-18 months
Very rarely:
>24 months

Mild delay at
24 months—25%

Complex maybe subtle

language deficits at
school age—50%

IQ is usually within
the normal range,
although in 20-25%
IQ is between —2 and
—1 SD. Specific
learning difficulties/
low academic
performance presents
at school age in up to
30% of children

Variable (usually after
first year)

First 3 years

Comorbidity

70-75% have >1
other developmental
problem: Epilepsy,
impaired language,
cognitive deficit,
visual impairment

More prevalent in
children with CP or
epilepsy, but can be
the only
developmental area
affected in some
children

More frequent in
children with
hemiplegia
(especially with
poor manual
dexterity), but can
occur without
motor impairment.
Lower academic
performance in
children with
(active) epilepsy
40% if hemiplegia
10% if no
hemiplegia

Rare in isolation—
usually co-occur
with CP

Prediction

High predictive
value from
neonatal MRI (see
Fig. 9.5). Main
predictor: location
and CST
involvement
(PLIC and
cerebral
peduncles)
Higher risk with
left-sided strokes,
especially if they
involve the left
supramarginal
gyrus (area
posterior to central
sulcus)
Associated with
larger strokes, but
more difficult to
predict
individually

From neonatal
MRI: higher risk
with main branch
MCA, large
infarcts, and
bilateral infarcts
From neonatal
MRI: 40-60% in
main branch
MCA; 30-40% in
PCA. Strong
correlation with
asymmetry of the
OR at 3 months on
conventional MRI
and DTI

CP cerebral palsy, CST corticospinal tract, DTI diffusion tensor imaging, MCA middle cerebral
artery, OR optic radiations, PCA posterior cerebral artery, PLIC posterior limb of the internal capsule
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Prediction of hemiplegia

Main branch MCA Anterior MCA Middle MCA Posterior MCA Cortical MCA

100% hemiplegia 0% hemiplegia

Perforator artery PCA or ACA

15-20% hemiplegia
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orticospinal tract
- Involvement of whole or middle third of cerebral peduncle
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Increased risk of hemiplegia

If not clear, MRI-DTI at 3 months

Asymmetry of the CST on conventional MRI and DTI
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Fig. 9.6 Prediction of hemiplegia from neonatal brain imaging: the MRI scans show different
sites of stroke with a range of likelihood of hemiplegia decreasing from 100% for the far left
image, depending on whether the posterior limb of the internal capsule and the cerebral peduncle
are also involved for the middle images, to 0% for a small cortical infarct. (From Wagenaar N et al.
Pediatrics 2018 [17]. Permission to use the MR images has been from the copyright holder, AAP
publications). (©AmandaGautier-Ronopawiro). ACA anterior cerebral artery, MCA Middle cere-
bral artery, PCA posterior cerebral artery, BGT Basal ganglia and thalamus, CST Cortico-spinal
tract, DTT diffusion tensor imaging

more domains and around 25% in two or more [16]. Despite this, most children are
able to attend a mainstream school.

Neonatal stroke has been traditionally associated with contralateral hemiple-
gia [18], but language development is the area most commonly affected—although
all children with stroke are able to speak, up to half of them experience difficulties
at school age, when they have to use language in more complex ways. Hemiplegia
typically affects the hand function more than gross motor skills. Almost all children
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Prediction of visual impairment for main and posterior branch MCA and PCA stroke

Main branch MCA Posterior MCA PCA

50% visual impairment 30-50% visual impairment

- Involvement of the OR in neonatal period
- Asymmetry of the OR on conventional MRI or DTl at 3 months

Increased risk of visual impairment
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Fig. 9.7 Prediction of visual impairment from neonatal brain imaging: the MRI scans show dif-
ferent sites of stroke with a range of likelihood of developing some visual difficulties. (From
Wagenaar N et al. Pediatrics 2018 [17]. Permission to use the MR images has been obtained from
the copyright holder, AAP publications). (© Amanda Gautier-Ronopawiro). MCA Middle cerebral
artery, PCA posterior cerebral artery, OR optic radiation, DT diffusion tensor imaging

are able to walk before the age of 2 years and when the Gross Motor Function
Classification System is used, most of them are classified at level I, which means
that they are able to perform most daily physical activities, but with restricted speed,
balance, and coordination. However children with bilateral strokes [19] may have
more severe gross motor impairment and may be non-ambulant and also children
with an additional underlying diagnosis.

Most children with neonatal stroke have an IQ within the normal range, but
lower than their peers and lower than expected for their family background. However
fewer than 10% have an IQ more than 2SD below the mean but up to 30% will
experience poor academic performance and specific learning difficulties, including
attention deficits and impaired executive function [20]. These problems are more
frequently, but not exclusively, seen in children with hemiplegia and tend to get
worse with time as academic and other demands are greater and especially in the
presence of active epilepsy [21]. Epilepsy only affects 10-15% of children with
neonatal stroke, although up to 25% may have isolated seizures at some point dur-
ing infancy and childhood [22]. It is not clear whether the risk of febrile seizures is
increased, but it seems sensible to manage high temperature early.
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Recent studies have shown that children with stroke who develop hemiplegia have
poorer social adjustment and participation and poorer quality of life than their peers,
and this is related to the degree of manual ability, cognitive impairment and behavioral
problems [23, 24]. As most children with stroke are in mainstream school, the children
have to cope with peer pressure and their perception that they are different—this may
be in ways that are overtly obvious such as hemiplegia or due to more subtle hidden
problems relating to aspects of processing speed, vision, and language abilities and it is
important that both family and schools are aware of these possibilities. As with other
disabilities, parents of children with hemiplegia and other comorbidities may be psy-
chologically affected and may need professional support themselves [25, 26].

Prognosis depends largely on the location of the infarct [17, 18] (Figs. 9.6 and
9.7); therefore it is important to look at the MRI scans yourself and/or request the
following specific information from radiologists: (1) arterial territory affected; (2)
involvement of the corticospinal tract (CST) at any level (motor cortex, posterior
limb of the internal capsule, cerebral peduncle); (3) involvement of the basal gan-
glia and thalami (BGT); and (4) involvement of the optic radiation (OR). If involve-
ment of the CST or OR is not clear from neonatal images, a repeat MRI at 3 months
can help to confirm or rule out injury at these levels [27].

Middle Cerebral Artery (MCA)

Main Branch

These infarcts almost always involve the CST, and therefore they lead to contralat-
eral hemiplegia in virtually all cases. Comorbidity is highest in this group: 85% of
these children have other developmental impairments, i.e. cognitive impairment,
language delay, epilepsy, behavioral problems, and visual field defects; each affects
around 50% of children with main branch MCA infarct [17].

Anterior, Middle, and Posterior Branches

The overall risk of hemiplegia in these groups varies between 10 and 20%; this risk
is modulated by the involvement of the BGT or the cerebral peduncle. The preva-
lence of other problems is in general low (10-20%), and fewer than 30% will expe-
rience adverse outcomes in more than one area [17].

Cortical Branches

Because strokes in cortical branches of the MCA do not affect the CST, hemiplegia
is a very unlikely outcome in this group, unless there are other associated lesions.
As these infarcts are also usually small, the risk of epilepsy and other adverse out-
comes is lower than in other types (0-20%). Only 10% of the children in this group
will show developmental impairment in more than one area [17].

Perforator Stroke (MCA Branches Supplying the Central Gray Matter)

The risk of hemiplegia is 15-20% and depends on involvement of the PLIC. The
prevalence of other problems is low, and fewer than 10% have other developmental
problems.
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Posterior Cerebral Artery (PCA)
The risk of hemiplegia in this group is lower than 20% and even lower if there is no
BGT or CST involvement.

Infarction in this territory is associated with an increased risk of visual impair-
ment, specifically visual field deficits (20-30%), although lower than in children in
the previous group [17, 28]. Asymmetry of the optic radiation as seen on the neona-
tal MRI or at 3 months is a good predictor of later visual deficit [29].

Anterior Cerebral Artery (ACA)
The rate of hemiplegia is low (10-20%) as in the previous group, but children in this
group may experience higher rates of cognitive and behavioral problems [17].

9.1.2.6 Follow-Up

Follow-up and interventions in infants with neonatal stroke should be tailored to the
specific risks of adverse outcomes in each patient, also taking into account the needs
of the family. Children at high risk of hemiplegia should be seen more often during
the first year and should be referred for physiotherapy and occupational therapy
assessment soon after the first signs of motor impairment emerge. Performing
General Movements Assessment (GMA) and Hand Assessment for Infants (HAI)
around 3 months of age in this group is especially valuable in detecting those infants
at increased risk of developing hemiplegia [30, 31].

For others, examinations in the first 2 years do not need to be so very frequent, but
it is important that a full developmental assessment is done around the age of 2 years
in order to detect the first signs of language delay or other problems. Additionally
parents/carers need support even when the risks of neurodevelopmental problems in
their child are low and they need to know how to make contact in case of concern.

All children with neonatal stroke should have a detailed neuropsychological
evaluation at early school age (5-7 years) or sooner if problems are already sus-
pected. This could anticipate future learning difficulties, and if appropriate rehabili-
tation based on this assessment is started, it can improve academic performance,
self-esteem, and quality of life. Children who do not develop a hemiplegia may still
have some signs of neuromotor impairment when examined at school age [32].

Visual assessments should be undertaken especially in those with a posterior
cerebral artery or posterior branch MCA stroke. See earlier and later com-
ments [33, 34].

Children who develop moderate or severe motor impairment or epilepsy should
also be referred to a pediatric neurologist.

9.1.2.7 Communication with Parents

On Admission

In a typical scenario (term infant with or without a difficult labor/delivery who pres-
ents with focal brief seizures in the first 48 postnatal hours), tell parents the follow-
ing, after excluding hypoglycemia or other electrolyte type problems:

— That the most likely cause for the seizure is an arterial stroke, but that some
investigations need to be carried out before a definite diagnosis is made.



9 Focal Arterial Infarction and Lobar Hemorrhage in Term Infants 147

— What investigations will be done in the next hours and days and why they are
important (aEEG, cranial ultrasound, infection screening, glucose and blood
gases, cardiac evaluation, brain MRI).

— If the seizures recur, their infant may need anti-seizure medications, explain how
they work and that they may make their baby sleepy.

— If the diagnosis is confirmed, reassure them that that arterial strokes in neonates
are very seldom associated with an increased risk of mortality in the neonatal
period and that the risk of recurrence is very low.

In infants with congenital heart disease or meningitis or with HIE, the short- and
long-term prognosis is influenced by the underlying condition and therefore should
be individualized.

Before Discharge
Discuss the prognosis, based on the MRI findings and clinical information. Some
parents, but not all, prefer to look at the MRI images—it is advisable to ask them first.
Before talking to parents, investigate what is available in your hospital or com-
munity in terms of follow-up and therapeutic input. Some therapeutic programs are
available, e.g. GAME initiated before 5 months which was found to be superior to
equally intense standard care though this is a general developmental program and
not specific for hemiplegia [35, 36]. Baby CIMT and bimanual therapy are hemiple-
gia specific, and even if these are not available where you work, you may be asked
about them. These therapies have been shown to improve early motor outcomes [37],
but there are few and only short-term studies. A large clinical trial of this therapy is
underway in Australia [38]. A study is also ongoing to assess focused therapy for
lower limb function in infants with hemiplegia, with encouraging early results, but
the findings from the full RCT are yet to be published [39] While there are data to
support early interventions, long-term effects and sustained improvements are yet to
be established.

Specific Issues

e If hemiplegia is highly likely, explain what hemiplegia means and how it may
affect the infant’s life. If it is not quite sure whether a hemiplegia will develop,
plan to assess the baby at 3—4 months, and also repeat the MRI at 3 months. If
hemiplegia is unlikely, it is important to reassure parents about this.

e Describe the first signs of hemiplegia that parents may notice and when they
would likely appear. Plan with the physiotherapists, a GMA assessment for fidg-
ety movements (FMs) and HINE exam at 3—4 months post-term age. These will
help in assessing the likelihood of developing cerebral palsy (CP). Infants with
normal FMs are unlikely to develop a hemiplegia, though a few false-positive
results have been reported [40]. Infants with absent FMs but a HINE score > 50
at 3 months are highly likely to develop a hemiplegia, while those with absent
FMs and HINE scores <50 are more likely to develop bilateral CP [41].
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Asymmetries in hand function can be quantified using the HAI (Hand Assessment
for Infants) from 3 months post-term age [30, 31, 42].

« Explain how to provide appropriate sensory stimulation to the potentially affected
limb perhaps in discussion with the physiotherapist.

 If the visual pathways seem involved in the stroke, referral for visual assessment
is recommended, and advise visual stimulation to the affected side (i.e., contra-
lateral to the side of the stroke) [28, 43].

» Explain expected outcomes in other areas (see Table 9.2), acknowledging that
these are more difficult to predict in the neonatal period.

e Advise about temperature management during episodes of infection.

¢ Explain when you want to see their child in clinic for the first follow-up visit and
when and how to seek medical assistance before then if needed. Follow-up plans
should include long-term cognitive, language, and behavioral review and moni-
toring for later seizure occurrence as well as support for the family.

¢ Inform parents about national associations for children with hemiplegia. Readily
accessible information and support for parents and carers is available from, for
example, Hemihelp in the UK (https://contact.org.uk/help-for-families/
information-advice-services/hemihelp/), and similar associations in Europe and
the USA (http://chasa.org) have greatly increased both professional and public
knowledge of the condition.

» Explore parental feelings regarding the cause of the stroke. Self-blame is highly
prevalent among parents of infants with stroke and has been associated with
persisting parental depression and poorer family functioning [25, 26, 44, 45]. It
is important to stress that we do not know how to prevent perinatal stroke.

9.1.2.8 Conclusions

Perinatal arterial ischemic stroke in term-born infants is relatively common.
Although significant progress has been made in understanding its pathophysiol-
ogy and risk factors, we still do not know why some infants are affected and, more
importantly, how to prevent it. Perinatal stroke is the main cause of congenital
hemiplegia and may also lead to a complex mixture of neurodevelopmental prob-
lems, especially language and attention deficits, impaired executive function and
complicated peer interactions, our understanding of which has only recently
improved.

Today it is possible to predict hemiplegia with a high degree of accuracy using
MRI in the neonatal period, and this examination should be offered to all infants
with stroke, as early identification of motor problems may result in better func-
tion. Follow-up after perinatal stroke should be planned according to the indi-
vidual risk of neurodevelopmental impairments and the needs of each family and
should continue at least until school age, even in children who are doing well at
2 years.
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9.2 Lobar Hemorrhage
9.2.1 For parents

9.2.1.1 What Is Lobar Hemorrhage?

Lobar hemorrhage is a bleed in one of the four lobes of the upper parts of the
brain. It usually occurs around the time of birth. We generally do not know why it
happens. Sometimes it may be related to a collection of blood on the surface of the
brain that causes pressure and prevents the blood inside the brain from circulating
normally, and this can break the blood vessels and cause bleeding inside the brain.
However, small amounts of blood on the surface of the brain are common even
after normal deliveries and do not cause any problems. Lobar hemorrhage can
cause brain cells not to get the oxygen and glucose they need, and they can be
permanently damaged.

9.2.1.2 How Are Lobar Hemorrhages Diagnosed?

A lobar hemorrhage is suspected when a baby has seizures (fits) or apneas (peri-
ods of not breathing) in the first few days after birth. The doctors will do tests
including taking images of the brain using cranial ultrasound and MRI (mag-
netic resonance imaging), EEG (recording brain waves), and various blood tests
for infection and anemia (low hemoglobin) or abnormalities of how the
blood clots.

9.2.1.3 Is there Some Special Treatment?

Babies with a suspected lobar hemorrhage are admitted to the neonatal intensive
care unit, and care is taken to keep baby’s temperature, blood pressure, pulse rate,
oxygen level, and blood sugar in the normal range. If the blood is not clotting prop-
erly, help will be given for that; if the hemoglobin is very low, blood will be given,
and medication will be given to reduce the chance of further seizures. The medical
team will do tests to see if there is any underlying cause for the hemorrhage, but
usually this is not the case. If the hemorrhage is causing pressure effects on the
brain, it may be necessary to insert a tube to drain the hemorrhage or fluid from the
spaces in the brain. This would be discussed with the surgeons who specialize
in this.

9.2.1.4 Is the Life of My Baby at Risk?

Most babies with lobar hemorrhages recover well and are able to go home a few
days or weeks after diagnosis, depending on what other problems they have. These
hemorrhages that happen around the time of birth are not expected to recur later in
life; this would be extremely rare unless some underlying cause is found. However,
sometimes babies with large hemorrhages are very sick and may not survive.

9.2.1.5 What Are the Consequences of a Lobar Hemorrhage?
Depending on the size and the location of the hemorrhage, consequences will be
different. Small hemorrhages and even large ones that are only on one side in the
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front of the brain are not likely to cause difficulties with movements or vision or
language, but they do increase the risk of having seizures or epilepsy later on. If the
hemorrhage is near the part of the brain that carries messages about movements or
in or near the visual area, then these abilities may be affected but almost never to
the extent that your baby would not walk or would not see. Hearing is not expected
to be affected. The best test to help in predicting the future is an MRI brain scan.

9.2.1.6 What Happens After the Baby Is Discharged Home?

Depending on the hospital where your baby was born or admitted to, the person
seeing you after your baby goes home can be a pediatrician, a neonatologist, or a
pediatric neurologist. Other professionals are usually involved at different times:
rehabilitation specialists, physiotherapists, occupational therapists, and speech and
language therapists.

Babies at higher risk of problems with movement, usually called a hemiplegia,
will be seen more frequently during the first year, when any problems with move-
ments usually emerge. If this happens, your baby will be referred early for physio-
therapy assessment. For more details on this, please see the information for parents
on hemiplegia earlier in this chapter (Fig 9.1).

During the first years, the developmental progress of your child will be moni-
tored. Most children are doing well at this age, so assessments may be infrequent.

Around the time your child starts going to school, it would be useful to perform
a neuropsychological assessment to see if there are any areas of your child’s devel-
opment (language, attention, memory, interpreting visual information) that could
benefit from extra support. A proactive approach and being aware of possible diffi-
culties is likely to help your child feel more confident in school with their peers and
improve their academic performance.
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9.2.2 For Professionals

9.2.2.1 Incidence

Isolated lobar parenchymal hemorrhage (or hematoma) in term neonates is uncom-
mon, and the incidence is not well defined, but probably occurs in 1/10,000 live
births with the majority of cases presenting within the first postnatal week.
[46]. Lobar hemorrhage refers to supratentorial lesions affecting the neocortex, and
it not generally a term used to include thalamic or cerebellar hemorrhages (see
Chaps. 4 and 12). It is considerably less common than neonatal ischemic stroke, and
lobar hemorrhagic lesions are not confined to an arterial territory.

Accompanying sub-arachnoid and intraventricular hemorrhage occur in about a
fifth of infants with lobar hemorrhage; subdural hemorrhage is the more common.
Subpial hemorrhage has now been well described and thought to be important in the
development of underlying brain injury [47-50]. Associations with cerebral sinus
venous thrombosis (CSVT) and with hypoxic-ischemic encephalopathy (HIE) are
reported, and hemorrhagic transformation of ischemic lesions can occur, sometimes
appearing as a primary hematoma.

9.2.2.2 Pathogenesis
The majority of large isolated parenchymal hematomas in full-term infants occur
after an uneventful pregnancy and normal delivery. Some studies describe an
increased incidence of interventional vaginal delivery, but most of these studies
include sub-tentorial hemorrhage as well [51]. Lobar hemorrhages are most com-
monly seen in the frontal or temporal lobes but also occur in parietal and occipital
regions. Mostly a clear etiology is not found, and the hemorrhage is an isolated
finding and recurrence is rare. The appearances of the hemorrhage on MRI scans
often suggest that there is extra-axial subpial hemorrhage extending into and widen-
ing the adjacent cerebral sulci and pressing on the underlying cortex. It is likely this
causes underlying cortical and subcortical infarction from local venous compres-
sion [50]. Although earlier reports suggested that local trauma with contusion and
pressure related to delivery may be causative, this association has not been upheld
in later studies. Temporal hematoma is reported to be associated with thrombosis of
the vein of Labbé though this also is not proven [52].

Although lobar hemorrhage in term infants is often isolated, there are some rec-
ognized associations that should be considered.

¢ Clotting studies should be done in all infants. Thrombocytopenia and clotting
dysfunction are reported in about 25% of infants [53, 54]. These usually resolve
without new hemorrhage occurring but, e.g. in the context of ECMO, reported
rates of parenchymal hemorrhage range from 8.2% to 23% in ECMO survivors
and in up to 52% of ECMO non-survivors [55]. Vitamin K deficiency and fetal
or neonatal alloimmune thrombocytopenia also need to be considered but are
uncommon associations.

¢ Congenital thrombophilias have been associated with venous and arterial infarc-
tions and hemorrhage. However a recent prospective, population-based, controlled
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study by Curtis et al. suggests minimal association between perinatal stroke includ-
ing hemorrhagic stroke and thrombophilia [9]. Mutations in the COL4A1 and
COLA4A2 genes may result in hemorrhage and porencephalic cyst formation but
seldom single lobar hemorrhage. However with additional hemorrhagic lesions, or
a family history of adult intracranial hemorrhage, aneurysms, ocular manifesta-
tions, or nephropathy, these diagnoses should be considered. The human pheno-
types are extremely variable even within families [56]. One study documented
other monogenic associations with perinatal intracranial hemorrhage [57].

¢ Large focal hemorrhage may occur in HIE especially in infants with more severe
white matter injury, multiorgan failure and derangement in the coagulation path-
way, but it is uncommon [58] especially in the absence of IVH [59]. Outcomes
generally relate more to the severity of the HI-related abnormality than the hemor-
rhage itself unless the hemorrhage damages the motor or optic pathways.

* Meningitis, HSV encephalitis, and other intracranial infections (parechoviruses
(HPeVs), rotavirus, enterovirus, listeria monocytogenes, and parvovirus B19)
are known associations with large intraparenchymal hemorrhage (see Chap. 13).

¢ Hemorrhage can occur in neonatal brain tumors. These in themselves are very
rare, but up to 14-18% show spontaneous hemorrhage, attributed to the tumor’s
rapid growth. Prognosis depends on the tumor type and location and the general
condition of the infant rather than the hemorrhage per se.

* Vascular malformations seen in the neonatal period such as vein of Galen mal-
formation [60], developmental venous malformations [61], and hereditary hem-
orrhagic telangiectasia [62] may have associated hemorrhage, but rarely is
hemorrhage the main presentation.

9.2.2.3 Presentation

The most common presentation of lobar hematoma in the term infant is with seizures
in the first postnatal week and mostly in the first day after birth, though a proportion
present with apnea, typically the temporal lesions [63]. Being hemorrhagic they are
generally well seen on cranial ultrasound very soon after their occurrence [51], unless
quite small or remote from the ultrasound probe. They may also be detected inciden-
tally on cranial ultrasound done because of admission for other reasons such as HIE or
systemic illness and can occur with ECMO. The frontal lesions tend to lie adjacent to
the falx and superior sagittal sinus. Concurrent intraventricular hemorrhage (IVH) also
may occur and thus in some infants consequent post-hemorrhagic ventriculomegaly.

9.2.2.4 Imaging
Figure 9.8 shows a large focal hemorrhage in the left temporal lobe. This was seen
on the admission cranial ultrasound scan on day 2. The MRI scan was done 2 days
later (see legend for further details).

Figure 9.9 shows a large focal hemorrhage in the left frontal lobe on days 3 and
9 after birth. The MRI appearances of hemorrhage in neonates change rapidly in the
first days as shown in this figure (see legend for further details) and description of
the time course of signal change with acute hemorrhage in neonates in Table 9.3.
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Fig. 9.8 This full-term infant, born by an uncomplicated vaginal delivery, was admitted to the
neonatal unit because of apneas due to seizures seen on aEEG on day 2. Seizures ceased after two
doses of phenobarbitone. Cranial ultrasound scans on admission (a, coronal, b, parasagittal)
showed a large rounded echogenic lesion in the left temporal lobe. An MRI scan on day 4 (¢, T2-W,
d, susceptibility-weighted axial images) showed a typical lobar hemorrhage in the temporal lobe
consistent with the cranial ultrasound scans. Additionally there was a small amount of hemorrhage
in the left ventricle. The child had a normal neurodevelopment assessment at 1 year

Fig. 9.9 Term-born infant presenting with seizures. The MRI done on day 3 (upper row) and day
9 (lower row) shows a large left-sided frontal subpial hemorrhage with distortion and displacement
of the cortical margin. On day 3 (coronal a and b, and axial ¢), the hemorrhage is high signal inten-
sity on the T1-W image (a) and low signal on the T2-W image (b) both within the brain and in the
extracerebral space. It is also low signal on the susceptibility-weighted image (SWI) (¢). On day 9,
the hemorrhage on the T1-W image has a high signal periphery but is isointense in the center (d),
while on the T2-W image (e) the hemorrhage remains of low signal in the center with a very high
signal rim. Some dilated veins are also seen in e and better depicted in f
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Table 9.3 Time course of signal intensity changes on MRI following acute hemorrhage

Age of Parenchymal hemorrhage Extracerebral hemorrhage
hemorrhage TI-W T2-W TI-W  T2-W
First 2 days Isointense witha ~ Low SI High SI Low Sl/isointense
high SI rim

3 days High Sl/isointense Low SI with high SI ~ High SI High SI

in the periphery
3-10 days High Sl/isointense Low SI with high SI ~ High SI Low SI—In larger

in the periphery lesions, some high SI
10-21 days High SI High SI High SI Low SI—in larger

lesions, some high SI

3-6 weeks High SI High SI with low SI ~ High Low SI

in the periphery SI/nil

Adapted from: Rutherford M. Hemorrhagic lesions of the newborn brain. In: MRI of the Neonatal
Brain. Copyright © 2024 Dr. Mary A Rutherford. Available at: https://www.mrineonatalbrain.com/
ch04-09.php

SI signal intensity

The appearances of hemorrhage on MRI often suggest that there is extra-axial
subpial hemorrhage accompanying large lobar hemorrhage in newborns (Fig. 9.9)
extending into and widening the adjacent cerebral sulci and pressing on the underly-
ing cortex. It is likely this effect that causes cortical and subcortical infarction from
local venous compression [47-49]. This appearance is not always seen and is
not obvious in the example shown in Fig. 9.8.

9.2.2.5 Treatment

Management necessitates admission to intensive care, with the institution of sup-
portive treatment (maintenance of normothermia, normotension, normoglycemia,
normocapnia). Screening should be done for infection, and hemoglobin levels as
well as platelets and clotting factors should be monitored with appropriate treatment
for any derangements.

Seizures can be initially very difficult to treat but usually stop within a few days
with anti-seizure medication. This should be monitored with EEG/aEEG (see Chap.
16). There is no need to continue medication after discharge.

In the first few days, serial cranial ultrasound examinations should be done to mon-
itor whether the hemorrhage is causing a midline shift and/or significant tissue com-
pression or ventriculomegaly. If this is seen or there are clinical signs of raised
intracranial pressure, an MRI should be done urgently (or a CT if MRI is not possible,
though CT not likely to be better than cranial ultrasound) to define better the pressure
effects of the hemorrhage and an urgent consultation with neurosurgeons arranged.
Consider doing an ultrasound-guided percutaneous needle puncture to reduce the
midline shift that has been described in the management of this problem [64].

If the hemorrhage is also in the ventricles, post-hemorrhagic ventriculomegaly
can develop and can be checked for using cranial ultrasound. The presence of hem-
orrhage in the ventricles in a term infant should also lead to a search for cerebral
venous thrombosis (see Chap. 11).
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9.2.2.6 Prognosis

There is a significant early mortality associated with larger or multiple cerebral hem-
orrhagic lesions, usually in infants who have derangements in coagulation and associ-
ated problems such as HIE or need for ECMO [51]. In general for infants with
underlying conditions, it is the severity of those conditions that best informs outcomes.

For term infants not affected by additional pathologies, the outcome for supra-
tentorial lobar hemorrhage, when it occurs as an isolated lesion in one of the hemi-
spheres, seems to be good despite the dramatic appearances of the initial lesion. Of
note, none of the studies describing outcomes contain many infants, but they are in
agreement with each other regarding relatively good outcomes; there is little long-
term outcome data in the literature[51, 53, 63, 65, 66].

The principles for predicting outcomes for these focal hemorrhagic lesions are
similar to those used for arterial territory stroke. If the lesion affects the parietal lobe
and the motor pathway is involved, a hemiplegia would be expected. However this
is not so common with these large lobar lesions. There is an increased risk for later
seizures although the rates are not well defined. If the hemorrhage affects the optic
radiations or visual cortex, monitoring for squint and testing of the visual fields and
visual processing are recommended.
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10.1 For Parents

Birth is a life event and can be stressful for both the mother and her newborn infant.
The newborn head is large in proportion to the rest of the body, yet must pass through
a narrow canal at the time of birth. Fortunately, both mother and baby are well
adapted to get through this without complications. However, some trauma to the
head may occur and may even cause brain injury due to the delivery itself and/or to
interventions to assist the birth when the baby’s head has difficulties passing through
the birth channel or when the baby’s or mother’s condition necessitates intervention.

10.1.1 What Is Traumatic Brain Injury?

Traumatic brain injury during delivery can be divided into three categories from the
surface of the head to the brain tissue. Of note, these injuries can co-exist:

1. Injuries outside the skull.
2. Injuries inside the skull and outside the brain.
3. Injuries to or inside the brain.

10.1.2 Head Injuries outside the Skull

* Caput succedaneum (edema of the scalp): this is a superficial swelling of the
scalp over the presenting part (the part of the head that comes first) (Fig. 10.2).
The maximum size of the lesion is at the time of birth and it subsides thereafter.
This type of lesion is benign and very common.

* Cephalohematoma (bleed of the scalp): this is a collection of blood between the
skull bone and its cover (the periosteum) (Fig. 10.2). Unlike the previous lesion,
this increases in size in the first days of birth and then eventually disappears by
6—7 weeks of birth. Cephalohematoma does not cross the sutures of the skull. It
can cause jaundice due to the blood that needs to breakdown during the first few
days after birth.

* Subgaleal hemorrhage: this type of lesion is the most serious among the three and
requires close attention as it can lead to significant blood loss if not diagnosed early
(Fig. 10.2). It is a blood collection underneath the membrane that separates the skin
from the bone. It crosses the sutures of the skull and can cause a large fluctuating
swelling on the scalp, forward displacement of the ears, and swelling extending to
the neck and around the eyes. The bleed can become larger shortly after birth.

10.1.3 Injuries inside the Skull and outside the Brain
» Epidural bleed: Is a collection of blood between the outer layers covering the

brain and the skull (Fig. 10.2). This rare condition can be “silent” (thus not cause
any symptoms) or may cause increased pressure inside the skull and/or seizures.
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* Subdural bleed: Is a collection of blood underneath the previous layer (dura
mater) and above the layer immediately covering the brain (Fig. 10.2). It can be
without symptoms or cause similar problems like the epidural bleed.

* Subarachnoid bleed: Is the deepest hemorrhage outside the brain below the inner-
most layer that covers the brain immediately (Fig. 10.2). This is the most common
among the three; it is usually without symptoms and underdiagnosed but can cause
apnea (periods of breath cessation) or seizures during the first few days of birth.

10.1.4 Injuries to or inside the Brain

¢ Intraparenchymal (inside brain tissue) bleed: This type of injury is very rare. In
full-term infants, it often presents with seizures, but can also go undiagnosed [1].
Large lesions can cause seizures and apneas (periods of breath cessation) and can
have long-term consequences.

 Intraventricular bleed: This is a bleed into the fluid-filled structures in the brain
called the lateral ventricles. This lesion is far more common in preterm infants and
rare in full-term infants. Intraventricular bleed can be without symptoms, but infants
sometimes present with apneas and/or seizures, and the intraventricular bleed can
cause blockage of fluid, leading to hydrocephalus (distended ventricles that may
lead to abnormal head growth). Depending on the degree of the ventricular enlarge-
ment, the treatment can range from just observation to surgical intervention.

10.1.5 How Will | Know if My Baby Has Traumatic Brain Injury?

A medical team will be examining your baby closely, especially the head for any signs
of injury such as swelling; they may run some blood tests and may do imaging of the
brain to make sure your baby is not affected by the traumatic delivery. You will be
informed if your baby requires treatment or admission to the neonatal intensive care unit.

10.1.6 Why Did My Baby Develop Traumatic Brain Injury?

It is hard to know the exact cause. However, your baby may have had instrumental
help to assist the birth when the head had difficulties passing through the birth chan-
nel or when the baby’s or mother’s condition necessitated immediate intervention.
This necessary intervention may increase the risk of traumatic brain injury.

10.1.7 What Is the Treatment for Traumatic Brain Injury?

Most of the injuries to the head during the delivery are benign and don’t require any
treatment. In a small number of cases, your baby may need admission for monitor-
ing and/or requires blood transfusion, treatment for blood pressure, or seizures. In
rare cases neurosurgery intervention may be required. Your medical team will keep
you updated about your baby’s condition and progress.
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10.1.8 What Will Happen to My Baby (Prognosis)?

Most of the injuries to the head during the delivery are benign and don’t cause any
long-term complications. However, depending on the severity of the symptoms and
findings on imaging, there may be a risk of long-term impact. Your physician will
communicate the blood tests and imaging (cranial ultrasound, CT scan, or MRI)
results with you and explain possible prognosis.
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10.2 For Professionals
10.2.1 Incidence and Risk Factors

Birth (even when spontaneous) is a traumatic event and can lead to different types
of head injury. The incidence of birth-related head injuries is underreported and
estimated to be between 0.82 and 9.5 per 1000 live births with cephalohematoma
being the most common injury [2—4]. A recent study, looking at yearly trends
between 2006 and 2014, showed a significant decrease from 0.37 to 0.35/1000 dis-
charge records [2]. Risk factors for mechanical birth injuries include large for ges-
tational age, male sex, vaginal delivery, primiparity, forceps delivery, vacuum
delivery, and maternal distress [3].

10.2.2 Anatomy

It is important to get familiar with the anatomy of the scalp and meninges layers to
understand different types of mechanical brain injuries in the newborn. Figure 10.1
illustrates the scalp layers from the surface to the brain, while Fig. 10.2 shows dif-
ferent types of bleeds to the head (within different layers of meninges and scalp).

Layers within the skull Layers outside the skull

Bone tissue Periosteal layer

. ]» Dura mater 1
Meningeal layer Scalp {

—— Subdural space

Galea aponeurotica ——
U Arachnoid layer P

«—— Subarachnoid space Periosteal layer N

. Bone tissue
s — Piamater

Fig. 10.1 Illustration demonstrating the layers of scalp, skull, meninges, and brain on a coronal
section. (© Amanda Gautier-Ronopawiro)
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Caput succedaneu Anterior fontanel

Subarachnoid
hemorrhage

Cephalo-
hematoma

Epidural
hemorrhage

Subdural
hemorrhage

Subgaleal
hemorrhage

Fig. 10.2 Illustration depicting hemorrhages by location within the different layers of the menin-
ges and scalp. (© Amanda Gautier-Ronopawiro)

10.2.3 Diagnosis and Treatment

Mechanical birth-related brain injury can be divided into extracranial and intracra-
nial injuries:

10.2.3.1 Extracranial Injuries

* Caput succedaneum (Fig. 10.2): Is an edema over the presenting part during
vaginal birth. The edema forms due to the pressure against the vaginal wall while
the head is passing through the narrow canal. This prolonged tension causes
serosanguineous fluid to leak from the subcutaneous tissue into the area above
the periosteum between the scalp and the lining of the periosteum with resultant
edema and/or bruising [5]. The lesion is visible and has its maximum size at
birth. It is usually asymptomatic and subsides over time. However it can be a
source of pain, irritation, and alopecia in extreme cases [6].

* Cephalohematoma (Figs. 10.2 and 10.3): This is a collection of bloody or sero-
sanguinous fluids below the periosteum and results from the compression of the
skull against the pelvic bone. This shearing action causes bleeding of the emis-
sary and diploic veins into the subperiosteal layer of the skull. The bleeding
slowly lifts the periosteum away from the skull and is contained by the ligaments
that attach the periosteum to the skull at the cranial suture lines [5]. Unlike caput
succedaneum, cephalohematoma increases in size in the first days of birth and
then eventually disappears by 6—7 weeks after birth. Cephalohematoma does not
cross the suture lines, but can increase the risk of jaundice [7] and secondary
infection [8] and can be associated with skull fractures. Cephalohematoma may
require surgical interventions for ossified lesions [9—12].

» Subgaleal hemorrhage (Figs. 10.2 and 10.4): Subgaleal hemorrhage can be a
life-threatening emergency commonly associated with perinatal asphyxia. It
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Fig. 10.3 2-week-old term male with history of forceps delivery presenting with right parietal
soft tissue swelling. Neuroimaging demonstrated right-side cephalohematoma on coronal CT scan
(a) and coronal T1- (b) and T2- (c¢) weighted brain MRI images. CT reconstruction of the skull (d)
demonstrated complex fracture beneath the cephalohematoma

may require immediate intervention with fluid resuscitation and blood prod-
ucts. Infants with a history of traumatic birth or vacuum/forceps-assisted deliv-
ery should be checked and monitored closely for the presence and/or progression
of subgaleal hemorrhage. Subgaleal hemorrhage can present with diffuse fluc-
tuating scalp swelling, the scalp feels like “leather pouch filled with water,”
displaced earlobes, puffy eyelids, head circumference increase by Y2 cm or
more, pallor, poor perfusion, lethargy, poor feeding, tachypnea, increased work
of breathing, tachycardia (HR > 160 bpm), apneas, and/or seizures. Infants
with suspected subgaleal hemorrhages should be assessed following a strict
protocol:
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Fig. 10.4 Brain MRI in a full-term baby after traumatic delivery showing bilateral subgaleal
hemorrhage on T2- and T1-weighted sequences (arrows) and subdural hemorrhage as decreased
signal intensity on T2 and increased signal intensity on T'1

Frequent head circumference measurement (every 2 h in the first few hours
after birth).

Frequent physical examination.

Continuous cardiorespiratory monitoring for at least 24 h.

Complete blood count, coagulation profile, and cross-matched erythrocytes
should be ordered.

Close follow-up after discharge especially for hyperbilirubinemia.

* Epidural hematoma (Fig. 10.2): Is rare in neonates possibly due to underdeveloped
meningeal arteries [13]. Risk factors for epidural hematoma include instrumental
delivery, nulliparity, or fall after birth [4]. Epidural hematoma can be
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asymptomatic or may cause increased pressure inside the skull and/or seizures.
Large and symptomatic epidural hemorrhages may require surgical interven-
tion [14].

» Subdural hemorrhage (Figs. 10.4 and 10.5): Is a common intracranial hemorrhage
in term infants and can be an incidental finding on brain MRI. Risk factors are
similar to other mechanical birth injuries such as instrumental delivery, nullipa-
rous, and fetal distress. Subdural hemorrhage is usually small and asymptomatic,
especially infratentorially, but, when large, can present with seizures and/or apneas
[15]. Subdural hemorrhages usually require no intervention. But if large and symp-
tomatic and/or causing a midline shift or imminent herniation of the cerebellar
tonsils, emergency neurosurgical drainage may be necessary. It is also possible to
perform an ultrasound-guided needle aspiration [16]. Subdural hemorrhage can be
associated with poor outcome especially with associated perinatal asphyxia [15].

» Subarachnoid hemorrhage (Fig. 10.2): Is another common injury in the newborn
which can be an incidental finding on brain MRI [15]. Subarachnoid hemorrhage
can be small. Larger subarachnoid hemorrhages can be associated with seizures
and/or apneas and bradycardia. Prognosis is usually favorable unless comorbidi-
ties such as hypoxic ischemic encephalopathy (HIE) and hydrocephalus exist
[17]. Treatment is usually supportive and symptomatic.

Fig. 10.5 MRI (axial T1 and T2, and sagittal T1) top row, and cUS (coronal and sagittal plane)
bottom row. (a and ¢) Showing subdural hemorrhage (blue arrows) on T1-weighted MRI sequence
(increased signal intensity), (b) T2-weighted MRI sequence (decreased signal intensity), and cUS
(d—f) (bright for subacute and dark for acute hemorrhage). Also note the large frontal lobe hema-
toma (white arrows) (b, c, f)
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10.2.3.2 Intracranial Hemorrhages (Fig. 10.6)

Intraparenchymal and intraventricular hemorrhages may be the result of traumatic
birth or trauma after birth. In full-term infants, most intraparenchymal and intraven-
tricular hemorrhages are secondary to other conditions. Cerebral sinus venous
thrombosis (CSVT) leading to hemorrhagic infarction and/or intraventricular hem-
orrhage (IVH) is the most common cause (see Chap. 11 “CSVT”). Lobar hematoma
especially in the temporal lobe may also occur in the context of thrombocytopenia
and of specific genetic mutations (apoptosis-inducing factor mitochondria-
associated 1 (AIFM1), Collagen Type IV Alpha 1 and 2 Chain (COL 4Al or
COL4A?2)) or vascular malformations such as a vein of Galen malformation [18],
AVM in infants with Rendu-Osler-Weber [19, 20], or pial arteriovenous fistulae
[21]. Some congenital syndromes such as Sturge-Weber may present with

Fig. 10.6 Term newborn born by emergency Caesarean section due to failure to progress. cUS
and brain MRI show intraventricular hemorrhage (arrows) and intraparenchymal hemorrhage (cir-
cles) on T2 MR sequence (decreased signal intensity) and cUS (increased echogenicity)
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encephalopathy, intracranial hemorrhages, or refractory seizures, and imaging indi-
cates the etiology in these cases.

10.2.4 Prognosis

Mechanical birth-related head injuries usually carry a favorable outcome if asymp-
tomatic or identified and treated early, especially in the case of subgaleal hemor-
rhage. However, the prognosis worsens when comorbidities such as HIE, progressive
hydrocephalus, or seizures exist [15, 22]. Prognosis is also more guarded in large
injuries such as large intraparenchymal and intraventricular hemorrhages, depend-
ing on the site and extent of the injury. Outcome tends to be favorable for infants
with an isolated large frontal lobe hemorrhage (as shown in Fig. 10.5). Some pos-
sible long-term implications are hydrocephalus secondary to IVH, sometimes need-
ing ventriculo-peritoneal-shunt, epilepsy secondary to neonatal seizures and
intraparenchymal hemorrhage [23], and language and/or motor impairment second-
ary to large intracranial hemorrhage or HIE [24]. Careful case-by-case consider-
ation is recommended when counseling parents. Early identification and intervention
programs are crucial.
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11.1 For Parents

There are several large blood vessels located over the surface of the brain that carry
blood from the brain back to the heart. These blood vessels are called “sinuses”
(Fig. 11.1). It is not common to develop a blood clot that blocks one or several of
these sinuses, but it does occur in both full-term and preterm infants. Such a clot is
called a thrombosis. A thrombosis in one of these sinuses occurs in fewer than 1 in
1000 live births. Brain imaging using high-quality cranial ultrasound (cUS) and
especially MRI has led to better recognition of this problem.

11.1.1 How Will | Know if My Baby Has Symptoms
of a Sinus Thrombosis?

Most full-term infants will be at home when they develop a thrombosis. The parents
may find it more difficult to feed the baby, may not find the baby very alert, or may
see jerky movements of the limbs. The baby may also have blue lips at times,
because breathing may become irregular. When the infant is admitted to the hospital
and an EEG recording (a test that measures electrical activity in the brain) is per-
formed, the jerky movements are often found to be caused by seizures. The baby
may also be a bit dehydrated because of the feeding difficulties. Sometimes when a
baby is in the hospital for other reasons including being born preterm, a thrombosis

gSSS

/cv<>
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Tor %
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© Amanda Gautier-Ronopawiro

Fig. 11.1 The sinuses are shown in blue; the larger ones are situated on the surface of the brain.
The main ones are the SSS, superior sagittal sinus; the TRV, transverse sinus, ISS, inferior sagittal
sinus, ICV, internal cerebral vein, Tor, torcular herophili (from [1]; this is an open-access article
distributed under the terms of the Creative Commons CC-BY license, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited) (©
Amanda Gautier-Ronopawiro)
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in a sinus may be a chance finding on a cUS or MRI or be associated with a change
in behavior, like irritability.

11.1.2 Why Did My Baby Develop a Sinus Thrombosis?

The cause of a thrombosis in a sinus is often not well understood. Known risk fac-
tors are dehydration, infection, and especially meningitis. It is more common in
babies who have had surgery, e.g., for a congenital heart defect. Very often however
it is not clear why the thrombosis occurred.

11.1.3 What Is the Treatment if My Baby Is Diagnosed
with a Sinus Thrombosis?

A thrombus in a sinus can become larger over time, and this happens in around 25%
of cases. As a larger thrombus creates a higher risk for injury developing in brain
tissue, thrombosis is nowadays more often treated with heparin, an anticoagulant,
than in the past. This helps to prevent the thrombus from growing. In one study it
was shown that after 3 months of treatment, the sinus was open again in 85% of
infants. Treatment is usually started in the hospital, but can be continued at home.
The medication is administered using a very thin needle, inserted just under the skin
either by a health professional or by parents. Several studies have now shown that
this treatment is safe and reduces the risk of developing a larger thrombus and also
developing brain injury.

11.1.4 What Will Happen to My Baby (Prognosis)?

Fortunately, most babies will survive, but some will have considerable long-term
problems, especially when the MRI shows injury in the brain tissue. The child
without associated brain injury will usually have a favorable outcome. However,
when associated brain injury is seen, then the longer-term effects depend on its
size and especially where it is located in the brain. One type of injury that can be
seen is hemorrhage in a central part of the brain called the thalamus. Damage in
this area often leads to a special type of epilepsy starting when the child is a bit
older (usually more than 3 years of age), and this form of epilepsy is typically
present during sleep. Now that we are aware of this association, we suggest that a
child with this type of injury to the thalamus has an EEG during sleep once a year
from 3 to about 7 years, to help with early recognition and treatment of this type
of epilepsy. We also recommend longer-term follow-up well into school age to
ensure the child is doing well with learning and memory and is also normally
developing social skills.
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11.2 For Professionals
11.2.1 Incidence

The incidence of neonatal sinovenous thrombosis (CSVT) varies widely in the lit-
erature from 1/1000 to 6.6/100.000 live births. This variation is probably due to the
different thresholds of performing neuroimaging in different centers [2—6]. Looking
at the entire childhood period, CSVT is most commonly seen in the neonatal
period [7].

Although often no causation is found, there are many risk factors for CSVT; the
most important ones are listed below:

e Maternal health related: gestational hypertension, pre-eclampsia, gestational dia-
betes, or chorioamnionitis.

* Newborn related: male sex, asphyxia, hypoxia, preterm birth, dehydration, sep-
sis, meningitis, surgery for congenital heart disease.

e Delivery related: assisted delivery.

11.2.2 Clinical Signs

The clinical presentation of neonatal CSVT has been described in cohorts of pre-
dominantly full-term infants. In one study however 29% of the affected infants were
born preterm [4—6]. Presentation of CSVT tends to be a bit later than for perinatal
arterial stroke (PAIS) [4-6], and the diagnosis was made with a median of 10 days
(IQR 4-14) in CSVT compared to 3 days (IQR 1-5) for PAIS. In two studies, the
mean postnatal age at presentation was found to be slightly later in preterm infants
as compared to full-term infants (9 and 5 days, respectively) [6, 8]. The main pre-
senting symptoms consist of generalized or focal seizures and/or apnea, especially
in infants with associated brain lesions. Other symptoms include encephalopathy,
lethargy, irritability, feeding problems, and hyper- or hypotonia [2, 8-10]. In the
study by Berfelo et al. CSVT was a chance finding in 13% of the cases. CSVT is not
uncommon in preterm infants; of the 51 infants reported recently, 14 were born
preterm [5]. No major differences in symptoms were noted for full-term or preterm
infants.
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11.2.3 Diagnosis

Both cranial ultrasound (cUS) and MRI can be used for the diagnosis of neonatal
CSVT and are considered complementary as each has its own specific advantages.
Serial imaging can be best performed with cUS as this technique is especially useful
to assess the evolution of the thrombus (clot propagation, thrombus recanalization)
and shows most of the associated lesions (Figs. 11.2, 11.3, and 11.4). MRI is best to
show residual damage (gliosis) and possible effects on myelination and volume
loss, especially reduced thalamic volume following a thalamic hemorrhage [11]
(Fig. 11.5). Several studies reported the sinus(es) involved in CSVT in both full-
term and preterm infants. The superior sagittal sinus (SSS), transverse sinus, and
straight sinus are most often affected in the full-term infant and the transverse sinus
in the preterm infant (Table 11.1). In many infants, multiple sinuses are affected.

Fig. 11.2 Preterm infant born at 33 weeks gestation. Uncomplicated delivery and good Apgar
scores, irritable on day 3. cUS recognized the echogenic area in the SSS, and absent flow was
confirmed with color Doppler ultrasound

Fig. 11.3 An MRI was performed with the T1 sequence showing the thrombus and the MRV
showing absence of flow in the entire SSS
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Fig. 11.4 Full-term infant, with a square-shaped echogenicity reaching to the midline in the right
thalamus, highly suggestive of hemorrhage, seen on cUS. Hemorrhage of the same shape is clearly
seen on the TIW transverse MRI, and some blood is also seen in the right occipital horn (arrow).
The MRV does not show any flow across the straight sinus

Fig. 11.5 The infant was treated with low-molecular-weight heparin for 3 months, and the MRI
then showed remnants of the thalamic hemorrhage with a slightly reduced thalamic volume.
Myelination of the posterior limb of the internal capsule is seen bilaterally, but there is increased
extracerebral space and widening of the interhemispheric fissure, indicating white matter volume
loss. The MRV shows recanalization of the straight sinus

Table 11.1 Pooled data from references by [8-10, 12, 13] (term infants), and [14] (preterm

infants)

Sinus Full-term infants (n = 88) Preterm infants (n = 32)
Superior sagittal sinus 56 (64) 14 (44)

Transverse sinus 43 (49) 22 (69)

Straight sinus 40 (45) 10 (31)

Torcula 8(9) 5(16)

Jugular sinus 10 (11) 2 (6)

Sigmoid sinus 11(12) 6 (19)

Deep venous system 17 (19) 4(12)
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11.2.4 Cranial Ultrasound

When a full-term infant presents with seizures and cUS shows an intraventricular
hemorrhage (IVH) with/without a thalamic hemorrhage or unexplained white
matter injury CSVT should be suspected. Color Doppler ultrasound should be
performed to assess the patency of the venous sinuses and has a high specificity to
rule out neonatal CSVT [1, 15]. Using the anterior fontanel (AF) as an acoustic
window, the superior sagittal sinus, internal cerebral veins, and transverse sinuses
can be visualized; in the AF midsagittal plane, the anterior-middle and posterior
parts of the superior sagittal sinus, the inferior sagittal sinus, internal cerebral
veins, and straight sinus can be seen [1, 16]. Color Doppler cUS can demonstrate
partial or a total absence of flow in combination with a partial or complete occlu-
sion of the affected sinus(es). Furthermore, cUS can identify associated brain
lesions such as (late onset) IVH, thalamic hemorrhage, and white matter injury.
Although it is feasible to screen the venous system in neonates, retrospective stud-
ies have reported only a moderate sensitivity of cUS for the detection of CSVT. In
the study by Berfelo et al. [2], 37% of cases were diagnosed with cUS and 63%
solely on MRI, and in another study approximately half of CSVT were detected
with cUS [17]. Nevertheless, the use of targeted cUS screening, including color
Doppler, high-frequency linear transducers, and additional mastoid fontanel
views, has the potential to increase the diagnostic accuracy of cUS for the detec-
tion of CSVT [18]. Performing mastoid window ultrasound will improve recogni-
tion of a CSVT of the transverse sinus and will also allow differentiating between
low flow and a true thrombosis which may be difficult with MRV (see case).

11.2.5 MRI

Even though color Doppler cUS may be very suggestive of a CSVT, we recommend
obtaining an MRI, including MR venography (MRV), to confirm the diagnosis and
to help in deciding whether to start anticoagulation therapy (ACT). MRI will pro-
vide more detailed information on associated brain injury. In the full-term infant, an
IVH with a thalamic hemorrhage is common when there is a thrombosis of the
straight sinus and deep internal venous system [19] (Fig. 11.2). In the preterm
infant, associated white matter injury is more often seen [8, 9]. Diffusion weighted
imaging (DWI) and Susceptibility weighted imaging (SWI) will help to distinguish
between hemorrhagic and ischemic brain injury. The MRV can be acquired by both
time-of-flight and phase contrast techniques. The MRI appearance of the thrombus
depends on the stage (acute, subacute, or chronic) and is best seen with the T1
sequence (Fig. 11.3). A potential pitfall of MRYV is that there tends to be one domi-
nant transverse sinus, and the other may suggest absence of flow/thrombosis. The
T1 sequence will be helpful to visualize the thrombosed sinus, and Doppler cUS
with very low flow velocity settings can be helpful to demonstrate flow and exclude
CSVT [1, 15].
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11.2.6 Treatment

There is no consensus on whether or not to use ACT for CSVT. There are guidelines
that recommend repeating an MRI 5 days after the first MRI to look for propagation
(extension) of the thrombus which is seen in around 25% of cases [20-22].
Unfortunately, associated brain injury can occur during this 5-day time window. A
comparison between international centers showed less use of ACT in the United
States compared to Europe [23]. An RCT was considered but has not yet been per-
formed, and there no longer appears to be equipoise to do such a trial, as most cen-
ters now prefer to treat, even in the presence of an IVH and/or parenchymal
hemorrhage and as the use of ACT does not seem to worsen the IVH [24].

11.2.7 Prognosis

Neurodevelopmental outcome is moderate to severely abnormal in 40-50% of
infants with CSVT [2, 22] (Table 11.2). In the study of Moharir, there was a 6%
mortality. As expected, the outcome will be more favorable in the absence of associ-
ated parenchymal injury [10]. No or only partial recanalization and propagation of
the clot were also identified as predictors of an unfavorable outcome [22]. In pre-
term infants with associated white matter injury that mimics cystic PVL, cerebral
palsy is likely to develop. In the full-term infant with IVH and associated thalamic
hemorrhage, cerebral palsy is not common, but there is a high risk of developing
spike wake activation during sleep (SWAS) previously referred to as electrical sta-
tus epilepticus in sleep (ESES) [25, 26]. In a prospectively studied cohort of 23
infants, as many as 83% developed SWAS [11]. By measuring thalamic volume on
the 3-month MRI, it was found that a smaller thalamic volume predicted poorer
cognitive outcome. Among the 13 infants who were tested before and after SWAS

Table 11.2 Prognosis [2, 11, 22]

Conjunctive MRI
cUS finding (maximum extent)  finding at TEA Prognosis
Absent flow in SSS/SS or TS No parenchymal Favorable at 18—-24 months (corrected)
without parenchymal injury injury age
Absent flow in SSS and Associated WMI Low risk of CP, mildly increased risk
inhomogeneous echogenicity in  (medullary vein of cognitive problems
the white matter distribution)
Absent flow in SS/internal Thalamic Low risk of CP, significant risk
cerebral vein and thalamic hemorrhage (60-80%) to develop spike wave
hemorrhage activation during sleep (SWAS) with

associated cognitive problems

Multi-sinus thrombosis and Associated WMI/  Increased risk of mortality and high
inhomogeneous echogenicity in ~ hemorrhage risk of severely abnormal outcome
the white matter with/ without
hemorrhage

TEA term-equivalent age, WMI white matter injury, CP cerebral palsy, SSS superior sagittal sinus,
SS straight sinus, 7S transverse sinus
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onset (average time interval 43 months), a significant decrease in 1Q score was
noted (89-82; p = 0.046). As seizures are present during sleep, the diagnosis of
SWAS will often be delayed and only made following the cognitive decline. By
performing serial sleep EEGs once a year between 3 and 7 years, the diagnosis can
be made early and treatment considered, especially when a cognitive decline
is noted.

11.3 Case

A male infant was born at 31 weeks gestation with a birth weight of 1500 g. His
mother became ill a week before delivery, after a hitherto uneventful pregnancy, and
developed fever due to a bacterial pneumonia. She was treated with intravenous
antibiotics.

A caesarean section was performed because of fetal distress. The infant’s Apgar
scores were 4, 7, 8 at 1, 5, and 10 min, respectively. He had an umbilical cord pH of
6.99 and a lactate of 11 mmol/L which normalized within the first 12 hours
after birth.

He was admitted to the neonatal intensive care unit. Because of respiratory dis-
tress syndrome, he was supported with CPAP and received caffeine and a single
dose of surfactant via a minimally invasive procedure. He was stable from a circula-
tory point of view. He was started on intravenous antibiotics; his blood culture
remained sterile.

The first glucose level on admission was unmeasurable, but this normalized after
the start of enteral and parenteral feeding.

On day 2 he was thrombocytopenic (platelets 97* 10°%/L) which worsened to a
lowest value of 39*10%/L on day 4. Without any signs of bleeding, this was managed
expectantly.

His cUS on day 1 scan showed a germinal matrix hemorrhage (IVH grade I) on
the left which remained stable over the following days. On day 4 he became restless
and irritable and the cUS scan was repeated. This showed an absence of flow in the
right transverse sinus. Based on the clinical symptoms and the cUS image, a CSVT
was suspected, and this was confirmed on an MRI scan (Figs. 11.6 and 11.7). He
was treated with low-molecular-weight heparin for 3 months without any additional
complications. Follow-up cUS scans showed no propagation of the clot and no addi-
tional brain abnormalities; a repeat MRI at 3 months showed full recanalization, and
there were no brain lesions except for single punctate white matter lesion.
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Fig. 11.6 The superior sagittal sinus is open and shows flow in the coronal view through the
anterior fontanel (left). Using the mastoid window, a clot and absence of flow are shown in the
right transverse sinus

Fig. 11.7 An MRI was performed to confirm the diagnosis, and indeed a thrombus was seen on
the transverse T1-weighted sequence (left). The MRV (middle) showed lack of flow in the right
transverse sinus. A repeat MRI after 3 months of low-molecular-weight heparin showed full recan-
alization (right)
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12.1 For Parents
12.1.1 Viral Infections Acquired During Pregnancy

During pregnancy the mother may have a mild cold or other mild symptoms that she
may not even remember—many of these are due to viruses, e.g., influenza which is
not problematic for the baby. Some viruses, although they may hardly cause symp-
toms in the mother, may cross through the placenta and infect the baby. One of the
most common of these is cytomegalovirus (CMV). In most cases, it does not lead to
severe brain injury, but when the infection happens early in pregnancy, it may inter-
fere with normal brain development, and the superficial layer of the brain (the cor-
tex) may not develop normal folding. The virus may cause polymicrogyria, meaning
that there are too many and too shallow infoldings or it may lead to a lack of folding
which is called lissencephaly, or incomplete development of the cerebellum. In less
severely affected infants, small fluid-filled spaces (cysts) may be present next to the
lateral ventricles (the normal fluid-filled spaces in the brain), or the white matter
may look too bright on an MRI scan. In other infants, the lining of some of the
smaller vessels in the brain may show calcification, which can be seen on ultrasound
but not on MRI. Finally, CMV infection may cause damage to the nerve cells of the
inner ear. This may result in hearing loss, and the infant may need hearing aids or a
cochlear implant in infancy. Depending on where you live, screening for CMV is
performed during pregnancy, and the diagnosis can be confirmed, by performing a
test on the amniotic fluid (the fluid around the baby in the womb). Without this
screening, a diagnosis before birth is only made in more severely affected fetuses,
when a small head, poor growth of the baby, and/or larger ventricles are seen on
routine ultrasound examinations. Such findings are suggestive of CMV infection, so
additional tests will then be performed. Besides antenatal ultrasound, an antenatal
MRI is nowadays often performed as well. In very severely affected fetuses, termi-
nation of the pregnancy may be considered.

After birth, it is important to assess the brain with ultrasound and MRI and to
perform a hearing test. Early intervention for hearing loss is very important to
achieve (near) normal speech development.

Other viruses that may affect the baby’s brain are rubella, varicella, HIV, herpes
simplex, and ZIKA. Rubella is now very rare due to vaccination in infancy. As most
mothers have had varicella before becoming pregnant, this is also not commonly
seen. HIV is more common in low- and middle-income countries, and the outcome
is now much better due to treatment of the mother during pregnancy. Herpes sim-
plex infection may occur during pregnancy, but more often the infant may acquire
the infection during a vaginal delivery when there are genital lesions at the time of
delivery and also after birth from a caregiver with cold sores. During the ZIKA
epidemic, many fetuses were affected and developed severe brain lesions, showing
a small head size at birth.
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Another type of infection, caused by a parasite that is also important to be aware
of, is toxoplasmosis. Mothers are generally advised during pregnancy not to eat raw
meat and to be careful when looking after cats at home. An affected fetus may
develop severely enlarged lateral ventricles leading to a condition called hydro-
cephalus, before birth.

12.1.1.1 How Will | Know if My Baby Has Symptoms of a Congenital
Viral Infection?

With CMV and toxoplasmosis, the diagnosis is often already made during preg-

nancy. Babies with CMV may be small, have a small head, and have blue spots on

the skin due to bleeding because of low platelet levels. They can also be jaundiced

and may have an enlarged liver or spleen. But importantly they may also not have

any of these symptoms. Tests will be done after birth to confirm the diagnosis.

Babies with toxoplasmosis may have a large head due to hydrocephalus, and
babies with rubella may have cataracts.

When an infection with herpes simplex is acquired during or shortly after deliv-
ery, symptoms may first develop after the end of the second week. Sometimes there
are blisters on the skin, but more often the infant will not have these but will be
drowsy, not feeding well and present with seizures.

12.1.1.2 Why Did My Baby Develop a Viral or
Toxoplasmosis Infection?

This happens because the mother developed an infection during pregnancy and the
virus crossed the placenta and infected the fetus (CMYV, toxoplasmosis) or the infec-
tion was acquired during or shortly after the delivery (herpes simplex). For CMV, it
is quite common that the infected infant is the second child in the family. Young
children are often infected with CMV at the nursery, and the mother can get the
infection when changing the nappies, kissing the child on the mouth, or sharing a
spoon when feeding. This is because an infected child will secrete the virus in the
urine and saliva for many months.

For toxoplasmosis it is possible that the mother was eating raw or undercooked
meat or was exposed to the stools (feces) of an infected cat at home.

12.1.1.3 What Is the Treatment if My Baby Is Diagnosed with a Viral
or Toxoplasmosis Infection?

Treatment is usually not given during pregnancy for these antenatally acquired
infections except for toxoplasmosis. For CMV there have been some recent trials
giving antiviral therapy during the first trimester of pregnancy. To be able to possi-
bly benefit from this treatment, screening early in pregnancy is required. Once the
diagnosis is made after birth in an infant presenting with symptoms, or when imag-
ing of the brain shows abnormalities, antiviral medication can be given. For CMV,
treatment with oral medication can be started immediately and continued for
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6 months and has been shown to prevent further hearing loss and according to some
studies may even improve hearing. When a hearing test shows severe hearing loss,
it is very important to get hearing aids very early and preferably within 3 months
after birth, in order to preserve speech development. Careful follow-up is required
as hearing loss due to CMV can get worse over time or even first develop up till
6 years of age. Infants with abnormal development of the cortex are at risk of devel-
oping epilepsy that needs to be treated with antiseizure medication.

For toxoplasmosis and herpes simplex infections, medication is also available.
As herpes simplex infection is usually acquired during delivery but the infant will
only develop symptoms several days after birth, it is very important to make the
diagnosis as soon as possible to prevent further brain injury or severe illness.
Therefore, when a baby gets ill after birth, pediatricians often start a treatment
against herpes just in case the baby has this infection.

If there is already established brain injury, like abnormal development of the
cortex (CMV) or hydrocephalus (toxoplasmosis), a cure is no longer possible.
Infants with toxoplasmosis are at risk of developing eye problems at a later age and
should be seen on a regular basis by an ophthalmologist.

12.1.1.4 What Will Happen to My Baby (Prognosis)?

The prognosis very much depends on the brain lesions seen on brain imaging. These
can be absent or very mild in CMV and the outcome can be normal. However, when
the development of the cortex is abnormal, then the risk of motor (movement), epi-
lepsy, and learning problems is high. In infants who developed hydrocephalus follow-
ing toxoplasmosis infection, the enlarged ventricles may need to be drained, using a
tube (shunt), led under the skin from the lateral ventricle to the peritoneal cavity (the
fluid-filled space surrounding the bowels). The shunt will allow fluid to flow from the
lateral ventricles if the pressure in the lateral ventricles becomes too high. The severity
of brain lesions in herpes simplex infection can vary and determines the child’s out-
come. Some babies may develop motor and learning problems and/or epilepsy.

12.1.2 Infections Acquired After Birth

It is also possible for the baby to get a viral infection within the first weeks after
birth. The infection can be acquired through somebody at home or in the hospital.
There are many viral infections that can occur, but there are only a few that affect
the brain. The most common ones are enterovirus, parechovirus, and rotavirus.
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Herpes infection is most often acquired during delivery but can also be acquired
after birth from a caregiver. Depending on where you live, chikungunya infection
(the virus that causes dengue) can also affect the brain.

12.1.2.1 How Will | Know if My Baby Has Symptoms of a Postnatal
Viral Infection?

The infection usually occurs at the end of the first week or during the second week
after birth. There may be a skin rash, fever, diarrhea, and difficulties feeding, and
the baby may be drowsy. It is also possible that the baby presents with seizures.
After admission to the hospital, an ultrasound scan will be performed, and if the
baby develops seizures, the clinician will also perform an MRI scan as this will give
more detailed information. The white matter of the brain may show some changes
that still can disappear after some time. But in rare cases, it will result in loss of
brain tissue and cysts can develop.

12.1.2.2 Why Did My Baby Develop a Viral Infection?

It is likely that another member of the family or a visitor carried the virus and
infected the baby. If the baby was in the hospital, this can also be somebody visiting
or looking after your baby.

12.1.2.3 What Is the Treatment if My Baby Is Diagnosed

with a Viral Infection?
For viral infections that occur after birth, there is no treatment, except for herpes (see
above). The doctors and nurses will support the baby and treat the seizures. Usually,
these viruses have a mild course and only give symptoms for a couple of days. Rarely
enterovirus may affect the heart and this can be a serious complication.

12.1.2.4 What Will Happen to My Baby (Prognosis)?

Most infants will recover and will not develop any problems when they are seen in
the clinic. In those with abnormalities on MRI and especially when cysts develop,
the prognosis is a bit more guarded. Cerebral palsy is uncommon, but learning dis-
abilities may become apparent after the first couple of years.
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12.2 For Professionals
12.2.1 Congenital Infections

12.2.1.1 Incidence

Cytomegalovirus (CMV) is the most common cause of a congenital infection. The
birth prevalence is threefold greater in low- and middle-income countries (LMIC)
than in high-income countries (1.48% versus 0.48%) [1]. Transplacental passage of
the virus occurs during pregnancy, and intrauterine transmission increases from 5%
during the preconception period to 21% during the first trimester, 36.8% during the
second trimester, and 66.2% in the third trimester, respectively [2]. However, severe
sequelae mainly occur following an infection during the pre-conceptional period or
the first trimester, when the brain is developing rapidly.

The second most common cause of congenital infection is foxoplasmosis gondii,
an infection that occurs following transplacental transmission of the parasite. The
incidence varies across different parts of the world. A recently reported incidence in
the United States was 0.23 cases per 10.000 live births [3]. The fetus is more likely
to become infected later in pregnancy, and 15% of infants will become infected after
maternal seroconversion at 13 weeks, 44% at 26 weeks, and 71% at 37 weeks [4].
Similar to CMYV, the fetus is more likely to be severely infected when infection takes
place during the first trimester.

Due to the widespread use of rubella vaccination, the incidence of congenital
rubella infection is very low, being one per million live births in high-income coun-
tries. However, in LMICs the incidence was still reported to be as high as 12 per
10,000 live births [5]. Infection that carries a high risk of sequelae usually takes
place between the first and second month of gestation.

Varicella zoster infection is uncommon, and the so-called congenital varicella
syndrome can follow maternal-fetal infection in the first 20 weeks of pregnancy. The
estimated risk of developing the congenital varicella syndrome is estimated to be
0.5% following a maternal infection before 13 weeks gestation and 2% for infections
between 13 and 20 weeks [6, 7]. Perinatally occurring varicella infection can also be
seen and is due to a maternal-fetal infection within 21 days of delivery, but this is
rarely associated with brain injury. When the mother develops a varicella infection
beyond 36 weeks gestation, there is a risk of 25% of perinatal varicella infection.

Neonatal herpes simplex virus (HSV) infection develops most often following
passage through an infected birth canal. Less often it can develop due to an ascend-
ing infection near the time of birth. It is even less common to develop a HSV infec-
tion following transplacental passage of the virus or due to postnatal acquisition of
the virus from infected adults. The incidence of neonatal HSV infection varies from
6 to 60 per 100,000 live births [8]. Both HSV-1 and HSV-2 infections are seen, with
HSV-1 being more common nowadays.

Parvovirus, HIV and COVID infections may also affect the brain, but are beyond
the scope of this review.
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12.2.1.2 CMV

Diagnosis As few as 10-15% of infected infants with congenital CMV will be
symptomatic at birth. They often are growth retarded and have hepatosplenomegaly
and thrombocytopenia. They can be microcephalic as well. When the diagnosis is
suspected, neuroimaging needs to be performed to look for brain lesions. In some
infants the diagnosis will be made during pregnancy (PCR in the amniotic fluid). After
birth the PCR in the urine within 21 days after birth is the gold standard. A PCR can
also be performed in saliva. When the diagnosis is suspected later in infancy, for
instance, when the hearing test is abnormal, a PCR can be performed on a stored
Guthrie test. Besides a hearing test, the ophthalmologist should check for the presence
of chorioretinitis.

Neuroimaging Cranial ultrasound (cUS) is useful and will detect calcifications
usually near the ventricular margins or lenticulostriate vasculopathy (LSV), ven-
triculomegaly, germinolytic cysts, occipital and temporal horn cysts or adhesions,
and less often cysts in the periventricular white matter. cUS is not good in detecting
cortical malformation (polymicrogyria, lissencephaly) and cerebellar hypoplasia,
unless the mastoid view is used and the transcerebellar distance is actually mea-
sured. An MRI is therefore recommended in any infant who shows, even mild, cUS
abnormalities (Figs. 12.1 and 12.2). To better appreciate the severity of the brain
lesions, several scoring systems can be used, both before and after birth. The prena-
tal scoring system by Cannie et al. [9] is based on MRI, while the postnatal one by
Alarcon et al. [10] uses cUS and MRI.

Fig. 12.1 Very preterm infant with congenital CMV infection. Cranial ultrasound, coronal view
showing an occipital adhesion on the right side, confirmed with an MRI, T2-weighted sequence,
axial plane, at 30 weeks’ gestation
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Fig. 12.2 Same infant, mid axial plane, at 30 and 40 weeks’ gestation. Perisylvian polymicrogy-
ria was suspected on the first MRI and confirmed on the TEA MRI. Also note mild ventriculo-
megaly and the increased signal intensity in the white matter, with a few punctate lesions (low
signal intensity), best seen on the TEA MRI

12.2.1.3 Toxoplasmosis

Diagnosis Due to the increased use of antenatal treatment, the risk of a severe fetal
infection has reduced considerably, and the majority of infants with a congenital
infection are asymptomatic (74%). The most common finding is chorioretinitis,
which was noted in 28/112 (26%) infants with a fetal infection. In this study, only
one infant had severe neurological sequelae [11]. Sometimes a “systemic syndrome”
can be seen with hepatosplenomegaly, hyperbilirubinemia, and anemia. These
infants do not have overt neurological symptoms, but when an LP is performed,
pleocytosis is seen in 85% confirming the presence of additional meningoencepha-
litis [12].

The diagnosis can be made just using PCR on the amniotic fluid and after birth
on the CSF, but as the PCR in the CSF was only positive in 46% of those without
and 70% of those with hydrocephalus, a combination of PCR and IgM and IgA
antibodies is recommended [13].

Neuroimaging cUS will identify calcifications that are usually more peripheral to
the ventricles than in CMV. Ventriculomegaly that can be severe and hyperecho-
genic nodules are also reported [14]. As these noduli can be located in the subcorti-
cal white matter, they can be missed with cUS, and MRI is recommended as well,
especially to look at the cortex that may be abnormal overlying the noduli (Fig. 12.3).
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Fig. 12.3 Fetal diagnosis of toxoplasmosis infection. Postnatal cUS shows severe ventricular
dilatation. The MRI, axial plane, T2-weighted sequence, additionally shows cysts in the subcorti-
cal white matter with abnormal overlying cortex

12.2.1.4 Rubella

Diagnosis Two thirds of infants with congenital rubella are asymptomatic at birth,
but most will become symptomatic. Similar to CMV they may be growth retarded
and have hepatosplenomegaly and thrombocytopenia. When the diagnosis is sus-
pected, a cardiac echo should be performed as the infant often has a peripheral
pulmonary stenosis and patent ductus arteriosus. The metaphyses of the long bones
may show radiolucency. From the neurological perspective, the infant may have a
full fontanel (25-50%) and is often irritable. Central cataracts can be seen on clini-
cal assessment, and ophthalmoscopy will show chorioretinitis and the typical “salt
and pepper” spotty hyperpigmentation of the retina. Microphthalmia may also be
present. The diagnosis can be made by testing for IgM antibodies in blood from the
umbilical cord or serum. IgM antibodies persist for 6-12 months [15].

Neuroimaging There is hardly any data reported in the literature. Temporal lobe
cysts as well as LSV and subependymal cysts can be seen with cUS, while MRI will
provide more detail about ischemic white matter lesions and delayed myelination [16].

12.2.1.5 Varicella

Diagnosis With congenital varicella syndrome, cutaneous scars can be seen in a
segmental distribution, with a zigzag appearance. In severe cases hypoplastic limbs
and muscles have been reported. Infants with perinatal varicella will have a
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vesicular rash, and there usually is a history of maternal infection. If the infant is
born within 5 days of a maternal varicella infection, there will not have been time
for transfer of maternal antibodies, and in case of a severe neonatal illness, the mor-
tality rate is as high as 30% [17].

The diagnosis is usually considered based on maternal illness. Viral DNA in CSF
using PCR has been reported and varicella-specific IgM in about half of the cases,
as well as varicella-zoster antibodies.

Neuroimaging Brain lesions have not been reported, but ocular abnormalities are
almost invariably present and vary from chorioretinitis to optic atrophy or cataracts.
Outcome may be affected by limb hypoplasia.

12.2.1.6 HSV

Diagnosis Infants with HSV may present with localized or disseminated disease.
The localized disease may be either restricted to the CNS or to the skin, eye, or
mouth (SEM). SEM is most common (45%), followed by localized CNS disease
(30%) and disseminated disease (25%). Disseminated disease presents at day 10—12
with lethargy and poor feeding, followed by stupor and seizures, with progression to
coma and opisthotonic posturing. Multiple organs are affected, and in spite of antivi-
ral therapy, mortality is still around 29% and long-term morbidity is seen in 17% [8,
18]. Symptoms in infants with CNS disease present day 16-19, and many infants
(35%) do not have any skin lesions. CSF will show pleocytosis and elevated protein,
and a PCR will confirm the diagnosis. Outcome is much better since the introduction
of antiviral therapy, with a mortality of 4% but still a high rate of neurologic sequelae
of 40% [8, 18]. Infants with SEM disease usually present day 10—12. If left untreated,
progression to CNS or disseminated disease occurs in 75%. Following the introduc-
tion of antiviral therapy, the outcome is almost invariably favorable. Prompt diagno-
sis is of great importance, as timely treatment may prevent death and severe morbidity.

Diagnosis can be made using PCR in scrapings from a vesicular lesion in SEM
disease and in CSF for those with disseminated or CNS disease.

Neuroimaging MRI is the preferred imaging technique, and especially DWI will
help to identify ischemic lesions at an early stage. Three patterns of injury were
reported: involvement of the inferior frontal/temporal lobe area, watershed areas,
and corticospinal tracts [19] (Figs. 12.4 and 12.5).

12.2.1.7 Treatment

Antiviral medication is used in infants with CM'V who are symptomatic and/or have
CNS involvement. The medication, oral valganciclovir, used for 6 months, has been
reported to prevent hearing loss, and in some studies even some improvement of
hearing deficits occurred [20]. While medication is still mostly used after birth,
there have been recent trials showing a positive effect of antenatal valaciclovir, but
this is not yet standard of care [21].
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Fig. 12.4 Male term infant with herpes infection, echogenicity seen in the right frontal lobe and
right thalamus, confirmed with DWI, with PLIC involvement

Fig. 12.5 A repeat MRI (T2-weighted sequence) shows atrophy and cystic evolution of the right
frontal lobe, and asymmetry of myelination of the PLIC

In infections due to toxoplasmosis gondii, treatment of the maternal infection
and affected fetus is important. After birth the infant will be treated as well.
Spiramycin should be given within 3 weeks of seroconversion, for 1 week, followed
by a combination of pyrimethamine plus sulfadiazine and folinic acid continued till
the end of pregnancy. Following delivery, the infant should be treated during the
first year [3].

If the infant is delivered less than 5 days after the onset of a maternal varicella
infection, varicella zoster immune globulin should be given. If the infant shows
signs of varicella infection and is severely affected, the infants should be isolated,
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and a course of iv acyclovir should be started. Treatment is not given to infants who
acquired the infection during early pregnancy.

Antiviral therapy should be started in any infant where the diagnosis of herpes
infection is suspected and before the diagnosis is confirmed. High-dose intravenous
acyclovir is recommended. This high dose has reduced mortality and has also led to
an improved outcome. After 21 days of iv therapy, oral medication is now continued
till the infant reaches the age of 6 months. This has further improved neurodevelop-
mental outcome and reduced a relapse in those with SEM disease [22].

12.2.1.8 Prognosis

The prognosis of congenital CMV very much depends on time of onset of the infec-
tion and presence of brain lesions on neuro-imaging. Recent data suggest, that only
an infection acquired during the first trimester will result in neurological sequelae
[23]. Permanent sequelae are reported in 40-58% of those with symptomatic CMV,
consisting of cognitive impairment, cerebral palsy, epilepsy, and sensorineural hear-
ing loss. Performing cUS and MRI allows better prediction, and using a dedicated
scoring system is recommended [10]. The presence of increased signal intensity on
the T2-weighted sequence in the temporal lobe, the presence of cerebellar hypopla-
sia, and especially the presence of polymicrogyria are predictive of more severe
sequelae. Of those who are asymptomatic at birth, 10-15% will develop sequelae,
and this will mostly be sensorineural hearing loss [24].

The outcome varies widely following foxoplasmosis infection, and similar to
CMV the outcome is related to the presence of neuroimaging abnormalities as well
as neonatal symptoms. Infants who present with neurological symptoms or abnor-
mal neuro-imaging findings (calcification, hydrocephalus) often have a poor out-
come (50-90%), with cognitive impairment, cerebral palsy, and epilepsy [25, 26].
Most of these infants also have chorioretinitis, and this will result in severe visual
impairment in 70%. In those presenting with systemic symptoms, only 10-50% will
do poorly.

Data on the prognosis of congenital varicella infection are scarce. Following a
varicella in the first 20 weeks of pregnancy, hydrocephalus, meningocele, and club-
feet may be seen [6, 7].

Outcome following herpes simplex infection has improved with the use of early
high-dose acyclovir therapy. An infection affecting the CNS carries a 4-6% mortal-
ity risk and a 55-80% risk to develop adverse sequelae, including cognitive impair-
ment, cerebral palsy, and epilepsy. Disseminated herpes disease has a higher
mortality rate (25-40%) but a better chance of a normal outcome (20—40% of survi-
vors) [27]. Similar to the other viral infections, outcome is associated with neuro-
imaging findings.

12.2.2 Postnatally Acquired Infections

12.2.2.1 Incidence

The incidence reported for enterovirus and parechovirus encephalitis is 0.77/1000
and 0.04/1000 live births, respectively [28]. No population-based data have been
reported for rotavirus encephalitis.
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12.2.2.2 Diagnosis

The diagnosis should be suspected in an infant who develops symptoms at the end
of the first week. There is often a family member with a mild illness, and the infant
may present with feeding problems, rash, fever, diarrhea, and/or seizures. Rotavirus
infection is often only considered in the presence of diarrhea, but this is present in
only 20% of the cases. The infants tend to present on day 4-6 with seizures which
have in the past been referred to as “fifth day fits.” The diagnosis will be made by
performing a PCR in the CSF for enterovirus and parechovirus infection. In rotavi-
rus infection, despite the neurologic symptoms, the CSF-PCR is typically negative,
and the stools should be sent for culture.

Neuroimaging cUS can detect increased white matter echogenicity, usually pres-
ent on admission, in infants presenting with seizures. MRI, especially when using
DWI within a week of presentation, will better delineate white matter abnormalities.
Serial cUS and/or a repeat MRI will show whether these abnormalities evolve into
cystic lesions, which is more common in the (late) preterm infant than in the full-
term infant. The volume of white matter abnormalities, as seen with DWI, was sig-
nificantly correlated to white matter volume loss on the second MRI performed at
3—4 months in a study of infants with a rotavirus infection (Fig. 12.6) [29, 30].

Treatment is supportive, with aEEG monitoring and controlling the seizures
with antiseizure medication. Most infants are not very ill, but infants with an entero-
virus infection may rarely develop a myocarditis, a severe complication, not uncom-
monly resulting in death or long-term cardiac morbidity [31].

Fig. 12.6 Female infant, born at 35 weeks and admitted with seizures on day 16 and diagnosed
with rotavirus encephalitis. cUS shows increased echogenicity of the white matter and thalami.
The MRI-DWI shows restricted diffusion in the periventricular white matter as well as the pulvi-
nar. A repeat MRI 6 weeks later shows cystic evolution. The child did not develop cerebral palsy,
but has cognitive impairment
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12.2.2.3 Prognosis

The prognosis for the postnatally acquired viral infections is considerably better
compared to the congenitally acquired infections. Once again, outcome depends on
involvement of the CNS, and this will most often consist of white matter damage
that is clearly seen with DWI. As is to be expected, outcome is better for those with-
out cystic evolution of the (early) white matter abnormalities. Long-term data are
emerging, especially for parechovirus and rotavirus infection, and show once more
that children should be followed into school age, as cognitive problems only become
apparent by then [29, 30, 32].

12.3 Case

This infant was born at 36 weeks’ gestation and admitted for observation of blood
sugar levels and feeding and discharged home after 4 days. At day 16 the infant
became ill, had feeding problems and a subfebrile temperature, and was readmitted
with a suspected sepsis. Treatment with broad-spectrum antibiotics and acyclovir
was started.

Blood count, glucose, sodium, calcium, and magnesium levels and liver function
were all normal.

The day after readmission, the infant developed clinical seizures and was trans-
ferred to the neonatal intensive care unit for aEEG monitoring and treatment. The
seizures were confirmed electrographically, and a total of three doses of phenobar-
bital were needed to achieve seizure control.

A lumbar puncture was performed which showed a normal cell count and glu-
cose level. All bacterial cultures (blood, CSF, and urine) remained sterile but the
PCR on plasma and CSF were positive for enterovirus (human echovirus 16).

Cranial ultrasound was performed on admission and showed increased periven-
tricular echogenicity, most pronounced in the frontal areas, and mild echogenicity
of the thalami (Fig. 12.7).

The child was followed in the outpatient clinic until the age of 7 years and has a
normal motor and cognitive development and good verbal skills but shows some
difficulties in attention and concentration, problem solving and working memory.
He is now almost 9 years old and is attending regular education.
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Fig. 12.7 Cranial ultrasound (left) performed on admission, shows increased echogenicity in the
periventricular white matter. The MRI, performed 4 days later, shows increased signal intensity in
the white matter, corpus callosum, and pulvinar on the T2-weighted sequence (middle). Diffusion
weighted MRI showed restricted diffusion in the periventricular white matter, corpus callosum,
optic radiations, posterior limb of internal capsule, and posterior part of the thalami (pulvi-
nar) (right)

Fig. 12.8 The follow-up cranial ultrasound (left, middle) 1 month later showed cystic evolution,
again most prominent in the frontal white matter. This was confirmed on MRI, axial T2 sequence
(right) after 1 month which additionally showed also cyst formation in the occipital white matter
(Fig. 12.8)
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13.1 For Parents
13.1.1 Introduction

Infections in and around the brain (often called the central nervous system (CNS))
in newborn babies are serious and potentially life-threatening. Here we discuss
infections caused by bacteria and fungi. Babies are particularly vulnerable to CNS
infections because their immune system (the system in the body that helps to pre-
vent and fight infections) is not fully mature. Usually the infection affects the mem-
branes (meninges) covering the brain surface, and this is called meningitis. However,
bacteria and fungi can spread throughout the fluid passages of the brain causing
hydrocephalus (dilated fluid compartments within the brain) and also enter the brain
tissue either from this fluid or the blood coming to the brain, causing damage from
abscesses (localized areas of infection) or affecting the blood flow to the brain tis-
sue. It is important that infections in and around the brain are recognized and treated
early as they may lead to rapid worsening of illness, permanent brain damage, and
even death.

13.1.2 Why Did My Baby Develop a Bacterial or Fungal Infection?

CNS infections can be caused by several bacteria or fungi. The commonest bacteria
are group B streptococcus (GBS) and Escherichia coli (E. coli). The baby is usually
infected during delivery or shortly after birth. Often the bacteria first enter the
baby’s bloodstream, causing infection (called septicemia or sepsis), and from there
spread to the brain. When this happens within the first 3 days after birth, this is
called an early-onset sepsis/meningitis.

Some babies only become ill later, although the bacteria were already transmit-
ted to the baby at birth. Or they acquire the infection later, through contact with
caregivers or visitors, or because they have other risk factors making them suscep-
tible to developing an infection. This is called late-onset sepsis/meningitis. Preterm
and sick newborn babies who need treatment in a neonatal intensive care unit have
an increased risk of developing late-onset infections.

A severe fungal infection (meaning a fungal infection of the blood, brain, or
urinary tract) is rare in newborn babies, but extremely preterm and/or low-birth-
weight infants are especially vulnerable to this type of infection. This is due to a
combination of risk factors including their immature immune system and impaired
barriers to infection, e.g., thin and vulnerable skin, and other factors that are present
when these babies are in the neonatal intensive care unit.

13.1.3 How Will | Know if My Baby Has Symptoms
of a CNS Infection?

Bacterial and fungal CNS infections can present with various symptoms includ-
ing an unstable temperature (either low temperature or fever), lethargy (the baby
is very sleepy and/or does not wake up for feeding), or irritability and crying
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a lot. Other signs are a full fontanel (when the soft spot on the top of the head
feels rounded rather than mostly flat), pale color, breathing problems, and sei-
zures. It is important to realize that not all of these symptoms may occur and
that these symptoms can also be seen in other conditions, so CNS infections
can be suspected when they are not actually present. But if a CNS infection is
present, the symptoms can become rapidly worse. Therefore, in a sick newborn
baby with, for example, temperature instability, lethargy, or breathing prob-
lems, it is important to consult a children’s healthcare professional for a prompt
examination.

13.1.4 Diagnosis

The diagnosis of a CNS infection involves a combination of clinical examination,
laboratory tests, and imaging of the brain. The blood will be examined for signs of
infection, and additional blood will be taken, and a lumbar puncture (spinal tap)
will be done to see if any infection can be grown in the laboratory from the blood
or spinal fluid (cerebrospinal fluid (CSF)) around the brain. With a spinal tap, a
small amount of CSF is obtained through a thin needle that is gently inserted into
the lower back of the baby. Examining the CSF is important as it can help to
exclude or confirm a CNS infection, and when bacteria are found, it can help to
choose the best antibiotics.

As explained earlier, CNS infections can lead to further complications and brain
damage; therefore, most babies will also have imaging of the brain. The first and
most commonly used way to do this is with cranial ultrasound (cUS). This is per-
formed at the bedside and is very helpful in detecting abnormalities already present;
it is then repeated to detect any later occurring problems and complications. If
abnormalities are seen on the cUS scan or when the baby is very ill or has neuro-
logic symptoms like seizures, an MRI scan can be performed as well though this
involves moving the baby to the scanner. An MRI scan is more sensitive for detect-
ing smaller lesions and abnormalities in areas of the brain that are difficult to exam-
ine with cUS. Also, the MRI scan can provide more detailed information about the
severity and specific location of abnormalities, and this helps to determine the prog-
nosis (likely future problems).

Babies with a CNS infection are at risk for developing seizures, especially in
the acute period of infection. Therefore, when seizures are suspected, or when the
baby is very ill, additional monitoring of brain activity with (a)EEG should be
performed.

13.1.5 What Is the Treatment if My Baby Is Diagnosed
with a CNS Infection?

Early recognition and adequate treatment are crucial in newborns with CNS infec-
tion as explained earlier. Therefore, when an infection is suspected and as soon as
the appropriate tests are done, intravenous antibiotics will be started, rather than
waiting for the results. If the cultures show particular bacteria, this can help to
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determine which antibiotics would be best to use, and thereafter the initial treat-
ments may be changed. Getting results from the culture usually takes 24-48 h. The
length of treatment depends on the type of bacteria found but will be at least
14-21 days. If a severe fungal infection is suspected, intravenous antifungal treat-
ment will be started. As the babies can be very ill, they may require additional care
such as help with breathing and nutrition and also medicines to control fluid bal-
ance, blood pressure, and seizures.

13.1.6 What Are the Complications and What Will Happen to My
Baby (Prognosis)?

Different bacteria can cause different types of brain injury. In some cases, CNS
infections can impede the normal flow of CSF and lead to hydrocephalus (dilated
fluid compartments within the brain). When this is progressive, an additional treat-
ment to decrease the pressure on the brain may be necessary. When babies are at risk
for developing this complication, they should be closely monitored with follow-up
cUS examinations.

In other cases, a brain abscess may develop. This is rare, but when it occurs it is
more difficult to treat and may require drainage and longer antibiotic therapy. In the
rare event of a severe fungal infection, the fungus may spread through the brain tis-
sue to form tiny abscesses. This also requires long treatment with antifungal
medication.

Both bacterial and fungal CNS infections can lead to brain injury and, depending
on the severity, this may lead to difficulties with development in the future. This
includes learning difficulties, motor (movement) problems, behavioral problems,
visual impairments, and epilepsy (later seizures) depending on the site and extent of
injury. Bacterial CNS infection can also cause hearing loss. Not all babies with a
CNS infection will develop these problems; however, when they do early recogni-
tion and adequate intervention are important to support the child’s further develop-
ment. Therefore, newborn babies with proven CNS infection need to be included in
follow-up programs with regular investigation of developmental milestones and
hearing tests and access to early interventions such as physiotherapy, occupational
therapy, and speech therapy.
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13.2 For Professionals
13.2.1 Incidence

CNS infections in the newborn infant are of major clinical importance as they carry
a high risk of mortality and long-term morbidities. Several types of organisms can
be involved, including bacteria, viruses, and fungi (see also Chap. 12; viral infec-
tion). Bacterial CNS infection occurs in approximately 0.3/1000 newborns
(<1 month old) [1]. This age group is more vulnerable to this type of infection than
older infants, even in the era of GBS prophylaxis. Preterm infants are especially
at risk.

Group B streptococcus (GBS; Streptococcus agalactiae) is the most commonly
isolated organism in newborns with early onset infection. It is mostly seen in term
infants and accounts for approximately 30-50% of all the cases of neonatal sepsis
and meningitis, followed by Escherichia coli (E. coli) which accounts for approxi-
mately 25-35% of cases and has a higher prevalence in preterm infants and cases
with late-onset infection [1-7]. Other gram-negative Enterobacteriaceae, including
Enterobacter species, Pseudomonas aeruginosa, Klebsiella, Proteus, and Serratia
species, can also cause neonatal meningitis; together they account for approxi-
mately 10-20% of cases. Finally, gram-positive rods such as Listeria monocyto-
genes and Bacillus cereus are rare but also important causative microorganisms as
they carry a high risk of mortality and severe long-term impairments.

In bacterial meningitis the microorganism usually first enters the bloodstream,
causing bacteremia, and then spreads to the brain and infiltrates the arachnoid mem-
brane and space and the meninges covering the brain surface, thereby causing
arachnoiditis and meningitis. However, not all cases with meningitis have a positive
blood culture. In one series of 9461 very low-birth-weight infants, one third of those
with meningitis did not have a positive blood culture [8]. In meningitis, bacteria can
further spread throughout the cerebrospinal fluid (CSF) compartments of the brain,
and this may lead to choroid plexitis, ventriculitis, intraventricular adhesions, sub-
dural effusion, empyema, and hydrocephalus. Bacteria can also invade the brain
tissue and cause vasculitis, leading to ischemic brain lesions (most commonly in
GBS infection), liquefaction necrosis, and brain abscesses (most commonly gram-
negative microorganisms and Staphylococcus aureus) [9]. A neonatal brain abscess
usually occurs as a complication of bacterial meningitis; however several cases of
brain abscesses without meningitis have also been reported. In these cases the
organism was cultured only by direct puncture of the abscess [10—12].

Most of the invasive fungal infections in newborns are caused by Candida albi-
cans but also other Candida species like Candida parapsilosis, Candida glabrata,
and Candida krusei may be involved. Disseminated fungal infection can affect the
urinary tract but also the brain where it leads to meningitis, often in combination
with micro abscesses. Invasive fungal infections are less common than bacterial
infections and mainly occur in extremely preterm and/or low-birth-weight infants,
due to a combination of an immature immune system and risk factors that impair
their natural barrier. The incidence varies considerably between neonatal units and
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patient populations, from 0.5% to 20%. Recent studies show a decrease in inci-
dences, likely due to the use of fluconazole or nystatin prophylaxis and decreased
use of broad-spectrum antibiotics and indwelling venous catheters [13-16].

13.2.2 Presentation

As in neonatal sepsis, meningitis can be distinguished into two types of presentation
based on the postnatal age at onset of illness: early onset infection (occurring within
the first 72 hours after birth) and late-onset infection.

In the majority of cases with an early-onset infection, the newborn is exposed to
the bacteria, most commonly GBS or E. coli, around the time of delivery (vertical
transmission). Risk factors include prolonged rupture of membranes and/or signs of
maternal peripartum infection, for example chorioamnionitis or infection of the uri-
nary tract. However, asymptomatic women may also be colonized with GBS in their
urinary or genital tract and subsequently colonize the newborn during delivery. In a
single-center historical cohort study in the USA, investigating more than 60,000
deliveries between 2003 and 2015, 21.6% of the population was GBS colonized,
and this led to invasive GBS disease in 0.1% of their offspring [17].

Typically, newborns with early-onset infection, regardless of the bacterial agent,
have signs of systemic illness with temperature instability, respiratory distress,
apnea, and feeding problems and can deteriorate rapidly into septic shock with
respiratory and circulatory failure. Neurological symptoms are usually less
prominent.

An exception is early onset infection with Listeria monocytogenes where infec-
tion can be the result of transplacental passage days to weeks before delivery. In
these cases the infection can be caused by maternal ingestion of contaminated food
products such as raw cheese, undercooked meat, and smoked seafood. The mother
can experience some flu-like or gastro-intestinal symptoms but is usually not very
ill. However, when the infection is transmitted to the fetus or newborn, this can
result in a severe infection leading to fetal loss in approximately 25% of cases, pre-
term birth, and a fulminating infection in the newborn called neonatal listeriosis.
Due to the infection, the newborn can develop necrotizing miliary granuloma in
many organs including the brain. Treatment of the mother early in the course of her
infection can prevent infection and sequelae in the fetus and newborn [18-20].

Late-onset infection in the neonate usually occurs after the first postnatal week.
These infections may still be due to colonization around the time of birth (due to the
same organisms that are involved in early onset infection), but more often other fac-
tors play a role, including transmission from caregivers (horizontal transmission)
and hospital-acquired infection, for example, through indwelling catheters and
other devices. So where maternal factors primarily influence the risk of early-onset
infection, late-onset infections are often mediated by neonatal risk factors such as
prematurity, low birth weight, and other neonatal complications requiring intensive
care treatment, including central venous catheters and/or other invasive procedures
[21]. In these cases other microorganisms can play a role, mainly gram-positive
bacteria such as coagulase-negative staphylococci and Staphylococcus aureus, but
also E. coli, Klebsiella, other gram-negative Enterobacteriaceae, and Bacillus cereus
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can be involved [22]. In newborns with late-onset meningitis, neurological symp-
toms are much more common than in early-onset infection and include irritability,
impaired consciousness, a bulging fontanel, and either focal or generalized seizures.

Most of the invasive fungal infections in preterm infants are also of late-onset
and occur between 2 and 6 weeks after birth; an exception is congenital candidiasis
which is extremely rare. It is caused by a maternal intrauterine candida infection and
manifests with symptoms within the first week. Risk factors for invasive fungal
infection include the immature innate and adaptive immune response of preterm
infants, disruption of epithelial barriers including the use of central venous cathe-
ters, and increased colonization rates due to the use of prolonged broad-spectrum
antibiotics, parenteral feeding, and corticosteroids [15]. These infections have a
high risk of CNS involvement; in previous studies this was reported in approxi-
mately 10-25% of the cases [7]. The symptoms are similar to the ones described for
bacterial infections and include apnea, temperature instability, lethargy, hypoten-
sion, an elevated white blood cell count, and hyperglycemia (below).

13.2.3 Diagnosis

The diagnosis of newborn CNS infection involves a combination of clinical exami-
nation, laboratory tests, and imaging of the brain. However, apart from the cases
with late-onset sepsis who may present with clear neurologic symptoms, clinical
signs are usually non-specific. Therefore, when sepsis is suspected, the possibility
of meningitis should always be considered, and appropriate diagnostic tests need to
be performed.

Blood laboratory tests that can support the presence of neonatal CNS infection
are similar to those performed in suspected sepsis and include a blood culture, white
blood cell and neutrophil count, and other inflammatory markers such as C-reactive
protein. However, in the initial phase of an infection, these markers may still be
within the normal reference values and cannot be used to rule out an infection.
Moreover, some newborns with meningitis may have a negative blood culture [8,
23, 24]. Examination and culture of CSF taken by a lumbar puncture (LP) are there-
fore the gold standard and crucial to either confirm or rule out meningitis and should
also be considered in those with (suspected) early onset sepsis who do not present
with neurologic symptoms. In bacterial meningitis CSF analysis will often show an
elevated white blood cell and neutrophil count, an elevated protein level, and a low
glucose level as compared to plasma glucose level. The interpretation of CSF find-
ings can be challenging, and reference values for CSF parameters in newborns
should be used; these are different from those in older children and adults and also
vary according to post-menstrual age [25-27].

CSF culture is important to determine the causative microorganism and is espe-
cially sensitive in newborns who have not yet received antibiotic treatment.
Therefore, a LP should be performed preferably before and otherwise soon after
antibiotic therapy is initiated. Results are usually available within 48 hours and can
also provide information on the antibiotic susceptibility of a cultured microorgan-
ism. Meanwhile, gram-stained smears may also be helpful to identify
microorganisms.
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When a LP cannot be performed due to clinical instability at presentation and
needs to be delayed until after the initiation of antibiotic therapy, the culture will
usually be negative, and the diagnosis needs to be made based upon other findings
such as abnormal CSF parameters in combination with a positive blood culture and/
or abnormal neuroimaging findings (see below) [28, 29].

A repeated LP after 48—72 h of treatment to confirm CSF sterilization is gener-
ally not recommended for newborns with good clinical recovery, and there is also
no agreement about performing a repeat CSF examination 48 h after discontinua-
tion of antibiotic therapy. However, in complicated cases and in cases with E. coli
meningitis where relapse has been reported more frequently, repeat CSF examina-
tion may be considered to document the effectiveness of antibiotic treatment and
guide treatment duration. In one study, in three of four cases with E. coli meningitis
who relapsed, a repeat LP was performed which showed persistent bacterial growth
in the CSF 1-3 days after initiation of antibiotics. In none of these cases was another
LP repeated later during their course to ensure sterilization of the CSF [30]. In
another study of 111 infants with neonatal meningitis, a repeat LP was performed
significantly more often (p = 0.001) in infants with gram-negative organisms, with
amedian LP on day 5 [31]. In these infants, the white blood cell count on the second
but not the first CSF sample was predictive of adverse outcomes at the time of dis-
charge from the hospital.

It is important to be aware that infants with candida meningitis can have a nega-
tive blood culture and a normal gram stain and cell count of the CSF and that even
CSF cultures may only intermittently be positive [15, 23, 24]. Therefore repeated
CSF cultures may be necessary, especially in those infants who show the typical
signs of infection on neuroimaging but who have normal CSF findings.

In addition to blood, CSF, and urine cultures, abdominal ultrasound to evaluate
renal and hepatic involvement and an eye examination should be done in all infants
with invasive candidiasis to search for other sites of invasive infection.

13.2.4 Neuroimaging

Cranial ultrasound (cUS) and MRI are the preferred neuroimaging techniques in the
evaluation of a newborn with CNS infection. The different neuropathological changes
in meningitis can result in different imaging features (see also Table 13.1 and Fig. 13.1).

Table 13.1 Neuropathological features of neonatal bacterial meningitis and imaging appearance

Choroid plexitis and ventriculitis (a—c)

Ventricular lining, intraventricular adhesions and debris, secondary impaired CSF flow and
hydrocephalus

Arachnoiditis and leptomeningitis (d—f)

Exudate and extracerebral effusion, empyema, secondary impaired CSF flow and
hydrocephalus

Vasculitis with infarction (g-i) and (j-1)

Perforator stroke in deep gray matter, cortical (pial artery) stroke (g—i)
Hemorrhagic/liquefactive necrosis with or without secondary abscess formation (j—1)
Micro abscess formation (m—o)
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Fig. 13.1 Major neuropathological features in neonatal bacterial meningitis (Table 13.1) and their
imaging appearance. (a—c) E. coli meningitis; (d—f) and (g-i) group B streptococcal meningitis; (j, k)
Enterobacteriaceae meningitis; (1) Bacillus cereus; (m—o) Candida albicans meningo-encephalitis
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As both cUS and MRI have advantages and disadvantages, they are considered
complementary.

cUS is the preferred technique for the initial evaluation (see Chap. 14).

The major imaging features of bacterial CNS infection can be depicted by cUS
[32, 33]. These include acute findings such as brain swelling and edema with slit-
like ventricles and compression of the extracerebral space, ventriculitis, and inflam-
mation of the choroid plexus with echogenic lining of the ventricular ependyma and
intraventricular adhesions, stroke-like parenchymal lesions in GBS meningitis,
brain abscess and hemorrhagic necrosis in gram-negative meningitis, and micro
abscesses in invasive fungal infections. Chronic findings in neonatal meningitis can
also be detected by cUS and include tissue loss and atrophy as well as hydrocepha-
lus due to problems with CSF flow.

MRI is more of a burden than cUS for the sick and unstable newborn as it
requires transportation to the scanner and it does not allow for frequent and serial
imaging. However, it can be difficult to assess the full extent of brain injury by cUS
alone. MRI can depict brain lesions in more detail, show their full extent, and also
help to visualize areas of the brain that are difficult to assess with cUS such as corti-
cal/subcortical areas at the brain convexity, the extra-cerebral spaces, and the poste-
rior fossa (see Chap. 15) [34-36]. Therefore, every neonate with complicated
meningitis (i.e., with neurologic symptoms like seizures and/or with cUS abnor-
malities) should undergo at least one MRI scan.

Another advantage of early MRI is that it enables the use of diffusion-weighted
sequences (DWI). When used within the first week after the onset of illness, DWI is
sensitive for the detection of ischemic lesions, for example, stroke-like lesions in
GBS, and may also show restricted diffusion in the cortico-spinal tract, although the
relation between involvement of the motor pathway and motor outcome in cases
with infection is less clear than in other types of brain injury, e.g., stroke. Since
newborns and in particular preterm infants have significantly lower glomerular fil-
tration and renal clearance rates than older children and adults, the biologic half-life
of MRI contrast agents is prolonged. This may lead to increased exposure of con-
trast agents like gadolinium in this subgroup, and therefore routine use of contrast
enhanced imaging is generally not recommended. As DWI is also helpful in detect-
ing enhancement in cases with brain abscess and/or empyema, it often makes
contrast-enhanced imaging redundant [37, 38].

13.2.5 Microorganism

Different microorganisms involved in bacterial CNS infection in the newborn can
present with distinctive neuroimaging patterns (Table 13.2). Knowledge of these
patterns can support early recognition and treatment. We will therefore discuss the
most important patterns below:
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Table 13.2 Different microorganisms involved in neonatal bacterial and fungal meningitis and
their characteristic brain injury patterns

Microorganism Neuroimaging pattern
Group B streptococcus Stroke-like pattern, asymmetric distribution
— Deep perforator stroke in basal ganglia and/or thalami
— Cortical infarctions
Can also lead to ventriculitis and hydrocephalus
E. coli Ventriculitis, adhesions, (late) hydrocephalus, isolated segments
of the ventricular system, trapped fourth ventricle
Other gram-negative enteric  Severe hemorrhagic necrosis, affecting frontal lobes but also

bacteria (including often very rapidly spreading to other brain regions, in an
Citrobacter, Serratia, Proteus asymmetric distribution. Leads to severe destruction of brain
species) tissue

Increased risk of abscess formation
Listeria monocytogenes Associated with green amniotic fluid and preterm birth.

Intraventricular hemorrhage and white matter injury common.
Can also lead to small granulomatous lesions in many organs
including the brain

Bacillus cereus Liquefactive necrosis in the periventricular and subcortical
white matter with an irregular border, usually with an
asymmetrical distribution. Followed by cystic degeneration

Candida species Diffuse micro abscesses within the periventricular and
subcortical white matter, deep gray matter, cerebellum, and
brainstem, sometimes followed by central cystic degeneration
and/or glial scarring. May also evolve into macro abscesses and/
or cause late hydrocephalus

13.2.5.1 Group B Streptococcus (GBS)

Despite the use of antibiotic prophylaxis, which has led to a decline in incidence of
early onset neonatal GBS sepsis and meningitis, GBS is still the most common
cause of bacterial CNS infections in newborns [1, 3, 39].

In newborns, GBS meningitis can lead to several neuroimaging abnormalities
including edema, ventriculitis, and hydrocephalus. The most distinctive feature is
that of arterial involvement and focal ischemic brain infarction. Two patterns of
infarction are seen in GBS: (1) perforator strokes in the territories of the lenticulo-
striate and thalamostriate arteries affecting the basal ganglia and thalami (see Chap.
9 focal arterial infarction and lobar hemorrhage); (2) patchy focal cortical
infarction(s). Abnormalities are often bilateral but can have an asymmetric distribu-
tion, and deep gray matter and superficial cortical patterns can also occur together
[34, 36] (Fig. 13.2).

Early cUS is less sensitive for the detection of ischemic brain lesions unless there
is secondary hemorrhagic transformation, but on follow-up scans beyond 48-72 h,
abnormal echogenicity in the deep gray matter and abnormal echogenicity and
demarcation of the cortical and subcortical areas can be seen. Smaller cortical
infarcts, lesions in the occipital and temporal lobes, and lesions in the cerebellum
are often beyond the scope of cUS. MRI with DWI within the first 7-10 days is use-
ful and will show a typical pattern of restricted diffusion with increased signal inten-
sity in affected areas.



214 S.J. Steggerda and L. S. de Vries

Fig. 13.2 Late-onset group B streptococcal meningitis. Preterm infant, readmitted 4 weeks post-
natally. Cranial ultrasound on readmission (a) and follow-up scans on day 3 (b) and day 10 (c) after
readmission show the evolution of a stroke-like pattern with asymmetric abnormal echogenicity in
multiple cortical areas due to cortical infarctions as well as in the right thalamus due to a perforator
stroke. Cranial ultrasound using a high-frequency linear transducer (d) on day 10 provides detailed
visualization of the cortex and subcortical white matter and now shows cystic evolution in the
affected areas emphasizing the importance of dedicated follow-up imaging. Diffusion-weighted
MRI on day 6 after readmission (e) shows bilateral asymmetric restricted diffusion in cortical
areas, the right thalamus, and the posterior limb of the internal capsule on both sides, but more
pronounced on the right

13.2.5.2 Escherichia coli (E. Coli)
E. coli is the second most common causative microorganism in neonatal meningitis.
Infections can be of early or late onset. The most characteristic feature of E. coli
meningitis is that it carries a high risk of subsequent hydrocephalus [36].
Ventricular dilatation occurs in approximately 20% of cases due to inflamma-
tion with an increase in CSF production, obstruction of CSF flow, and reduced
CSF resorption secondary to arachnoiditis [28]. Debris and adhesions may
develop within the ventricles, and these strands can lead to compartmentaliza-
tion and entrapment of parts of the ventricular system (Fig. 13.3). It is important
to be aware that ventricular dilatation can occur early but can also still develop
weeks after the onset of the infection. It is therefore crucial to perform follow-
up cUS scans and follow head growth until at least 2 months after the infection.
A distinctive type of ventricular dilatation and entrapment in E. coli meningitis
may be seen at the level of the fourth ventricle and is due to obstruction of both
the in- and outflow foramina. This can result in a severe dilatation of an
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Fig. 13.3 E. coli meningitis. Preterm infant, born at 32 weeks gestation with grade 2 intraven-
tricular hemorrhage (IVH) and E. coli meningitis. Cranial ultrasound during the first week (a)
showing normal dimensions of the lateral ventricle with a small echogenicity at the level of the
germinal matrix. MRI on day 7, showing normal dimensions of the third and fourth ventricles in
the mid-sagittal plane (b) and of the lateral ventricles on the transverse plane (c) with bilateral IVH
and a focal periventricular hemorrhagic infarction adjacent to the left frontal horn. Follow-up cra-
nial ultrasound at 38 weeks gestation (d) now showing ventricular dilatation with multiple adhe-
sions leading to isolated dilated segments of the lateral ventricle. Follow-up MRI at 38 weeks
gestation, showing a severely dilated third ventricle in the mid-sagittal plane most like due to an
obstruction at the level of the aqueduct (e) and the multiple adhesions leading to isolated dilated
segments of the lateral ventricle in the parasagittal plane (f)

“isolated” fourth ventricle, resulting in a high pressure on the adjacent brain
stem and cerebellum. Recognition of this severe complication is important for
prompt and appropriate treatment; surgical intervention can however be com-
plex [40, 41].

13.2.5.3 Gram-Negative Enterobacteriaceae (Other than E. coli)

Other gram-negative microorganisms that may be involved in neonatal meningitis
include Enterobacter species, Pseudomonas aeruginosa, Klebsiella, Proteus, and
Serratia species. Infections are usually of late onset, and for some of these microor-
ganisms, outbreaks in neonatal intensive care units have been reported.

Typical for gram-negative enteric bacteria is that they may lead to hemorrhagic
and liquefactive necrosis followed by abscess formation and thereby result in rapid
and severe cerebral destruction (Fig. 13.4). Brain abscesses usually occur in the
frontal lobes, although other brain regions may also be affected [11, 42].
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Fig. 13.4 Citrobacter meningitis. Full-term infant, admitted at day 5 with seizures. Cranial ultra-
sound on admission showing, on a coronal (a) and right parasagittal (b) view extensive areas of
increased echogenicity, most prominent in the frontal lobes, with an asymmetric distribution and
irregular demarcation, extending out toward the subcortical white matter. Follow-up cranial ultra-
sound (c¢) 14 days after admission showing the extensive bilateral tissue destruction due to necrosis
and possible abscess formation. MRI on admission showing, on the susceptibility-weighted image
(d) and T2-weighted image (e), hemorrhagic necrosis in the affected areas. An MRI 14 days after
admission shows, on a T2-weighted image, (f) severe tissue destruction due to liquefactive necro-
sis and possible infectious debris with restricted diffusion inside the destructed areas (g)

In the early stages, cUS can show irregular and asymmetric areas of increased
echogenicity within the white matter as well as a mass effect on the surrounding
brain tissue. This can evolve into extensive necrosis and destruction of brain tis-
sue. In the case of abscess formation, a focal area of necrosis may subsequently
develop in the center of the lesion, and this area becomes echolucent. Diffusion-
weighted MR imaging is also very helpful for the detection of abscesses with
enhancement in the center of the lesion, reflecting restricted diffusion due to
infected brain tissue.

13.2.5.4 Listeria monocytogenes

Listeria monocytogenes is a relatively rare cause of meningitis with an incidence of
0.61 per 100,000 live births [43]. Infection with this gram-positive rod may occur in
outbreaks and is often related to food contamination. Transplacental infection of the
fetus can occur and lead to stillbirth or preterm birth [44]. Characteristic for Listeria
is a green coloration of the amniotic fluid in the absence of meconium. Intra-uterine,
early-onset infection usually presents as a fulminating sepsis and meningitis with
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small granulomatous lesions in many organs including the brain which can evolve
into multiple small brain abscesses. This is associated with high mortality rates.
When the neonate is infected during labor or after birth, symptoms may not start till
8-30 days after birth. Late-onset infection usually also results in meningitis [19].

13.2.5.5 Bacillus cereus

Bacillus cereus is a gram-positive food bacterium. It is a rare cause of meningitis
in neonates but it can have devastating consequences [45]. From the bloodstream,
the organism itself invades the brain tissue where its toxins cause a liquefactive
necrosis. Extensive brain abnormalities may become visible during the first days
after the start of illness although clinical signs may only be subtle. On cUS wide-
spread areas of echogenicity of the periventricular and subcortical white matter
with an irregular border can be seen, usually with an asymmetrical distribution.
The cortical gray matter is usually spared. Serial scanning can show central
necrosis and subsequent cyst formation within hours to days [46] (see also
Fig. 13.11).

13.2.5.6 Candida Species

The small size of the Candida species facilitates its access to the microcirculation
and the formation of micro abscesses [47, 48]. In invasive candidiasis cUS is par-
ticularly important for recognition and follow-up of these typical lesions [49, 50].
The scattered small round echogenic micro abscesses usually appear within a week
after the onset of infection and can be present in the subcortical, periventricular, and
deep gray matter and sometimes also in the cerebellum and brainstem [51]. Usually
during the course of infection, they start to develop a hypoechoic center and echo-
genic rim, but they may also become confluent and form macro abscesses. Another
important feature of CNS involvement in systemic candidiasis is ventriculitis, seen
on cUS as a hyperechoic ventricle wall, presence of intraventricular septae and
debris in the ventricles and posterior fossa CSF spaces. Sometimes ventriculitis and
meningitis lead to obstructive hydrocephalus. This may occur early but can also still
develop weeks after the onset of the infection.

MRI can help to show the full extent of the micro abscesses, also throughout the
subcortical areas, cerebellum, and brain stem. During the first weeks, the diffusion-
weighted sequences are especially sensitive for the detection of lesions. After
2-4 weeks of successful treatment, the DWI changes may disappear, and cystic
evolution of the abscesses and focal signal changes become more prominent on T1-
and T2-weighted images (Fig. 13.5).
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Fig. 13.5 Extremely preterm infant who developed Candida sepsis and meningitis, 14 days after
birth. Cranial ultrasound 3 days after onset of illness (a, b) shows multiple, bilateral round areas of
increased echogenicity in the periventricular white and deep gray matter. Follow-up ultrasound 10
days after onset of illness shows a clearer demarcation of microabcesses in the deep gray matter (c)
together with the formation of a macroabcess on one side (d). The MRI within the first week after
the onset of illness shows multiple rounded small lesions with restricted diffusion, due to micro
abscesses (e) and similar lesions on T2 weighted image at two weeks (f)

13.2.6 Management

Early recognition and adequate treatment are crucial in newborns with CNS infec-
tion as these infections can cause rapid deterioration and lead to irreversible brain
damage and even death. This includes supportive treatment, rapid initiation of
broad-spectrum antibiotics/antifungal therapy, and treatment of possible neurologic
complications (see below).
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13.2.6.1 Supportive Treatment

Newborns with meningitis often present with signs of systemic illness and/or septic
shock and require additional supportive care. This includes adequate respiratory
support, management of circulatory failure and shock, and attention to fluid bal-
ance, nutrition, and metabolic state (including glucose homeostasis) and coagula-
tion. Meningitis can lead to cerebral edema and to inappropriate antidiuretic
hormone secretion. The latter may result in oliguria, hypo-osmolality, and hypona-
tremia. Therefore, careful fluid therapy and avoiding both hypo-and hypervolemia
and hypo- and hypernatremia are important. Management of shock and systemic
hypotension is essential. Impaired cerebrovascular autoregulation and cerebral
edema can easily lead to impaired cerebral perfusion and thereby increase the risk
of secondary brain injury. Also, the hypercoagulable state of newborns with sepsis
and/or meningitis may be a risk factor for the development of cerebral sinovenous
thrombosis [52]. In a previous study in preterm infants, cerebral sinovenous throm-
bosis was related to meningitis in a number of cases [53].

13.2.6.2 Antibiotics

In newborns with suspected sepsis/meningitis, intravenous broad-spectrum antibi-
otics must be administered as soon as possible. After laboratory tests and blood
cultures have been taken and preferably after an LP has been performed, antibiotic
treatment should be started immediately without awaiting the results (see also diag-
nosis). At first, empiric antibiotic therapy should be aimed at the most likely patho-
gens causing meningitis. The regimen depends on the timing of infection, either
early- or late-onset, on whether or not an infection is hospital acquired, and on local
resistance patterns within the hospital and the community. Therefore, we strongly
recommend following national and local hospital guidelines.

In general, for early-onset sepsis/meningitis in the Western world, the most likely
pathogens are GBS and E. coli, and when a newborn is admitted with signs of sep-
sis, the first treatment therefore often consists of ampicillin and an aminoglycoside
(typically gentamicin). When meningitis is either suspected (based on CSF analy-
sis) or cannot be excluded, the aminoglycoside needs to be replaced by another
agent (such a third-generation cephalosporin) for CSF coverage of possible
ampicillin-resistant gram-negative microorganisms. Once the causative microor-
ganism and the antimicrobial susceptibility results are known, empiric antimicro-
bial therapy can be adjusted and targeted. This usually takes 24—48 h.

The duration of antibiotic treatment depends on the microorganism and on pos-
sible complications during illness. In general, a newborn with uncomplicated GBS
meningitis is treated for 14 days, and a newborn with E. coli or other gram-negative
meningitis needs to be treated for a minimum of 21 days. In cases with complicated
meningitis, for example, with brain abscess or empyema, the duration of treatment
needs to be longer and individualized and can take, for example, up to 6—8 weeks.
As mentioned previously, a repeat LP to confirm CSF sterilization is generally not
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recommended. However, in complicated cases and in cases with E. coli meningitis,
where relapse has been documented in 2-21% of cases despite antibiotic treatment,
arepeat LP may be considered after 48 h to document the effectiveness of antibiotic
treatment and guide treatment duration [30].

For invasive fungal infections, the first important step is prevention by limiting
the use of broad-spectrum antibiotics and indwelling vascular catheters. In some
units with higher rates of infection, it was shown that fluconazole prophylaxis can
reduce the incidence of colonization and invasive candida infections without a clear
increase in fungal resistance. However, the benefit of this regime for long-term out-
come remains a topic of debate [54-57]. Any suspected invasive fungal infection
should be treated immediately with empirical antifungal therapy until an invasive
fungal infection has been ruled out. The choice of drugs depends on the most com-
mon species, their susceptibility, and whether the infant already received flucon-
azole prophylaxis. Traditionally conventional amphotericin B is the drug of choice
for systemic candidiasis; however it can have toxic side effects. Fluconazole has
fewer side effects and good CSF penetration; however most Candida species,
including Candida glabrata and krusei, are resistant to fluconazole. Lipid formula-
tion amphotericin B was previously recommended as a treatment option but should
be used with caution as it has been associated with higher rates of treatment failure,
likely due to inadequate concentration in the kidney [16]. Newer drugs like echino-
candins should not be used for cases with (possible) meningitis because they do not
have good penetration in CSF [16]. Before making a treatment decision, it is impor-
tant to be aware of the commonly isolated Candida species and local susceptibility
patterns within the hospital and community and to follow national and local hospital
guidelines. Another key component of treatment is the removal of central lines and
other foreign material as Candida species can form a biofilm on these materials
which makes effective clearance of the infection difficult.

13.2.7 Neurologic Complications

Treatment for neurologic complications in newborn meningitis includes the treat-
ment of seizures, hydrocephalus, brain abscess, and inappropriate antidiuretic hor-
mone secretion.

Newborns with a CNS infection are at risk for developing seizures, especially in
the acute period of the infection, and these may be difficult to control. Seizures can
occur in both early- and late-onset infection but are more common as a neurologic
manifestation in late-onset. When seizures are suspected or when the newborn is
very ill, (a)EEG monitoring should be used to detect seizures early and provide
appropriate treatment (Neurophysiology; see Chap. 16).

Hydrocephalus can be an acute complication in neonatal CNS infection, but
more often it develops in the subacute phase, after 2 or 3 weeks, especially in cases
with E. coli infection. When hydrocephalus is acute and severe, newborns may pres-
ent with signs of increased intracranial pressure and require prompt treatment. Also
in those without clinical signs but with progressive ventriculomegaly seen on cUS
scans, treatment is required to prevent secondary injury to the periventricular white
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matter. The first step includes temporary measures like repeated LPs or taps from a
subcutaneous ventricular reservoir. In infants, particularly with E. coli meningitis, it
is recommended to check with cUS for ventricular compartmentalization and a
trapped fourth ventricle as LPs will not be successful in these cases. When hydro-
cephalus persists weeks to months after the reservoir placement, a ventriculoperito-
neal shunt may be required (see also Chap. 3; GMH-IVH).

A brain abscess is a severe complication and occurs especially in newborns with
gram-negative infection, in particular in cases with Citrobacter, Serratia, or Proteus
infection. There is no consensus on the optimal approach. Apart from antibiotic
therapy, neurosurgical drainage and lavage may be warranted and performed by
aspiration or open surgical drainage, when the brain abscess becomes larger than
2.5 cm in diameter. It can be considered to perform an ultrasound-guided needle
aspiration and lavage [58, 59].

13.2.8 Prognosis

The prognosis of newborn CNS infection depends on several factors including the
causative microorganism; the time between onset of infection, diagnosis, and the
initiation of appropriate antibiotic therapy; the gestational age of the infant (with a
negative effect of preterm birth and/or low birth weight); the timing of infection
(early- or late-onset); and the co-occurrence and evolution of brain injury and other
complications. In general, newborns who are systemically ill on presentation and
need respiratory support, those with a severely abnormal neurologic exam, who
develop refractory seizures and/or have a persistently abnormal background pattern
on aEEG, are at increased risk for an adverse outcome [60]. Not surprisingly, this
risk is greater in those who have abnormal MRI findings or develop complications
like hydrocephalus or a brain abscess.

In a study of 113 infants with bacterial meningitis in the first 90 days after birth
and with GBS and E. coli as the most common pathogens, clinically significant
sequelae were seen in 74%, including 8 deaths (7%). Adverse outcome in survivors
consisted of hearing loss, visual problems, motor impairments, and/or cognitive
delay and was more likely in infants who had seizures during admission, those with
a high CSF protein level (>5 g/L), and those with hydrocephalus. Outcomes were
similar between early-, late-, and extremely late-onset cases. However, motor defi-
cits (spasticity or paresis) were more common among preterm infants than term
infants [3].

In another study describing the outcomes of 50 infants with GBS meningitis, 10
infants died (20%), 39% of survivors had abnormal cognitive outcomes, and 26%
had abnormal motor outcomes. In this study, an abnormal cUS scan and extensive
white matter lesions on MRI correlated with abnormal motor outcome, while exten-
sive bilateral deep gray matter lesions on MRI correlated with both abnormal cogni-
tive outcome and motor outcome. Of note, only the most severe MRI findings
correlated with adverse outcomes [61]. Two other studies investigating smaller
groups of infants with GBS meningitis also described a high risk of adverse
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outcome in those with stroke like lesions on MRI. In the first study, 6/8 (75%) cases
with extensive MRI abnormalities had impaired outcomes, including cerebral pare-
sis, visual impairment, global delay, epilepsy, and/or hydrocephalus [34]. In the
second study, 4/8 (50%) of cases with ischemic lesions on MRI had adverse out-
come [62].

In general, infants with brain abscesses have poor outcomes, with overall mortal-
ity rates of approximately 15% and learning disabilities in 75% and epilepsy in 60%
of the survivors [3-22].

Invasive candidiasis is associated with significant mortality and a high rate of
impaired neurodevelopmental outcomes among extremely preterm infants [15, 63].
With prompt diagnosis and therapy, survival rates have increased over the past
years; however approximately half of the survivors will have later neurodevelop-
mental impairments.

13.3 Conclusion

Bacterial and fungal infections of the CNS in newborns are serious and potentially
life-threatening conditions. Early recognition is crucial as these infections can lead
to rapid deterioration, followed by irreversible brain damage and even death.
Knowledge of the most common microorganisms involved in early- and late-onset
infections and their characteristic patterns on neuroimaging is important as this can
help the clinician toward a prompt diagnosis followed by adequate treatment which
plays an important role in improving outcome.
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14.1 For Parents

Cranial (or head) ultrasound is a safe and patient-friendly imaging technique. It is
portable and can be performed at the bedside, without moving the infant. Most
infants are hardly disturbed by a cranial ultrasound examination. Cranial ultrasound
is routinely used on the neonatal unit to follow brain growth and brain development
in preterm infants, and to look for brain abnormalities in preterm and sick term-born
infants. As cranial ultrasound is safe and patient-friendly, it can be repeated when
necessary. It is a reliable technique for detecting the most frequent and important
forms of brain injury and variants of brain development in both preterm and term-
born infants and is the first brain imaging tool used in neonatal intensive care units
and other neonatal wards. It helps to detect lesions that may have impact on the
infant’s outcome in terms of development and to provide the infant with optimal care,
also after discharge. With some findings or some clinical situations, it can be helpful
to additionally do a brain MRI scan to obtain even more detailed images of the brain.

14.1.1 How Does Ultrasound Work?

Ultrasound uses soundwaves to produce an image. The ultrasound machine
sends soundwaves through the transducer (also called probe) to the brain. These
waves are reflected by the brain tissue, sent back to the transducer in the form of
an echo, and then transformed into signals that become visible on a monitor as
an image of the brain. In newborns, cranial ultrasound can be used to make
images of the infant’s brain. Ultrasound waves travel well through soft tissue but
not through the bone. However, the skull of the newborn and young infant has
unique properties: the fontanels (soft spots in the middle of the top of the head)
and some of the sutures (the connections between the bones of the skull) are still
open (Fig. 14.1) and can therefore be used as windows to look into the brain.
Using ultrasound, we can see:

— How the baby’s brain is developing—how mature it looks in relation to its age
and if it is growing well.

— Whether there is a congenital abnormality—this is a problem in development
that has been there from early on in the pregnancy.

— If there are any injuries, like bleedings or effects from infections or lack of oxy-
gen. In most cases problems in the brain are first detected using cranial ultra-
sound. In the case of abnormalities, the images help us to predict how the baby
will progress in the future, particularly in relation to motor skills but also learn-
ing, understanding, talking, seeing, and behavior, i.e., what is often called neuro-
developmental progress.

14.1.2 Procedure

The investigator will come to your baby with the scanner. He/she will put some
ultrasound gel on the ultrasound transducer and will then place the transducer on the
fontanel (see Fig. 14.2).
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Fig. 14.1 The acoustic windows of the infant’s skull, allowing a cranial ultrasound examination.
AF anterior fontanel (allowing views of the whole brain), PF posterior fontanel (allowing more
detailed views of the back parts of the brain and of the cerebellum), TW temporal window
(allowing views of the brainstem and the large vessels around the brainstem), MF mastoid
fontanel = fontanel behind the ear (allowing detailed views of the cerebellum and the structures
around the cerebellum: the “posterior fossa”). From: Meijler G. and Steggerda S.J. Neonatal
Cranial Ultrasonography, Springer 2019

Fig. 14.2 Preterm infant,
undergoing a cranial
ultrasound examination
through the anterior
fontanel

By carefully moving the transducer, almost the whole brain can be visualized in
detail. The cerebrum (large brain) is best seen through the anterior and posterior
fontanels, while the cerebellum (small brain) is better seen through the fontanels
behind the ears (the mastoid fontanels) (Figs. 14.1, 14.2, 14.3, and 14.4).

The investigator will always scan through the anterior fontanel. Depending on
whether the lower and back parts of the brain are clearly seen and/or there are spe-
cific questions, he/she will use other fontanels as well.



232 G. Meijler and S. J. Steggerda

T

ultrasound scan performed in a preterm ===
infant, scanned before discharge
(3 weeks before due date)

Fig. 14.3 Example of a brain . atop (fontane)

right

Fig. 14.4 Illustration of the cerebrum,
cerebellum, and brain stem.
(© Amanda Gautier-Ronopawiro)

Cerebrum

’7— Cerebellum

’—ﬁ Brain stem

While performing a cranial ultrasound examination, the investigator can also
look at the vessels in and around the brain. The large vessels and even smaller
branches of these vessels can be visualized, and the blood flow velocity within these
vessels can be measured and heard.

14.1.3 Results

The ultrasound scans are generally interpreted soon (within 1 or 2 days) after the
examination, and you will hear the results from your baby’s doctor or physician
assistant. As cranial ultrasound is a routine procedure in almost all neonatal units,
the results are typically discussed during planned parental meetings with the medi-
cal team.
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14.2 For Professionals

Cranial ultrasonography (cUS) was introduced into neonatology in the 1970s. Since
then, the technique, quality, and analysis of images have improved tremendously. It
now enables a detailed view of the neonatal brain, including the cerebellum, brain-
stem, and the major vessels. As it is safe and can be done at the bedside while hardly
disturbing the infant, it is the primary neuro-imaging technique for the neonate and
can be used to follow brain growth and maturation and to detect and follow lesions
in high-risk neonates.

When the proper system, transducers, and presets are used by a person experi-
enced in neonatal cUS, most forms of preterm brain injury can be reliably detected,
especially germinal matrix-intraventricular hemorrhage and its complications, lim-
ited and extensive cerebellar hemorrhage, arterial infarction, and cystic white matter
injury (see Chaps. 3, 4, 5, and 6 on these topics). cUS may be somewhat less reliable
for brain injuries in the full-term infant, especially for the early stages of hypoxic-
ischemic injury and arterial infarction (see Chaps. 8 and 9 on Brain Injury in the
(Near)Term Neonate). However, again, if performed by an experienced person,
using the proper equipment and settings, and if well-timed, it is also extremely use-
ful in the sick full-term infant, as transportation to an MRI unit for early and/or
serial imaging is often strenuous and not in the best interest of these vulnerable
patients. For optimal timing of cUS examinations and technical details, we refer to
our recent book on neonatal cranial ultrasonography [1].

14.2.1 How Ultrasound Works

Ultrasound is a non-invasive diagnostic technique. Ultrasound transducers produce
sound waves and operate at high frequencies (in the megahertz (MHz) range),
beyond the threshold of human hearing. The sound waves travel through brain tissue
and are reflected back to the transducer, in the form of echoes, when they meet
boundaries between tissues in the path of the ultrasound beam (e.g., the boundary
between fluid and tissue). When these echoes are detected by the transducer, they
are converted into electrical signals that are sent to the ultrasound scanner. The scan-
ner calculates the distance from the transducer to the tissue boundary. These dis-
tances are then used to generate images of tissue (in case of cranial ultrasonography
of the neonatal brain).

14.2.2 The Procedure

Gel is put on the transducer, which is then placed on one of the fontanels. This pre-
vents the forming of air pockets between the transducer and the skin, which can
block ultrasound waves from passing into the brain.

For a routine, standard cUS examination the anterior fontanel is used as the
acoustic window, allowing a complete overview of the supratentorial brain
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Fig. 14.5 Midcoronal (a) and midsagittal (b) plane in preterm infant, born at 31 weeks gestation
scan performed at postmenstrual age of 35 weeks. Normal findings for this age

Fig. 14.6 cUS scans using the mastoid fontanel as acoustic window. The cerebellum is shown in
more detail. Arrowhead indicates the fourth ventricle. Normal findings. (a) Midaxial view and (b)
midcoronal view in two preterm infants at 25 and 33 weeks’ gestation

structures in two directions, scanning the whole brain and saving images in six stan-
dard coronal and seven standard sagittal planes [1] (Fig. 14.5).

In smaller infants the anterior fontanel also enables visualization of the infraten-
torial structures. The infratentorial structures are, however, better visualized through
the mastoid fontanel (see Fig. 14.1), which allows a detailed view of the cerebellum,
cisterna magna, and the transverse sinuses of the venous dural system, using
three standard coronal and three standard axial planes (Fig. 14.6).

The posterior fontanel (see Fig. 14.1) is used to obtain a better view of the occipi-
tal horns of the lateral ventricles and the occipital lobes. This view is generally done
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Fig. 14.7 cUS scan using the posterior
fontanel window, parasagittal image in
preterm infant, showing a hemorrhagic
clot in the occipital horn of the lateral
ventricle (arrow)

Fig. 14.8 Color Doppler images in a preterm infant. (a) In the midsagittal plane through the ante-
rior fontanel, demonstrating flow in the internal carotid artery, basilar artery, anterior cerebral
artery, pericallosal artery, and its branches. (b) In a transverse plane obtained through the temporal
window, showing the circle of Willis

when pathology (e.g., hemorrhagic clot in the occipital horns and/or occipital paren-
chymal injury) is suspected or present (Fig. 14.7).

The temporal window (see Fig. 14.1) enables visualization of the brainstem and
the circle of Willis (Fig. 14.8). In some centers the foramen magnum is additionally
used to visualize the cerebellum and the other infratentorial structures.

To obtain proper experience and expertise in performing and interpreting cUS,
we recommend reading the several textbooks that are available and to follow (hands-
on) courses that are organized on this subject [1, 2].

Timing and frequency of cUS are important for reliable diagnosis and prognosis.
Guidelines for timing of cUS examinations vary between centers, with a tendency
toward more examinations in European versus North American centers [1, 3, 4]. In
general, it is recommended to perform cUS examinations on a regular basis in all
very preterm infants until discharge or term-equivalent age and in all other newborn
infants at risk for brain abnormalities and/or with neurological symptoms.

When performing cUS, transcranial color Doppler sonography can be performed.
With this technique the venous sinuses, main cerebral arteries, and their vascular
branches can be depicted, thereby providing useful information about cerebral
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Fig. 14.9 Color Doppler images in a preterm infant (a, b) in the midsagittal plane through the
anterior fontanel, demonstrating flow in the superior sagittal sinus (a) and deep venous system (b),
and (c) in a coronal plane obtained through the mastoid fontanel demonstrating flow in the trans-
verse sinus

Fig. 14.10 Doppler measurement of resistance index (RI) on the pericallosal artery, in the mid-
sagittal plane through the anterior fontanel. On the left a normal flow pattern and Rl in a healthy
newborn infant; on the right hyperluxury perfusion and abnormal RI value in an infant with
hypoxic-ischemic encephalopathy

vascular anatomy (see Figs. 14.8 and 14.9). This enables the detection of arterial
and venous thrombosis, several types of vascular malformations, such as vein of
Galen malformation and developmental venous anomalies, and some rare brain
tumors [5-7]. In addition, this technique can be used to study alterations in blood
flow patterns over time and in various clinical situations, such as increased intracra-
nial pressure, hypo- and hypercarbia, systemic blood pressure fluctuations, hypovo-
lemia, and severe respiratory failure. This is important while many cerebral lesions
in the newborn are of circulatory origin. The assessment of cerebral blood flow
velocity can thereby provide information about the risk of brain injury, for example,
an increased risk of intraventricular hemorrhage or ischemic injury. Doppler sonog-
raphy also plays a role in determining the severity of brain injury in cases with
hypoxic-ischemic encephalopathy, as moderate to severe asphyxia is often followed
by a reduction in cerebrovascular resistance and a period of hyperperfusion. This
so-called luxury perfusion leads to a rise in diastolic flow velocity and can be mea-
sured by the resistance index (RI) (Fig. 14.10). In cases with perinatal asphyxia and
hypothermia treatment, a persisting low RI after rewarming is an indicator of poor
outcome [8-10].
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Fig. 14.11 Comparison of power Doppler images obtained with a microconvex transducer (a)
and microvascular imaging performed with a high-frequency linear transducer (b). Same infant
and in both examples scanned from the anterior fontanel in the coronal plane. The use of the high-
frequency linear ultrasound probe and a more sensitive microvascular imaging technique shows
that although directional information is lost, visualization of smaller and superficial vessels can be
clearly improved by using this approach

Transcranial Doppler sonography can be performed through different fontanels,
depending on the vessels of interest. A routine microconvex ultrasound probe can be
used to depict the main cerebral arteries and the venous sinuses. Visualization of
smaller and superficial vessels can be improved by using a high-frequency linear
ultrasound probe (Fig. 14.11). For more information on the anatomy of the cerebral
vasculature and technical aspects of Doppler measurements, we recommend the
following papers and textbooks [1, 11-18].
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15.1 For Parents

Magnetic resonance imaging (MRI) of the brain allows us to see the baby’s brain in
great detail. Because MRI does not involve radiation (unlike a computerized tomog-
raphy or CT scan), it is the best method to use in newborn babies and young chil-
dren. But MRI involves moving the baby to the scanner, and it takes time and cannot
be done quickly, so most scanning of the baby’s brain is done using ultrasound, a
safe method than can be done at the bedside. Often babies will have one or two MRI
scans to obtain additional information besides the information that is obtained from
the bedside ultrasound scans.

15.1.1 How Does MRI Work?

Water makes up 92-95% of the brain in newborn babies, and this water is free to
move to different extents in different tissues within the brain. An MRI scanner is a
big magnet that produces a strong magnetic field. Using these magnetic fields, the
MR scanner maps the water and its movement in the different regions and tissues
and produces an accurate image of different parts of the brain. MRI is also very
good at detecting blood in tissues, as blood contains iron and the MR scanner is very
sensitive to it.
Using MRI we can see the following:

— How the baby’s brain is developing, i.e. how mature it looks in relation to the
baby’s age and if it is growing in a typical or in an atypical way.

— Whether there is a congenital malformation—this is a problem that has been
there from early on in the pregnancy.

— If there are any injuries, bleeding (hemorrhage) or effects from infections or lack
of oxygen.

The way the images look helps us to predict how your child will progress, par-
ticularly in relation to movements but also learning, understanding, talking, seeing,
and behavior, i.e. what is often called neurodevelopmental progress. In many cases
problems in the brain are first detected using cranial ultrasound. MRI can be used to
confirm these findings and to show regions of the brain or very small abnormalities
that are not so easily seen with cranial ultrasound.

Although MRI is a very low-risk procedure, you should understand why your
baby’s doctor wants to obtain the MRI scan, what information he/she is seeking and
how that information will be used to improve the care of your child. In some cases
you may prefer that your baby does not have an MRI.
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Fig. 15.1 A baby asleep, with ear protection in place, then swaddled and ready to go into the scan-
ner (parental permission given for use)

15.1.2 Procedure

MRI scanners are made so adults can fit in them and thus they are quite large. For
babies there are special small mattresses that fit snuggly around them, and your
baby will lie on this inside a special tube or coil which fits inside the bigger magnet.
Because MRI scanners are noisy, your baby will have protection for their hearing,
either headphones or patches over the ears as shown in Fig. 15.1. Babies need to lie
fairly still for the 30-60 minutes that the scan takes.

In some centers the “feed and wrap” method is used. This means that the
baby is fed (with breast milk or formula) and then swaddled in a blanket. After
falling asleep naturally, the baby is placed in the special mattress that fits snug-
gly to limit too much movement. In some centers babies are scanned in special
incubators that can go into the scanner. This has the advantage that the baby
can fall asleep in the baby unit and does not need to be moved again when
being put into the scanner. Whichever method is used, it is sometimes neces-
sary to use a mild sedative (administered orally or as a suppository into the
rectum) particularly if it is vital for diagnosis that very precise images with no
sign of movement are obtained.

During a scan, your baby will be continuously monitored to check the heart rate,
breathing, and oxygen levels, and someone trained in looking after babies will be
there. If your baby wakes and moves, it becomes very difficult to get good images,
and your baby will be taken out of the scanner and settled, and they will try to scan
again. If this is not effective, then the scan will be done another time.
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It is very important that your baby does not have any metal objects attached to
them or metal buttons in their clothing, as metal is attracted to the magnet and can
cause damage to the magnet or even harm the baby. Therefore, both the nurse and
the MR technician will carefully check for any metal objects. Special MRI-
compatible monitors, ventilators, and IV pumps are used, in order to be able to
continue the monitoring and all the care your baby needs.

15.1.3 Results

Interpreting an MRI scan can require some time, and the technician running the
scanner is not the radiologist who does the reporting. In some cases the radiologist
may send the images to another specialist for a second opinion before the report is
written and then sent to your baby’s doctor.

It is important that you have time to discuss the results with your doctor and that
you understand everything they say. If you wish to see the images, you can ask your
doctor who may be able to arrange this. For some parents this is very helpful, but
many parents chose not to do this.
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15.2 For Professionals
15.2.1 How MRI Works

MRI uses the electromagnetic properties of the protons contained in the hydro-
gen nuclei. Hydrogen nuclei can absorb and re-emit radiofrequency (RF) energy
when they are inside a magnetic field. As the newborn infant brain contains
92-95% water (by comparison, the adult brain contains 75%), and water con-
tains two hydrogen atoms (and one oxygen atom), hydrogen is by far the most
abundant chemical element in the newborn brain (also in the rest of the
human body).

Inside the hydrogen nuclei, the proton is comparable to a tiny bar magnet
(Fig. 15.2). MR scanners employ powerful magnets which produce a strong mag-
netic field such that the protons in the body align with that field—this is called
longitudinal magnetization. The strength of the magnetic field is measured in tesla
(T). Most clinical scanners are 1.5 or 3.0 T. The magnetic field produced by a
1.5 T scanner is 30,000 times stronger than the earth’s magnetic field, and that of
a 3.0 T scanner is twice as strong again [1]. In order to generate images, a radio-
frequency (RF) current is then pulsed across the patient at an angle to the main
alignment of the magnetic field, stimulating the protons to spin out of equilibrium,
straining against the pull of the main magnetic field, and sending back their own
RF energy, which is detected by the receiver—this is called transverse magnetiza-
tion (see Fig. 15.2). When the RF field is turned off, the protons will realign again
with the main magnet field. This process is then repeated many times, and the
average time needed for realignment is known as the relaxation time. The relax-
ation time as well as the amount of energy released is different depending on the
molecular structure of each tissue type. MR software uses mathematical formulas
to convert this information to images [2].

The two ways of measuring the time it takes for the protons to realign with
the magnetic field (relaxation times) are called T1 and T2 relaxation times.
The information they provide is reflected in how much brightness or darkness
we see in each area of the brain on MRI on T1- and T2-weighted images
(Table 15.1).

T1 relaxation time. This depends on the rate at which protons realign with the
magnetic field after the RF pulse has been turned off and is the time needed
to reach 63% of the maximum longitudinal magnetization. T1 values depend
on the strength of the magnetic field (i.e. units of Tesla) and on the type
of tissue.

T2 relaxation time. The rate at which the transverse magnetization decreases 63%
from its maximum value following the application of an RF pulse. T2 values also
depend on the type of tissue, but less on the magnetic field strength.
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Fig. 15.2 This figure shows how the water molecules in the brain, which are always moving to
different extents in different tissues, become aligned in a parallel fashion once the baby lies in the
MR scanner. They are deflected from that alignment when the RF pulse is turned on and return to
their original position once the RF pulse is turned off. The time it takes for this to happen as well
as the amount of energy released is measured and varies depending on the molecular structure of
each tissue type. (© Amanda Gautier-Ronopawiro)

15.2.2 MRI Sequences

MR images of the same tissue obtained using different sequences have different
appearances giving complementary information. Each sequence has been designed
for the optimal visualization of a specific region of the brain or type of lesion. The
combination of several sequences optimizes the diagnostic and prognostic capacity of
MRI. Almost all MRI examinations include three or more sequences. MRI units
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Table 15.1 Appearance (brightness or darkness) of each area of the brain and type of lesion on
T1- and T2-weighted images

White Gray Black
T1 Fat Gray matter (GM) Fluid: CSF and watery
Myelinated tissue Unmyelinated white matter  fluid-filled cysts
Sub-acute parenchymal (WM) (darker than GM) Air
hemorrhage Pus or debris in cysts or Bone
Acute and subacute ventricles
extra-cerebral hemorrhage, Germinal matrix
Acute hypoxic-ischemic
injury
T2 Fluid: CSF and fluid-filled  Fat Air
cysts Gray matter Myelinated WM (dark gray)

Blood vessels

Acute hypoxic-ischemic
injury

Acute and subacute (<10d)
parenchymal hemorrhage

Subacute parenchymal
hemorrhage (10d—6w)

Unmyelinated WM (less dark
than GM)

Pus in cysts

Germinal matrix

usually have pre-defined protocols (combination of sequences), for different ages and
suspected conditions, although extra sequences can be added for an individual patient.
When requesting an MRI, it is important to give the precise gestational age of the baby
even for “term” infants as the brain matures considerably between 37 and 42 weeks
and also their corrected age if they were born pre-term and also to mention whether a
particular sequence might be helpful in the clinical circumstances. It is also important
to provide all relevant clinical and sonographic information when requesting an MRI.

The immature brain has a higher water content and much less myelin than the
brain at term age which in turn has much more water and less myelin than in young
children of 2 years. A consequence of this is that relaxation times are much longer
in newborns than later, and hence the time it takes to acquire images is also longer.
It is very important that dedicated neonatal sequences and not standard protocols for
adults or older children are used when imaging preterm and term infants; otherwise
the image quality will be very poor [3]. It is also important that when calculating an
infant’s age (so that correct sequences are used), correction is made for prematurity.
Another consequence of immaturity is that signal intensities are different in new-
borns compared to older children, e.g. gray matter on T2 is dark and becomes paler
gray with age. Unmyelinated white matter is of high signal, i.e. whiter on T2, but
when it myelinates it is dark. Hence neonatal images look very different to those of
older children. Around 6 months post-term age as myelination is becoming more
widespread, the signals in white and gray matter change, and there is a timepoint
where the contrast between the two tissues is less than earlier and later.

The commonest sequences are called conventional MRI sequences: T1- and
T2-weighted (W) images. T1-W and T2-W images are obtained using different
times of repetition (TR) and times of echo (TE). TR is the time between the applica-
tion of a RF excitation pulse and the start of the next RF pulse to the same area of
tissue. The echo time is the time between the application of the RF pulse and the
peak of the echo detected. TE and TR are parameters chosen aiming to maximize
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contrast between tissues. TR affects contrast on T1-W images; TE affects contrast
on T2-W images.

T1-weighted images are obtained using short TR and short TE. On
T1-weighted images, tissue containing fat is highlighted and white; clear
fluid is dark.

T2-weighted images are obtained using long TR and long TE. On T2-weighted
images, clear fluid is highlighted and white (Table 15.1).

Other sequences commonly used in neonatal brain imaging are as follows (see

Table 15.2):

15.2.2.1 Diffusion-Weighted Imaging (DWI)
Acute areas of ischemia are seen as bright or high signal reflecting restricted diffu-
sion of water in the tissue.

Normal white matter tracts show greater restricted diffusion in a direction near or
at right angles to the tract and then down the length of the tracts where water is freer
to move. Hence normal DW images vary depending on whether the direction in
which the image is obtained is parallel to or at right angles to the orientation of the
tract. This directional information is lost in injured or swollen tissue.

Apparent Diffusion Coefficient (ADC) maps combine the diffusion information
obtained in different orientations, and areas of acutely injured or swollen tissue are
seen as low signal or dark. From these images an ADC value can be measured; the
lower the value, the more injured the tissue. ADC values differ between tissue types,
with postmenstrual age and with the age of injury and between scanners (to some
extent), so care needs to be taken in their interpretation.

DWI and ADC images are usually evaluated at the same time.

DWI and associated advanced MRI techniques are also used in research to mea-
sure the progression of connectivity and maturation in the white matter.

15.2.2.2 Other sequences

Susceptibility-weighted imaging (SWI) quantifies paramagnetic non-heme iron and
is now a fairly standard sequence used to detect (small) hemorrhage (this can also
be well seen on T2* gradient echo images, but SWI is more sensitive). SWI detects
the accumulation of iron in otherwise normal-appearing white matter in infants after
IVH and can show even very small punctate white matter lesions and cerebellar
hemorrhages [4]. Although SWI images can depict the venous system and also
detect calcifications, an MR venogram should also be done to better assess the
venous system; and of note cUS is more sensitive for detecting calcifications. When
assessing SWI images, the so-called blooming-artifact should be taken into account;
this means that the size of a hemorrhage is exaggerated, appearing larger than it
really is.

MR Angiography (MRA). These sequences assess blood flow in arteries and are
mostly used when an arteriovenous malformation or an arterial obstruction (e.g.
in stroke) is suspected. The moving blood in the vessel gives a different signal to
the surrounding tissue.
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Fig. 15.3 Normal proton NAA
spectrum (TE 135) from

the central gray matter in a Cho

newborn term infant. If

lactate were present, it

would be seen as a doublet Cr

peak at 1.3 ppm. NAA

N-acetyl aspartate, Cho

choline, Cr creatine, ppm

parts per million ‘ ‘ ‘

MR Venography (MRV). These sequences assess blood flow in the veins and are
mainly used in neonates to visualize the absence of venous flow suggestive of
venous thrombosis.

FLAIR (Fluid Attenuated Inversion Recovery) Images. This sequence is not much
used in the neonatal period but can be useful to visualize scar tissue in the white
matter a few weeks or months after acute lesions have occurred. It is much more
commonly used in older children and adults.

MR Proton Spectroscopy (Fig. 15.3). MR information can also be depicted in a
spectral form, giving data on some metabolites in the brain that are present and
resonate near to the signal from water, though in much lower quantities. Such
metabolites are N-acetyl aspartate (NNA), considered a neuronal marker which
is involved in myelination; creatine, which is necessary for the regulation of
energy supply and correlates with neuronal cell mass; total choline (marker of
membrane turnover); myo-inositol (an osmolyte controlling fluid movement in
the cell and hence ionic balance and a glial marker); and glutamate-glutamine
(marker of neurogenesis and maturation) [5]. Lactate is a marker of hypoxia or
energy failure [4]. MR proton spectroscopy provides useful information in
hypoxic, metabolic, and neurodegenerative conditions.

MR phosphorous spectroscopy can also be done, giving more information about
energy metabolites, but this is rarely clinically available.

15.2.3 Assessment of Brain Structures on Neonatal MRI

In this section we show illustrated diagrams of the three imaging planes used when
presenting MRI brain scans (Fig. 15.4), detail anatomy in a mid-sagittal view
(Fig. 15.5), the anatomy of the central gray matter, and corticospinal tracts as seen
in different planes (Figs. 15.6, 15.7, and 15.8), the appearance of other brain struc-
tures on MRI (Figs. 15.9, 15.10, and 15.11), and differences in MRI signals in rela-
tion to infant prematurity (Fig. 15.12).
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Sagittal plane —| —— Coronal plane

Transverse plane

Fig. 15.4 (a—d) The MR scanner usually generates three orientations of the human brain
— Coronal planes are in the direction shown by the green slice. The brain is seen from front to back
— Transverse (also called axial or horizontal) planes are in the direction shown by the orange
slice. The brain is seen from the top down
— Sagittal and parasagittal planes are in the direction shown by the blue slice. The brain can be
viewed in the midline and parallel to this from side to side
MR images in the axial and coronal planes are conventionally orientated with the left side on the
right of the image and vice versa. (© Amanda Gautier-Ronopawiro)
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Corpus callosum Tentorium

Third ventricle Fourth ventricle

Mamillary body Cerebellar vermis

Optic nerve Medulla oblongata

Pituitary gland Cerebellar tonsil

Pons Spinal cord

Fig. 15.5 The mid-sagittal plane is the one sagittal plane that is exactly in the middle of the brain
dividing the brain into left and right. This plane is very useful for the assessment of anatomy. (©
Amanda Gautier-Ronopawiro)

Fig. 15.6 (a, b) Basal ganglia and thalami (also called central gray matter): these structures are
actively myelinating at term age and have a high-concentration of glutamate receptors and a high meta-
bolic rate; they are therefore very vulnerable to acute hypoxia-ischemia around term age. The basal
ganglia (made up of the caudate nucleus, putamen, and globus pallidus) and the thalami play an impor-
tant role in motor control and coordination, learning, executive function, and behavior. ALIC anterior
limb of internal capsule, PLIC posterior limb of internal capsule. (© Amanda Gautier-Ronopawiro)
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Fig. 15.7 (a) The
corticospinal tract (CST) is
the major pathway involved
in voluntary movements: (a)

gross motor movements (e.g.

sitting, walking, running,
jumping, riding, swimming)
and (b) fine motor
movements (e.g. writing,
typing, drawing, cutting,
threading, buttoning). (b) All
of the corticospinal tract
(CST) can be visualized on
MRI. Two locations are
especially important in
neonatal neuroimaging and
for prognostication: the
posterior limb of the internal
capsule (PLIC) at the level
of the basal ganglia and the
cerebral peduncles at the
level of the midbrain. (©
Amanda Gautier-
Ronopawiro)
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Corona radiata
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Anterior limb of internal capsule (PLIC)

internal capsule (ALIC)

Pyramidal tract

Axial pIaheT1—W Coronal plane T1-W Parasagittal plane T1-W

Internal capsule

Fig. 15.8 Figure showing all tracts in the white matter converging in the anterior limb (ALIC) and
posterior limb (PLIC) of the internal capsule. The PLIC can be seen in different planes, as shown
here. Myelination of the PLIC starts around 32-35 weeks gestational age and can be seen on MRI
from 36-38 weeks gestational age. Myelination of the ALIC starts later and is only seen from
about 6 weeks post term age. (© Amanda Gautier-Ronopawiro)
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b Axial plane, T1-W
/:— =

Pre-central gyrus (primary motor
cortex)

Central sulcus (Rolandic)
Post-central gyrus (primary
somatosensory cortex)
Coronal plane, T1-W

;'/

Insula

Pre-central gyrus (primary motor cortex)

Post-central gyrus (primary somatosensory cortex)
Central sulcus (Rolandic)

Insula

Fig. 15.9 (a) The neonatal cortex is of high SI (brighter than the white matter) on T1-W imaging
(a, left image) and low SI (darker than the white matter) on T2-W imaging (a, right image). (b)
Three cortical areas are especially important in the neonatal period, the perirolandic cortex, the
insula, and the hippocampus, as all are highly susceptible to perinatal hypoxia-ischemia. The peri-
rolandic cortex is the main origin of the corticospinal tract. Injury to this tract has a significant
impact on motor outcomes.
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Fig. 15.9 (continued) (c) Hippocampus and mammillary bodies. The hippocampus, located in
the medial temporal lobe (shown in the yellow circle) is very vulnerable to hypoxic-ischemic
stress, malnutrition, and steroids. The mammillary bodies, located centrally (in the red circle), at a
similar level, are very vulnerable to hypoxia-ischemia. They both play a major role in learning and
memory. To image the small mammillary bodies, thin 2mm T2-W axial slices are required and
these should be added to the routine protocol for imaging an infant with HIE [6]
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Fig. 15.10 In the neonatal period and until 6 months, unmyelinated white matter (WM) is seen as
low SI (darker than cortex and the basal ganglia and thalami (BGT)) on T1-W (a) and high SI
(brighter than cortex and the BGT) on T2-W (b). T1-W imaging is better for identification of
myelinated tracts in WM, whereas T2-W imaging allows for better delineation between WM and
gray matter and for the assessment of WM maturity. Advanced MRI techniques (volumetric MRI,
diffusion-weighted imaging, diffusion tensor imaging, functional MRI) are being used in research
studies to examine WM microstructure, maturation, and connectivity in preterm infants and infants
with perinatal brain injury. These studies have shown a good correlation between these imaging
markers and later cognitive and behavioral outcomes at a population level. However these popula-
tion level values are not used at present to predict cognitive outcomes in individual patients in a
clinical setting

Fig. 15.11 Cerebellar hemorrhage and impaired cerebellar growth are not uncommon in preterm
infants, and both conditions can be detected easily using MRI. Linear measures of the cerebellar
vermis height (a) and the transverse cerebellar diameter (TCD, b) can be used to assess overall size
and growth of the cerebellum. Mean vermis height at 40 weeks gestation is 23 mm; mean width
(TCD) at 40 weeks gestation is 53 mm in term born infants
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a Myelinon T1-W at TEA Myelin on T2-W at TEA
Corticospinal tracts of Central corona corticospinal tracts of the Central corona
the precentral and radiata (36w) precentral and radiata (40w)

postcentral gyri (36w) postcentral gyri (42w)

PLIC (36w) and Subthalamic PLIC (40w) and Subthalamic
VLNT (28w) nuclei (28w) VLNT (25w) nuclei (28w)

Posterior brainstem Cerebellar vermis (25w) and Posterior brainstem Cerebellar vermis (25w)
(25-28w) dentate nuclei (28w) (25-28w) and dentate nuclei (25w)

Fig. 15.12 Myelination at term age: myelin is seen as high SI (white or brighter than cortex) on
T1-W images mainly because of accumulation of fat and as low SI (black or darker than cortex) on
T2-W images mainly because of loss of water. Myelin in white matter (WM) tracts is better visual-
ized on T1-W imaging, whereas myelin in gray matter is better visualized on T2-W imaging.
Myelination progresses from bottom to top, from posterior to anterior, and from deep structures to
superficial ones. Myelination is seen histologically before being seen on MRI. Myelin can be seen
on MRI from the 20th postmenstrual week in the posterior brainstem (lower) tracts
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15.2.4 Clinical Indications of MRI (Table 15.3)

Table 15.3 Clinical Indications of Neonatal MRI

Neonatal HIE

Neonatal arterial
ischemic
infarction

Cerebral sinus
venous
thrombosis
(CSVT)

Premature
infants

Role in diagnosis
Identify patterns of
injury consistent with
acute HI and support
clinical diagnosis
Identify conditions
additional to HIE
Identify metabolic
conditions that may
masquerade as or
co-exist with HIE
Identify prenatal or
established injury and
aid timing of acute
injury

Confirms diagnosis
Defines infarcted area
Aids timing the onset of
stroke

MRA can show arterial
changes (occlusion,
stenosis, absent branches,
focal flow defect,
increased distal flow)
MRV can show
decreased venous flow,
sometimes intraluminal
clots (confirm absent
flow with Doppler
ultrasound)

MRI identifies
associated parenchymal
abnormalities
Confirms or excludes
lesions seen on cUS
Shows punctate lesions
in white matter and/or
cerebellum

Shows maturation and
myelination of the
white matter

Shows sequelae of
preterm birth on brain
development in infants
with and without major
lesions

Role in prognosis
Excellent in
prediction of motor
impairment and its
severity

Rather good for

predicting visual and

cognitive
impairment

Excellent in the
prediction of
hemiplegia

Good for predicting
minor motor
dysfunction, visual,
cognitive, and
language impairment,
and later epilepsy
Depends on the
associated
parenchymal lesions

Excellent for
prediction of motor,
cognitive, and visual
outcomes in infants
with major WM
lesions

Not yet for
individual cognitive
prognosis in the
absence of major
WM lesions
Assessment of BGT
lesions in HIE and
stroke has similar
predictive value to
that in term infants

Optimal timing
DWI-ADC: 1-6 days from
acute injury

T1 and T2 from day 2 but
injury not fully seen still
later in 1-2 weeks

Best to perform soon after
re-warming when DW
changes should still be well
seen.

DWI-ADC: 1 (from birth
or onset of

symptoms)—6 days

T1 and T2 from days 1-2
Best to perform 1-6 days
after the event

Early (first week) to decide
if anticoagulant treatment
(LMWH) is needed

After first week to delineate
parenchymal lesions

Any time in the neonatal
period when:

— Suspicion that WM
injury cannot be fully
delineated by cUS alone

— Suspected underlying
or concomitant
condition

— Redirection of care
considered

At term-equivalent age
(TEA) to assess growth and
myelination and evolution
of previous lesions

If 1 MRI is done, TEA is
the preferred moment

(continued)
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Table 15.3 (continued)

Neonatal
seizures of
unknown origin
(excluding HIE
and stroke)

Meningitis

Congenital
infections

Congenital
malformations

Metabolic
disorders

Congenital heart
disease (CHD)

Role in diagnosis
Along with cUS, can
help to identify
underlying cause

Identifies pattern and
severity of injury—Can
suggest likely pathogen
Identifies associated
complications

Identifies pattern and
severity of injury and
associated
developmental
abnormality typical of
specific pathogens

Identifies type and
severity of
malformation

Can show abnormalities
suggestive or
pathognomonic of some
specific inborn errors of
metabolism (note calcium

and small cysts not as well

seen on MRI as on cUS)
Can identify associated
abnormal brain
development and fetal

and postnatally acquired

brain injury, especially
if performed pre- and
post-surgery

Role in prognosis
Depends on the
underlying cause

Useful for predicting
outcomes depending
on the site of lesions
but not as definitive
and with less
available data than
for HIE and stroke

Good in the
prediction of
outcomes after
congenital CMV
Not so well
described in other
congenital infections
Depends on the
specific
malformation

Depends on the
specific disorder

Prognosis depends
on the combination
of brain
development + type
and extent of brain
lesion + systemic
factors associated
with heart disease

Optimal timing

As soon as possible, to
identify potential treatable
conditions

Include MRA and MRV to
rule out AV malformations
and CSVT

Early: To decide if surgery
for hydrocephalus or cyst
drainage is required; to
help to decide duration of
antibiotic therapy

After the acute phase: To
help to predict motor and
cognitive outcomes

At any moment in the
neonatal period

Fetal MRI if prenatal
diagnosis

At any moment in the
neonatal period

Fetal MRI if prenatal US
suggestive

As soon as the condition is
suspected, to identify
potentially treatable
disorders

Whenever there are
abnormal neurological
signs, dysmorphic features,
known genetic anomalies
associated with brain
abnormalities, or signs of
parenchymal injury on cUS
Pre- and post-operative
MRI should be considered
in infants with critical CHD*

ADC apparent diffusion coefficient, AV arterio-venous, CHD congenital heart disease, CMV cyto-
megalovirus, CSVT cerebral sinus venous thrombosis, cUS cranial ultrasound, DWI diffusion-weighted
imaging, HI hypoxia-ischemia, HIE hypoxic-ischemic encephalopathy, LMWH low-molecular-weight
heparin, /VH intraventricular hemorrhage, MRA/V magnetic resonance arteriogram/venogram, MRI
magnetic resonance imaging, MRS magnetic resonance spectroscopy, SWI susceptibility-weighted
imaging, TEA term-equivalent age, WM white matter, WMI white matter injury

“British Association of Perinatal Medicine. Fetal and Neonatal Brain Magnetic Resonance
Imaging: Clinical Indications, Acquisitions and Reporting—A Framework for Practice, 2023.
Available at: https://hubble-live-assets.s3.amazonaws.com/bapm/file_asset/file/53/BAPM_MRI _
standards_for_fetal_neonatal_brain_imaging FINAL_SUBMISSION_080216.pdf
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16.1 For Parents
16.1.1 Whatls EEG

An EEG is a test that measures the brain electric activity. It monitors the brain’s
electrical waves similar to how an EKG monitors the heart’s electrical rhythm.

16.1.2 What Are the Types of EEG Devices?

aEEG (amplitude integrated EEG) or the brain monitor is a bedside tool that is usu-
ally applied by NICU nurses and physicians to give an overview of brain electric
activity over time. It needs a limited number of electrodes (2—4).

cEEG (conventional EEG) needs more training to place many electrodes on your
baby’s head using a special glue. The cEEG machine usually also has a video cam-
era, so your baby’s brain waves and movements can be recorded simultaneously. If
there are abnormal brain waves, the doctors can see whether, if any, abnormal move-
ments happened at the same time.

16.1.3 Why Is My Baby on the EEG Device?
The main reasons why an infant needs an EEG monitor are as follows:

1. To check the presence of neonatal seizures. Seizures are abnormal brain activities
that are sometimes associated with shaking or stiffening of limbs, staring, and
unresponsiveness. But most neonatal seizures are silent, which means that they
don’t cause symptoms or only cause very subtle symptoms that can also be
ascribed to other problems. Therefore, most seizures can only be detected by
EEG. In addition, since babies do a lot of shaking movements that are not sei-
zures, having an EEG to confirm if these movements are seizures is very important.

2. To look at the general activity of the brain and to assess the presence of encepha-
lopathy: a general term for abnormal brain function. Such assessment can help
decide which baby needs therapy, e.g., body cooling, and if treated, EEG can
help monitor the recovery of brain activity.

3. To evaluate the overall health of the brain, especially in high-risk conditions,
e.g., complicated birth, infection of the central nervous system, intracranial
bleeding, or other serious conditions.

16.1.4 How s it Applied?

This is done by attaching small electrodes to the baby’s scalp. The electrodes can take
different forms, which include disks attached by paste or glue, hydrogel stickers, or
thin needles which are inserted into the skin. These electrodes are connected to a box
that can record the baby’s brain activity. Sometimes a cap is used, with the electrodes
built into it. This is especially helpful when using many electrodes (Fig. 16.1).
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Fig. 16.1 Demonstration a
of EEG application: (a)

aEEG 5 hydrogel

electrodes and (b) cEEG

cap. (© Amanda
Gautier-Ronopawiro)

%— aEEG Hydrogel

Electrode

© Amanda Gautier-Ronopawiro

16.1.5 What Is Normal

The expectation of EEG in term infants is to be “continuous” which means there are
no pauses in electric activity. In addition, the EEG should be of good voltage and
symmetric on both brain halves. Also, EEG should be able to detect changes during
sleep. A normal sleep-wake cycle on the EEG suggests a healthy brain.

When EEG is done in preterm babies, it should be compared to EEG of infants
born at the same gestational age. It is normal for EEG of preterm babies to be “dis-
continuous,” which means there are short periods of low voltage. These periods
become shorter as infants advance in gestational age.
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16.1.6 How Will the Reading Affect Management?

1. Accurate and fast detection of neonatal seizures allows for the early start of
proper anti-seizure medications.

2. Assessment of brain activity allows for providing proper treatment, e.g., body
cooling in infants who had low blood/oxygen reaching the brain around
delivery.

3. Evaluation of EEG and the speed of recovery allow the doctors to understand
the condition of the brain health and to be able to predict the outcome of
the baby.

16.1.7 Does EEG Cause Complications?

Apart from discomfort while applying the EEG electrodes, EEG monitoring itself is
not painful and should not cause any discomfort. If needles are used, these needles
are very thin, might cause minimal pain on insertion only, and typically have no
complications. If glue is used, sometimes it has an intense smell that rapidly
goes away.

The neonate’s skin is very fragile and can be affected by the attachment of the
electrodes. Complications can be avoided by close monitoring of the skin and avoid-
ing excessive pressure on the electrodes.
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16.2 For Professionals
16.2.1 General EEG Principles

EEG allows for detecting cortical cerebral electric activity using electrodes applied
to the scalp. Although the conventional EEG (cEEG) implies applying 21 electrodes
according to the International 10-20 System, in neonates 9 electrodes can be used,
and this is sufficient to characterize the neonatal EEG [1]. In the NICU, EEG is
often displayed at the bedside as a simplified, time-compressed trend called
amplitude-integrated EEG (aEEG). Stand-alone aEEG systems use fewer electrodes
(typically three to five) to facilitate easy application and use. With aEEG, visual
inspection of the raw or source EEG recording is essential for confirming aEEG
findings. For clarity in this paper, we will use “aEEG” when referring to aEEG
trends and their source EEG signals and “cEEG” when referring to multichannel
conventional EEG recordings.

cEEG tracings show different morphologies in waveform, amplitude (pV), and
frequency (Hz). EEG waveforms are classified by frequency into four types: delta
(<4 Hz), theta (4-7 Hz), alpha (8-13 Hz), and Beta (>13 Hz).

Analysis of cEEG tracings includes evaluation of three main components: the
background, sleep-wake cycling, and the presence of specific patterns. The cEEG
background is distinguished based on the continuity of electrical activity into con-
tinuous or discontinuous patterns. Cycling between sleep and wakefulness and dif-
ferentiation between the two sleep states (quiet sleep and active sleep) are
maturational characteristics that can be evaluated in the neonatal cEEG. Finally,
specific patterns and characteristics have been shown to play a role in detecting
brain functional and metabolic state, degree of maturation, response to ischemia,
seizures, and neurologic outcome in neonates [2—4].

Abnormal cEEG features can present either in the form of electrical excitability
as seen in seizures or in the form of electrical depression and flat tracings. Thus, the
cEEG tracing provides a wide range of information about the neurological integrity
of the brain. The American Clinical Neurophysiology Society (ACNS) has pub-
lished guidelines for the use and standardization of terminology of neonatal
cEEG [5, 6].

aEEG is complimentary to cEEG and has the advantage of being easier to
apply and to interpret by non-neurophysiologists. aEEG gives an overview of
trends in cerebral activity (including recovery from injury) and easy identification
of sleep-wake cycling and can screen for seizures [7—10]. aEEG emphasizes the
amplitude of the EEG signal as its central feature. In this technique, the “raw”
EEG signal is significantly processed and filtered and then presented in a highly
compressed time scale, typically at a rate of 6 cm/h. Thus, a full minute of EEG is
represented by only a single millimeter of aEEG display. It allows for longer trend
recording as fewer electrodes are more easily maintained, and the compressed
time scale enables ease of interpretation. However, aEEG has limitations, includ-
ing lower sensitivity for detecting seizures and increased susceptibility to artifacts
as compared to cEEG.
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Fig. 16.2 Common
classification used to
describe aEEG tracing,
especially in term infants:
continuous (C) with SWC,
discontinuous (DC), burst
suppression (BS), low
voltage (LV), and inactive,
flat trace (FT)

aEEG Background Patterns
e  Continuous (C):
e |ower amplitude >5 puV
e maximum amplitude > 10 pV

1h

e Discontinuous (DC):
e lower amplitude <5 pV
e maximum amplitude > 10 pV

e  Burst-suppression (BS):
e minimum amplitude without variability
at <2 WV and bursts with amplitude
>25 uv

e Low voltage (LV):
e |ower amplitude <5 puV
e maximum amplitude <10 puV

e Inactive, flat (FT):
e primarily inactive (isoelectric tracing)
background <5 pV

R E

The most commonly used system for aEEG interpretation and classification uses
visual pattern recognition to classify aEEG into five distinct patterns. These patterns
are continuous (C), discontinuous (DC), burst suppression (BS), low voltage (LV),
and inactive or flat (FT) [11] (Fig. 16.2).



16 Neurophysiological Monitoring 267

Table 16.1 Examples of high-risk clinical scenarios eligible for cEEG monitoring

* Clinical syndrome of acute neonatal encephalopathy

* Cardiac or pulmonary risks for acute brain injury and clinical encephalopathy
* Congenital heart defects requiring early surgery using cardiopulmonary bypass
* CNS infection

* CNS trauma

* Inborn errors of metabolism (suspected or confirmed)

* Perinatal stroke (suspected or confirmed)

* Sinovenous thrombosis (suspected or confirmed)

* Premature infants with additional risk factors

* Genetic/syndromic disease involving CNS

Adopted from [5]

16.2.2 Indications of Use of Continuous EEG in the NICU

The American Clinical Neurophysiology Society has published guidelines for the
use of continuous EEG in infants [5] (Table 16.1).

16.2.3 Value of Continuous EEG in the NICU

While initial EEG work relied on brief (30—-60 min) EEG recordings, longer recording
(hours to days) is essential for more accurate identification of seizures and can provide
real-time information regarding changes in brain function [12, 13]. The use of con-
tinuous EEG monitoring in the NICU has been associated with better identification of
seizures, timely initiation of anti-seizure medications (ASM), reduction in progres-
sion to status epilepticus, decrease of seizure burden, reduction in use of ASM, short-
ening of length of NICU stay, and reduction of discharge on ASM [14-18].

16.2.4 EEG in Neonatal Seizures

Basic science data show that electrographic-only seizures contribute to neonatal
brain injury [19, 20]. Early recognition of electroclinical phenotypes, such as the
channelopathies, allows for targeted treatment and guides diagnostic approaches
[21, 22]. Optimal seizure detection may increase ASM efficacy, since seizures stop
more easily when treated earlier [23, 24]. Moreover, studies suggest that seizure
burden is independently associated with worse neurodevelopmental outcomes and
that minimizing seizure burden may improve these outcomes [18, 25-27].

16.2.4.1 cEEG Is the Gold Standard for Diagnosing Seizures

in Neonates
Clinical diagnosis of seizures in critically ill infants is insufficient because the
majority of seizures are electrographic only [28-32]. In addition, ASM can cause
electroclinical uncoupling, in which clinical signs of seizures are suppressed even
as electrographic seizures continue [33, 34].
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Prolonged cEEG monitoring, rather than a brief 60-min recording, is needed to
capture seizures because an abnormal or normal background or interictal activity
cannot confirm or exclude a diagnosis of seizures. Once seizures are detected, cEEG
monitoring should be continued for at least 24 h after the last seizure [5].

16.2.4.2 aEEG for the Detection of Neonatal Seizures
While aEEG can detect seizures, it is less sensitive and specific than cEEG. Fewer
than half of all seizures are detected when only the aEEG trend is inspected [35-37].
However, when the accompanying limited channel source EEG is inspected along
with the aEEG trend by highly experienced users, 76% of seizures [38] and up to
80-90% of patients with seizures [35, 37] may be identified. Having access to a sei-
zure detection algorithm further improves the ability to detect neonatal seizures [38].
aEEG has limited ability to adequately characterize neonatal seizures due to
numerous factors. First, aEEG is a very compressed trend: in standard displays,
each millimeter of aEEG represents up to a minute of recording. Very brief seizures
are thus not easily seen. In addition, by definition aEEG is dependent on changes in
amplitude, so it is more likely to miss low-voltage seizures. In contrast to aEEG,
cEEG is capable of detecting brief (<30 s) and low-amplitude seizures [36, 38—40].
Also, aEEG typically has very few EEG electrodes, which may limit ability to
record focal seizures in all brain regions [41]. Sensitivity is also impacted by place-
ment of the aEEG electrode. Since the majority of neonatal seizures originate from
central and temporal regions, they might not be detected by frontally placed leads
[35, 37]. The generally recommended aEEG leads placement should be biparietal
(P3-P4) if one channel is used and preferably parieto-central if two channels are
used (C3-P3 and C4-P4). An alternative for the two channels is to use fronto-parietal
channels (F3-P3 and F4-P4). Finally, it’s worth noting that the accuracy of interpret-
ing aEEG readings relies heavily on the clinician’s level of experience. Using statis-
tical modeling, improved utility of aEEG for neonatal seizure screening was
demonstrated when used in highest risk population and interpreted by an expert [42].
aEEQG is a better alternative to relying solely on clinical assessment when cEEG is
unavailable for diagnosing neonatal seizures [27]. It can also serve as a screening
tool while waiting for cEEG to become available. Moreover, displaying the aEEG
trend alongside cEEG recording at the bedside can aid NICU care providers in
promptly detecting seizures.

16.2.5 EEG in Neonatal Encephalopathy

16.2.5.1 aEEG in Neonatal Encephalopathy

aEEG is used as a bedside tool in infants with neonatal encephalopathy (NE) to
identify and classify the severity of encephalopathy and to inform prognostication.
In infants with encephalopathy not undergoing hypothermia treatment, an abnormal
aEEG pattern predicts adverse neurodevelopmental outcome within 3—12 h of birth
[43-47]. The predictive value of aEEG improves when combined with clinical
examination [45]. While aEEG has been included in the criteria for some hypother-
mia trials as evidence of encephalopathy [48, 49], its use as an entry criterion has
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been challenged [50]. The predictive values of aEEG patterns differ based on
whether an infant received hypothermia. At 6 h after birth, an abnormal aEEG pat-
tern has a sensitivity of 95-96% and specificity of 39-61% for predicting death and
moderate/severe disability in the setting of hypothermia, compared to sensitivity of
84% and a specificity of 79% in normothermia [51, 52]. The altered predictive value
of an early abnormal aEEG trace is expected since hypothermia modifies/improves
the outcome. This high sensitivity supports the use of aEEG as a screening tool to
identify those at risk for poor outcomes who warrant hypothermia treatment.
However, an early normal aEEG should still be used cautiously since 20% of infants
may experience worsening of the aEEG between 3 and 6 h [47] and the negative
predictive value of a normal aEEG at 6 h is only 77% [51]. Therefore, proper aEEG
monitoring for at least 6 h of life, or even further, is crucial for screening for
encephalopathy.

In the pre-hypothermia era, aEEG background recovery within 24 h was associ-
ated with a favorable outcome [53], and the onset of sleep-wake cycling (SWC)
before 36 h correlated with good neurological outcomes [54]. The positive predic-
tive value of aEEG background changes over the course of hypothermia; aEEG
background may gradually improve over the first 48—72 h of cooling [55-57]. The
predictive value of an abnormal aEEG is highest at 72 h of life in cooled infants,
compared to 36 h, in non-cooled infants [52]. In cooled infants, PPV increases from
66% at 24 h to 85% at 48 h and 89% at 72 h [51]. These findings underscore the
importance of monitoring infants throughout the duration of cooling and rewarming
to understand the trajectory of recovery or absence of recovery of background over
time. Moreover, aEEG can continue to monitor for potential seizures through
rewarming especially when cEEG is discontinued after 24 h (see below).

16.2.5.2 cEEG in Neonatal Encephalopathy

Visual review of the cEEG signal is important for neuromonitoring in neonatal
encephalopathy. Analyzing the full cEEG offers a more thorough assessment of
grading, prognosis, and regional findings like seizures or focal injuries, compared to
just observing the aEEG trend. Perinatal brain injury is associated with initial sup-
pression, followed by seizures at around 6—15 h, and finally gradual improvement
of background activity after 3 days [58]. These EEG features can help determining
the timing and severity of brain injury [59, 60].

Early EEG is a reliable predictor of outcome in neonatal encephalopathy
[61]. Without hypothermia, an abnormal cEEG at around 9 h of life can identify
infants with abnormal outcomes [62], but the best predictive ability is around
24 h of life [63]. In those who receive therapeutic hypothermia, the greatest
prognostic value of cEEG background is even later (48 h after birth) [32].
Similar to aEEG, the trajectory or evolution of the EEG background needs to be
followed over time.

There is notable variability in the visual interpretation of cEEG background [64].
This points to the need for consensus training, improved classification systems, and
development of clinically applicable automated analysis algorithms. cEEG back-
grounds of highest predictive value include burst suppression, low voltage, and
inactive trace [65]. Similar to aEEG, sleep-wake cycling on cEEG is a valuable
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Fig. 16.3 cEEG at age 2 days with (a) markedly discontinuous background activity (interburst
intervals up to 40 s) and absent sleep-wake cycling, consistent with severe NE. In addition, fre-
quent seizures occurred; here (b) starting from the mid to left central region. (¢) EEG at age
10 days has improved with nearly continuous background activity in wakefulness (interburst inter-
vals up to 5 s), but in sleep (d) interburst intervals are still very long (up to 20 s). At day 10, there
are still no normal graphoelements seen, and there remains abnormal sleep-wake cycling, which
indicates poor neurodevelopmental prognosis. (From: El-Dib et al. [13] with permission)

marker for prognosis: a well-developed sleep-wake cycle at 6-12 h of age predicts
a normal outcome, while its absence at 48 h is a poor prognostic sign [63, 66].
Finally, a high seizure burden, and not necessarily presence of seizures, is associ-
ated with adverse outcome [26, 67, 68]. A comprehensive assessment that includes
all cEEG features could be the most valuable [69].

An example of cEEG over time for a neonate with NE is demonstrated in
Fig. 16.3.

For infants who are at a high risk of seizures, including those with neonatal
encephalopathy, it is recommended to conduct cEEG monitoring for at least 24 h.
This enables the detection of seizures and helps in determining the prognosis [5].
Additionally, infants undergoing therapeutic hypothermia should be monitored dur-
ing both therapeutic hypothermia and rewarming, as there is a potential risk of sei-
zures in the rewarming phase [70-73]. However, it has been suggested that normal/
mildly abnormal cEEG during the first 24 h of therapeutic hypothermia indicates a
very low risk of subsequent seizures [71, 74].

16.2.6 EEG in Preterm Infants

Nowadays, the focus in caring for extremely premature babies is on optimizing their
long-term neurodevelopment. Although not primary neurologic disorders, compli-
cations like respiratory distress syndrome, sepsis, and necrotizing enterocolitis are
associated with negative long-term neurodevelopmental outcomes. Proper use of
neuromonitoring in extremely premature infants has the potential for neuroprotec-
tion and improved outcomes.



16 Neurophysiological Monitoring 271

16.2.6.1 aEEG in Extremely Preterm Infants in First Days of Life
aEEG can be used easily and safely in extremely preterm infants [75]. With increas-
ing postmenstrual age, aEEG shows predictive maturational changes (Fig. 16.4).
Early aEEG background is predictive of long-term outcomes, and normal features,
such as cyclicity indicating emerging SWC, are associated with good prognosis [76—81].
Abnormal aEEG could be associated with IVH as well as later adverse outcomes [77,
78, 82]. Care should be taken in interpreting aEEG in extremely preterm infants, since it
can be impacted by sedative and analgesic medications, hemodynamic changes, plasma
glucose, and carbon dioxide levels [83-89]. Given the changing background with post-
menstrual age and the need to consider multiple factors, additional training may be
needed to gain expertise in aEEG for this group. Several studies have shown that early
aEEG patterns in extremely preterm infants may indicate unfavorable outcomes.
However, there is no evidence to suggest that utilizing aEEG routinely can lead to better
outcomes. Experienced users can utilize aEEG to evaluate brain health in extremely
preterm infants and make predictions about their prognosis. Further studies are neces-
sary to determine how aEEG can be utilized to guide interventions at the bedside.

16.2.6.2 cEEG in Extremely Preterm Infants

For extremely premature infants, cEEG monitoring is a valuable tool for assessing
detailed cortical function. Nevertheless, multichannel recordings can pose difficul-
ties for the youngest preterm infants, necessitating special attention to ensure safety
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Fig. 16.4 On the right side are single-channel conventional EEGs (about 36 s of recording) plot-
ted with a speed 10 mm/s and voltage of 100 pV/cm, demonstrating a progressive decrease in
interburst interval (IBI) with age (represents the most discontinuous part of the aEEG recording).
On the left side are corresponding aEEG (about 6 h) from the same recordings in a speed of 6 cm/h.
With maturation, the aEEG shows higher amplitude, narrower bandwidth, increased continuity,
and evolving sleep-wake cyclicity. (From EI-Dib et al. [12] with permission)
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and signal quality optimization [83, 90]. Encouragingly, one study of cEEG in 70
neonates <32 weeks gestational age (GA) and another of 50 neonates <30 weeks
GA reported no instances of skin injury [91, 92]. In the future, an EEG cap designed
for preterm infants can have a significant advantage.

Limited data suggest that cEEG changes may provide early indicators of intraven-
tricular hemorrhage (IVH) in extremely preterm infants, even prior to ultrasound
diagnosis [77, 78]. In addition, cEEG has the potential to predict neurodevelopmen-
tal outcome starting from the first few days of life, with the highest predictive value
being closer to term-equivalent age [93, 94]. Finally, cEEG continues to be the gold
standard for detection of seizures in preterm infants. Common causes of acute sei-
zures in preterm infants include high-grade IVH, hypoxia-ischemia, transient meta-
bolic disturbance, or infection [95]. There is great variability in reported incidence
of seizures in extremely preterm infants, depending on the method of assessment,
ranging from 0.34-5% in studies based on clinical signs alone [96-98] and 0.9-8.7%
in studies using cEEG [99-103]. Studies using aEEG have reported higher rates,
which may be overestimated due to other rhythmic activities [81, 104, 105].
Rhythmic EEG findings mistaken as seizures may commonly arise from artifacts
[87, 88, 100, 106-108]. However, to differentiate these from seizures, these rhyth-
mic activities do not show evolution in amplitude, frequency, or morphology [87,
88]. It is important to be cautious when diagnosing seizures in extremely preterm
infants and possibly use cEEG to avoid unnecessary use of ASM, especially when
optimal seizure management in extremely preterm infants is not known [109].

16.2.7 EEG in Critically lll Infants

By monitoring the EEG of critically ill infants, we can detect neonatal seizures and
identify any compromise of brain function. cEEG is recommended for infants at
high risk for seizures including infants in need for ECMO and newborns with con-
genital heart disease (CHD) requiring surgery, severe persistent pulmonary hyper-
tension (PPHN), CNS infection, and inborn error of metabolism [5]. A prospective
study identified electrographic seizures in 18% of 99 infants and children undergo-
ing ECMO, and seizure occurrence was associated with mortality and unfavorable
outcome [110]. Another study identified electrographic seizures in 23% of 70
infants and children receiving ECMO [111]. Infants with CHD are also at risk for
seizures during the postoperative period. Electrographic seizures were reported in
8% of 161 infants with CHD who underwent cEEG after cardiac surgery with car-
diopulmonary bypass [112]. Other causes of neonatal hemodynamic instability,
including PPHN and meningitis, increase risk for seizures [113, 114]. Finally, the
use of EEG in neonatal hyperammonemia due to inborn error of metabolism can
assist with detection of significant number of electrographic seizures [115, 116].
Apart from detecting seizures, cEEG and aEEG monitoring can also aid in pre-
dicting outcomes. A study conducted on 150 infants with CHD who underwent
aEEG monitoring after cardiac surgery demonstrated that a prolonged recovery
time to a continuous background was linked with higher mortality risk and poorer
neurodevelopmental outcomes [117]. Moreover, a retrospective study of 76



16 Neurophysiological Monitoring 273

neonates with critical CHD demonstrated that postoperative abnormal background
pattern and ictal activity on aEEG were associated with new postoperative brain
injury on MRI [118]. Similarly, in a study of 30 infants with PPHN and CHD,
abnormal aEEG background was associated with adverse neurologic outcome
[119]. In a prospective study which included 60 infants undergoing cardiac surgery
with cardiopulmonary bypass, after controlling for other risk factors, abnormal
postoperative aEEG background pattern and lack of return of sleep-wake cycling
independently predicted poorer intelligence quotient at 4 years [120]. In a cohort of
29 infants with bacterial meningitis, those infants with markedly abnormal EEGs
died or had severe neurologic impairment [121].

cEEG/aEEG monitoring should be considered in critically ill infants who are at
risk for seizures or when additional information on neurologic function is required.
Whether such monitoring will lead to interventions capable of improving outcome
is yet to be demonstrated.

16.3 Conclusion

In conclusion, EEG, whether in the form of cEEG or aEEG, is a valuable tool for
monitoring neonatal brain activity, detecting seizures, and assessing neurological
integrity. It aids in timely intervention, reduces seizure burden, and provides impor-
tant prognostic information in neonatal encephalopathy, extremely preterm, and
critically ill infants (Table 16.2).

Table 16.2 Prognostic value of aEEG and cEEG in full-term infants with NE and preterm Infants
aEEG in term NE Prognosis

and HT

<6 h after birth Abnormal background predictive of poor Sensitivity>90% [51,
outcome 52]
Normal background predictive of a normal NPV 77% [51]
outcome

48-72 h after birth Abnormal background predictive of poor PPV >85% [51]
outcome

72 h after birth Absence of SWC predictive of a poor outcome PPV 88% [57]

cEEG in term NE Prognosis

and HT

48-72 h after birth Abnormal background predictive of poor Sensitivity 93% [32]
outcome

aEEG in preterm

infants

24-72 h after birth Presence of cyclicity predictive of a normal NPV 74% [81]
outcome
Abnormal background with long IBI predictive Pooled sensitivity
of a poor outcome 0.83 and pooled

specificity 0.83 [122]
PPV 76% [81]
Second week after Abnormal background with long IBI predictive PPV 95% [82]
birth of a poor outcome
Absence of cyclicity PPV 96% [82]

aEEG amplitude integrated EEG, cEEG continuous EEG, NPV negative predictive value, PPV
positive predictive value, /BI interburst interval, SWC sleep-wake cycling
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17.1 For Parents
17.1.1 Whatls NIRS

Near-infrared spectroscopy (NIRS) is a technique that measures the amount of oxy-
gen inside the brain tissues. The device has a thin cable attached to a sensor/probe—
a small, soft patch on the baby’s side of the forehead. The probe uses near-infrared
light, which is very safe. The light goes a few centimeters into the brain and mea-
sures the color of the red blood cells (the cells that carry oxygen around the body)
as it changes according to the amount of oxygen they carry (Fig. 17.1).

a
NIRS probe
b
NIRS light source NIRS light detectors
«— Scalp
o Skull
Near infra-red photons — Brain tissue

© Amanda Gautier-Ronopawiro

Fig. 17.1 An illustration of a cerebral NIRS probe attached to the forehead of an infant and an
illustration of the basic technology used in NIRS. (© Amanda Gautier-Ronopawiro)
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17.1.2 Why Is My Baby on the NIRS Device?

The most common reason for using NIRS in babies is the risk of brain injury. This
includes preterm infants at risk of developing intraventricular hemorrhage as well as
risk of decreased brain perfusion, which means not enough blood and oxygen flow-
ing through the brain. Also, it has an important value when used in term-born infants
who suffered decreased oxygen and/or blood to their brain around the time of birth.
Aside from these two groups, NIRS has many applications in critically ill infants
and infants undergoing surgery where measuring the oxygen in the brain could be
beneficial.

17.1.3 How s it Applied

The probe is put on the sides of the forehead of the infant and held in place by a
bandage or sticky hydrogel. One probe is often used, but sometimes two probes are
used to measure the amount of oxygen (oxygen saturation) on both sides of the
brain. In addition, NIRS is sometimes used on the abdomen to measure oxygen
saturation of the kidneys and bowel.

17.1.4 What s its Value

The oxygen saturation in the brain is affected by many factors. Your baby’s doctor
will use the NIRS value to assess the following:

1. How much blood goes to the brain: The amount of blood going to the brain could
be affected by factors like blood pressure, the flow of blood to other organs, and
how much the brain blood vessels are constricted or dilated. Factors that could
affect these vessels include how much carbon dioxide or glucose (sugar) is in
the blood.

2. How much oxygen is delivered to the brain: This could be affected by the avail-
ability of red blood cells carrying this oxygen. Situations with decreased number
of red cells (anemia) could be associated with decreased brain oxygenation. In
addition, any cause of decreased oxygen going to the body (e.g., lung problems)
could affect oxygen going to the brain.

3. How much oxygen is used by the brain: The brain uses oxygen from blood pro-
portionate to its activity. Changes in brain activities could be reflected in the
amount of oxygen used.
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17.1.5 WhatIs Normal

The range of normal oxygen saturation of the brain is very wide. Although ranges
between 55 and 85 are considered “normal,” it is better to use NIRS to monitor
trends or changes in oxygen saturation over time. Any acute or prolonged changes
in oxygen level need attention.

17.1.6 How Will the Reading Affect the Way My Baby Is Treated?

If the NIRS shows a low value (e.g., oxygen saturation < 50-60% or a decrease
from baseline by 20%), the doctor will consider adjusting your baby’s treatment and
support. The adjustments usually follow a guideline that lists how treatment may
respond to low oxygen saturation in the brain. These treatments are all used in rou-
tine clinical practice to support respiration, blood circulation, and blood transport of
gases (oxygen, carbon dioxide).

17.1.7 Does NIRS Cause Any Complications?
The newborn skin is very fragile and can be affected by the probe attachment. Skin

complications are avoided by closely monitoring the skin, avoiding excessive pres-
sure on the probe, and changing the probe’s location regularly.
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17.2 For Professionals
17.2.1 NIRS Background

Near-infrared spectroscopy (NIRS) measures tissue oxygen saturation in organs
2-3 cm below its sensors, e.g., in the brain, kidney, or intestine. Similar to a periph-
eral oxygen saturation monitor, NIRS uses the relative transparency of biological
tissue to near-infrared light at a wavelength dependent on the absorption character-
istics of hemoglobin, which varies with oxygenation. By monitoring the intensity of
light passing through the brain at two wavelengths, changes in attenuation can be
converted into changes in the cerebral concentrations of oxyhemoglobin (HbO,)
and deoxyhemoglobin (Hb). These two measures provide a regional oxygen satura-
tion measurement (rSO,) [rSO2% = HbO,/(HbO, + Hb) * 100], essentially a mixed
tissue saturation, representing more venous than arterial saturation, with a ratio of
approximately 70% venous and 30% arterial blood. When NIRS is used on the
scalp, cerebral regional oxygen saturation (CrSO,) can be measured.

Continuous NIRS monitoring has been used in neonates with congenital heart
disease (CHD), term infants with neonatal encephalopathy, as well as premature
infants and has assisted in the determination of cerebral oxygenation and cerebral
autoregulation in the context of systemic hypotension, a hemodynamically signifi-
cant patent ductus arteriosus (PDA) and the need for blood transfusion [1-4].

17.2.2 Possible Indications for the Use of NIRS in the Neonatal
Intensive Care Unit (NICU) [4]

1. Monitoring of extremely premature infants <28 weeks gestational age (GA) for
the first 72 h after birth.

2. Infants with neonatal encephalopathy receiving therapeutic hypothermia
(throughout cooling and re-warming).

3. Neonates with significant anemia requiring transfusion (before, during, and after).

4. Infants receiving inotropes and/or hydrocortisone for blood pressure support
(before, during, and after inotropes).

5. Infants on significant respiratory support (e.g., high airway pressures, high-
frequency ventilation, or inhaled nitric oxide).

6. Preterm infants with PDA to evaluate its hemodynamic significance.

7. Infants with hydrocephalus (especially before, during, and after therapeutic lum-
bar puncture or surgical intervention).

8. Neonates with CNS injury/abnormality, e.g., seizures, infarct/stroke, vascular
malformations such as vein of Galen, or other AV malformation.

17.2.3 Normative Value

Normal CrSO, ranges from 55% to 85% when adult sensors are used (most avail-
able clinical studies), while the neonatal sensor measures 10% higher [5].
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17.2.4 Factors that Affect NIRS Measurement

Many factors can affect cerebral oxygen saturation, limiting the ability to use the
absolute measure of cerebral saturations. These factors include device type, sensor
type, sensor position, head position, GA, time after birth, and day-to-day interven-
tions such as endotracheal tube suctioning, handling, and diaper changes [5—11].
There are different types of NIRS devices and probes with significant variability of
readings between them. While all devices have similar principles, they differ in their
sensors, interface, display, and algorithms [12, 13]. Although the variations in
CrSO, measurements between the left and right cerebral hemispheres are usually
insignificant, studies have shown that differences of up to £18% may be observed
when comparing four different sites in the same newborn [11]. Also, while studies
have indicated that minor changes in head position do not produce significant
changes in CrSO, [6], it is worth noting that changes in head position can cause
movement artifacts in NIRS signals. Furthermore, everyday care procedures like
endotracheal tube suctioning, surfactant administration, handling, and diaper chang-
ing can result in substantial fluctuations in CrSO, [7, 14]. Although these fluctua-
tions may indicate real changes in cerebral perfusion and oxygenation, they are
often accompanied by significant head and/or body movements in the newborn,
introducing movement artifacts that should be taken into consideration when inter-
preting NIRS changes in this context. This underscores the importance of utilizing
CrSO, as a trend monitor instead of an absolute measure of cerebral oxygenation,
especially since sensors will need to be repositioned during NIRS monitoring to
accommodate changes in the baby’s position and avoid scalp irritation.

17.2.5 Complications of NIRS Monitoring

NIRS monitoring, though non-invasive, requires yet another sensor on the fragile
skin and may disturb very preterm infants. Proper training is needed regarding
placement of probes and skin protection, as well as appropriate training of providers
with the use of a standardized approach to interpretation and subsequent intervention.

Potential complications like skin irritation, skin bruising, or burns are avoided by
close skin monitoring, avoiding excessive pressure on the probe, and changing
probe position regularly.

17.2.6 Evidence of Use of NIRS in Clinical Practice

While NIRS has been used in many centers for decades as a research tool, it has
been adopted and used clinically in specialized centers due to its potential value and
low risk. It has been established in extremely preterm infants that the systematic use
of NIRS in the first 3 days after birth reduces the burden of cerebral hypoxia [15]
and that cerebral hypoxia, regardless of NIRS use, is associated with low brain elec-
tric activity and severe intracranial hemorrhage [16]. While the systematic use of
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NIRS did not significantly alter early brain imaging findings [17, 18], early EEG or
molecular biomarkers of cerebral injury [17, 18], or eventually combined death or
severe brain injury at 36 weeks postmenstrual age [19], the use of NIRS in special-
ized centers could potentially improve personalized brain care and might have an
effect on long-term outcome.

17.2.7 Pathological Conditions Affecting CrSO,
17.2.7.1 Factors Associated with Decreased CrSO,

Hypocarbia

Hypocarbia is associated with cerebral vasoconstriction, which can lead to cerebral
ischemia and white matter injury [20-23]. An acute decrease in end-tidal CO, was
associated with decreased CrSO, [24].

Anemia

The hemoglobin concentration correlates with CrSO, [25, 26]. Red blood cell trans-
fusion is associated with increased CrSO, in anemic premature neonates [26, 27]
(Fig. 17.2). Improvement in CrSO, and a reduction in desaturation spells were more
significant in those with a pre-transfusion CrSO, < 55% [27].

Hypotension with Lack of Autoregulation

The positive correlation between cerebral oxygenation and arterial blood pressure
has been used as a marker of cerebrovascular pressure passivity which is common
in sick premature infants and is associated with intraventricular hemorrhage
[28-32]. A decrease of absolute mean blood pressure is not always associated with
a decrease in CrSO, and is not necessarily associated with worse

PRBCs Transfusion
1

Tl
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Fig.17.2 Effect of anemia and transfusion on cerebral saturation. This tracing represents 12 hours
of NIRS recording in a 5-day-old neonate, 25 weeks GA and 700 grams. Hematocrit concentration
was noted to be 25%. Transfusion of packed red cells was associated with increased cerebral satu-
ration from about 50% to about 70%
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neurodevelopmental outcome. Nevertheless, CrSO, < 50% is associated with worse
neurodevelopmental outcome [33]. More studies are needed to confirm if CrSO, can
be used as a marker to treat low blood pressure. However, when used, it must be
combined with other parameters to fully evaluate the significance of the low blood
pressure, e.g., blood lactate, capillary refill, urine output, and cardiac output [34].
Nonetheless, rapid correction of blood pressure and significant fluctuations in blood
pressure should be avoided.

Thoracic Hyperinflation

Mechanical ventilation can alter intrathoracic pressure leading to changes in venous
return and thereby cardiac output, which can affect cerebral circulation [35, 36].
NIRS has a potential to detect the effects of mechanical respiratory support on the
cerebral perfusion [37-39].

Patent Ductus Arteriosus (PDA)

Studies have shown that hemodynamically significant PDA is associated with
decreased CrSO, [40, 41]. However, reports regarding the effect of either medical or
surgical treatments of PDA on CrSO, have been inconsistent [42-44]. Whether NIRS
can be used to assess the hemodynamic significance of PDA needs more studies.

Apnea

CrSO, decreased significantly during apneic spells associated with bradycardia
compared to spells with no bradycardia [45]. An example is shown in Fig. 17.3.
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Fig. 17.3 Changes of NIRS during hypoxic events. This multimodal recording demonstrates
repeated hypoxic events in a preterm infant 25 5/7 weeks GA, 880 grams, 3 days old, on high-
frequency jet ventilation. Repeated hypoxic events (drops SpO,) are associated with drops in heart
rate (HR) and cerebral saturation (CrSO,) and followed by increase in transcutaneous CO,
(tcPCOy)
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Germinal Matrix-Intraventricular Hemorrhage (GM-IVH)

Multiple studies have reported increased CrSO, in the first hours after birth in pre-
mature infants who later developed GM-IVH [46-48]. However, infants already
identified with IVH are noted to have lower CrSO, [3, 49-51].

Post-Hemorrhagic Ventricular Dilatation (PHVD)
In preterm infants with PHVD, ventricular decompression was associated with an
increase in CrSO, [52-54].

A decrease in CrSO, could be associated with decreased cerebral O2 deliv-
ery/perfusion or increased O2 consumption. A patient with significantly
decreased CrSQO, relative to baseline or absolute CrSO, < 60% needs to be
evaluated for anemia, hypoxia, hypotension, chest hyperinflation, and hypo-
carbia and treated accordingly (Fig. 17.4).

17.2.7.2 Factors Associated with Increased CrSO,

Hypercarbia

Hypercarbia is associated with cerebral vasodilatation and with the development of
GMH-IVH [55, 56]. An acute increase in end-tidal CO, was associated with
increased CrSO, [24].

Hyperoxia

CrSO, correlates with systemic O, saturation (SaO,). Because of the concern for
oxygen toxicity, the FiO2 should only be changed to maintain systemic SaO, within
recommended target ranges [34].
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Fig. 17.4 Possible etiologies of decreased cerebral saturation and possible suggested interven-
tions (with permission from El-Dib and Soul [4])
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Hypoglycemia

Hypoglycemia can be associated with increased cerebral blood flow [57]. Although
studies have demonstrated negative correlation between blood glucose and CrSO,
[58], whether NIRS can be used as a marker of significant hypoglycemia is yet to be
determined [59].

Inotropes with Lack of Autoregulation

While of potential benefit, the use of inotropes in premature infants may be associ-
ated with increased mortality and morbidity [60]. NIRS was used to monitor
increasing cerebral blood flow with the use of inotropes [61]. It can help to monitor
the effect of these medications on cerebral perfusion and oxygenation and poten-
tially could lead to interventions to limit their adverse effects.

An increase in CrSQO, could be associated with increased cerebral O, delivery/
perfusion or decreased O2 consumption. A patient with significantly increased
CrSO,; relative to baseline or absolute CrSO, > 90 % needs to be evaluated for hyper-
oxia, hypercarbia, hypoglycemia, over-sedation, or severe brain injury (Fig. 17.5).

17.2.7.3 Full-Term Neonates with Neonatal Encephalopathy

Among infants with neonatal encephalopathy (NE) undergoing therapeutic hypo-
thermia, NIRS demonstrates patterns of brain oxygenation that are predictive of
either favorable or adverse outcomes [62, 63]. The early hours of therapeutic hypo-
thermia, from 1 to 4 h, are characterized by decreased CrSO, [63], which is hypoth-
esized to reflect decreased oxygen delivery coinciding with the abrupt decrease in
body temperature [64]. From 12 h onward, there is an increase in CrSO,. One study
found that the increase in CrSO, from day 1 to day 2 was only significant among
those with an abnormal post-rewarming MRI [65]. Similarly, CrSO, was
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Fig. 17.5 Possible etiologies of increased cerebral saturation and possible suggested interven-
tions (with permission from El-Dib and Soul [4])
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significantly higher in infants who had brain injury demonstrated on post-rewarm-
ing MRI [65], day 10 MRI, or autopsy [63] or had adverse outcome defined as death
or neurodevelopmental impairment at 18 months [62] (Fig. 17.6). Combining CrSO,
and aEEG had the highest predictive value for MRI-detected brain injury and for
adverse outcome [62, 66, 67].

17.2.7.4 Congenital Heart Disease

CHD remains a significant risk factor for neurodevelopmental disability and impair-
ment, despite remarkable advances in surgical repair in the last decades [68]. NIRS
monitoring has been incorporated for research and also clinical use in many pediatric
cardiac ICUs [69, 70]. Newborns with non-cyanotic CHD have an average CrSO, of

Fig. 17.6 Tllustration of the value of NIRS in monitoring neonates receiving therapeutic hypo-
thermia for neonatal encephalopathy. (a) aEEG and CrSO, progression and brain MRI in a term
baby with severe encephalopathy (GA 40 1/7 weeks, maternal chorioamnionitis, fetal heart rate
decelerations, Apgar scores 2, 2, and cardiopulmonary resuscitation for 20 min, umbilical vein
pH = 6.94). aEEG evolved from flat (FT) (upper panel) to burst suppression (BS) background
(lower panel) (see Chap. 16 “Neurophysiology”). CrSO, progressed to maximum measurable level
of 95%. Post-rewarming MRI showed extensive brain injury (demonstrated on apparent diffusion
coefficient (ADC) map sequence to the left and diffusion-weighted imaging (DWI) sequence to the
right) (see Chap. 8 “Hypoxic-Ischemic Encephalopathy”). (b) aEEG and CrSO, progression and
brain MRI in a term baby with moderate encephalopathy (GA 39 5/7 weeks, floppy at birth, Apgar
score 0, 3 and 3, needed PPV for 10 min before intubation, umbilical artery pH = 6.87). aEEG
evolved from discontinuous (DC) (upper panel) to continuous (C) with cycling (lower panel).
CrSO, was stable in the mid 70s during hypothermia and rewarming. Post-rewarming MRI was
normal (demonstrated on ADC map sequence to the left and DWI sequence to the right). Adopted
from ElI-Dib et al. [1] with permission
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~70%, while those with cyanotic CHD have CrSO, ranging from 40% to 70% [71].
Monitoring CrSO, during cardiac surgery and in the peri-operative period may help
identify newborns at risk of brain injury and/or adverse neurologic outcome, which
could help clinicians use strategies to optimize cerebral oxygenation and perfusion
and improve outcome [72]. Several studies have identified that lower CrSO, is associ-
ated with neuronal dysfunction and adverse neurologic outcome [72, 73]. One study
showed that a post-operative combination of low CrSO, and high lactate level was
most predictive of death or poor neurodevelopmental outcome up to 21 months [74],
with optimal cutoff values <58% and >7.4 mmol/L, respectively (sensitivity 95%).

17.2.7.5 NIRS in Anesthesia and Surgery

Non-cardiac surgeries, especially those conducted under general anesthesia, have
also been associated with worse neurodevelopmental outcomes [75]. The use of
cerebral NIRS has been explored in surgeries such as the repair of esophageal atre-
sia [76], congenital diaphragmatic hernia [77], placement of G-tube [78], closure of
gastroschisis [79], and more, as it has the potential to monitor brain perfusion and
oxygenation before, during, and after surgeries [80]. Algorithms have been sug-
gested to use NIRS to correct cerebral perfusion and oxygenation during surgery
[81, 82]. However, it is yet to be studied whether the universal use of NIRS during
surgeries is associated with improved outcomes.

17.3 Conclusion

NIRS provides important insights on cerebral perfusion and oxygenation. When
used, especially as part of multimodal monitoring, it can assist in providing person-
alized care aiming for cerebral neuroprotection and improved newborn brain care.
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18.1 For Parents

When cranial ultrasound scans are performed on your baby to check for changes in
the brain, small cysts and thin linear bright white areas in the brain tissue may be
seen. Cysts that are seen on the first routine ultrasound scan are mostly not of con-
cern and rarely cause any problems if they are small, rounded (looking like beads of
a necklace), few in number, and located near the front of the lateral ventricles (the
normal fluid-filled spaces) in the brain. They are often called “sub-ependymal pseu-
docysts.” They will not get much bigger and will not influence the later development
of your child. However, if the cysts are seen in combination with other changes in
the brain, if your baby is sicker than expected (e.g., for their prematurity), or if there
was an infection during the pregnancy, extra investigations may be suggested by the
medical team. The extra investigations are done to make sure there is no underlying
reason for the cysts that may need treatment or could influence your child’s
development.

Small bright white areas may be seen on ultrasound scans in the central parts of
the brain (called deep gray matter). They are often linear in shape, located in the
walls of small blood vessels, and known as lenticulostriate vasculopathy (LSV).
Small amounts of LSV are frequently seen in newborn babies. Like sub-ependymal
pseudocysts, LSV is mostly not of concern and will not influence the development
of your child. However, if LSV is seen in combination with other changes in the
brain, if the bright areas are more widespread, non-linear, and located in other areas
than the deep gray matter, or if your baby is sicker than expected, extra investiga-
tions may be needed, for the same reasons as for the cysts.
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18.2 For Professionals

18.2.1 Sub-Ependymal Pseudocysts
and Lenticulostriate Vasculopathy

Small cystic lesions located around the lateral ventricles (sub-ependymal pseudo-
cysts [SEPs]), especially the frontal horns, and in the caudothalamic notch (CTN
cysts) (Fig. 18.1) and linear echodensities along the trajectory of small central arter-
ies, known as lenticulostriate vasculopathy (LSV) (Fig. 18.2), are common findings
on cranial ultrasound (cUS) scans in newborn infants. SEPs and LSV are reported

Fig. 18.1 Coronal and parasagittal cUS scans showing bilateral smooth-walled and rounded sub-
ependymal cysts (SEPs) (a, b) and cysts in the caudo-thalamic notches (CTNs) (c). (a) Typical
bilateral SEPs most commonly appear to be in the wall of the ventricle and can sometimes be dif-
ficult to differentiate from strands running across the anterior horns of the ventricles; (b) multiple
small SEPs seen along the ventricular margin, often referred to as a “string of pearls”; (c) larger
SEPs adjacent to very small lateral ventricles (arrows) in addition to cysts in both CTNs

Fig. 18.2 Parasagittal cUS scans showing (a) mild lenticulostriate vasculopathy (LSV) in a well
preterm twin; (b) LSV confirmed using Doppler ultrasound showing blood flow velocities within
the echogenic lines in an infant with additional SEPs who had surgery for Ladd’s bands
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in 5-9% of newborns, being more common in preterm as compared to term-born
infants [1-7].

SEPs, CTN cysts, and LSV can raise considerable concern, and it is important to
assess their clinical significance. The lesions rarely cause a problem in themselves
and reassurance to parents should be given about this. In particular when the cysts
are small and single (though often bilateral) or the LSV is fairly faint and found on
routine screening cUS in neurologically asymptomatic preterm infants, they are
generally unrelated to any pathology or adverse long-term outcome. These findings
are also more common in twins and triplets for reasons that are not clear, and in this
context they seem benign. However, when cysts are multiple and LSV is marked
and associated with more extensive echodensities in the deep gray and/or white
matter that are also highly suggestive of calcifications, they can be markers of ante-
natally acquired infection, such as cytomegalovirus (CMV; see below) or Rubella
[8-13]. SEPs, CTN cysts, and LSV are also commonly seen in infants with genetic,
developmental, or metabolic disorders [14-22]. Hence, the clinical context in which
the lesions are seen and the timing of their appearance are very important in deter-
mining their clinical significance.

18.2.2 Sub-Ependymal Pseudocysts

Multiple and confusing terminologies for the small cysts located around or along
the lateral ventricles are used. They can be called SEPs, sub-ependymal cysts
(SECs), germinolytic cysts, germinal matrix or germinal layer cysts (GMCs and
GLCs, respectively), or paraventricular cysts. If present at birth, the term connatal
cysts can be used as an encompassing term. Similar looking cysts in the caudotha-
lamic notches (CTN) are generally referred to by their location as CTN cysts
(Fig. 18.1). There is no absolute distinction between the terminologies, and they are
used alternatingly. Small cysts are generally better seen on cUS than on magnetic
resonance imaging (MRI) [16].

18.2.2.1 Where Are the Cysts Located?

In general, SEPs are located inferior to a line drawn horizontally across the roof of
the lateral ventricles, whereas cysts in the adjacent white matter due to injury, such
as cystic periventricular leukomalacia/white matter injury and periventricular hem-
orrhagic infarction, are located above that line (Fig. 18.3). SEPs are mostly bilateral,
but if unilateral, they are more commonly located in the left than right hemisphere.
In general they decrease in size over time [1]. Injurious white matter cysts on the
other hand are usually located more laterally, often have more irregular margins,
and/or are mostly larger than SEPs (Figs. 3.3 and 3.8 in Chap. 3). When referring to
the SEPs, it is best to avoid the term “periventricular” as this may be taken to mean
cystic periventricular leukomalacia/white matter injury, a condition that carries
quite different etiologies and prognostic consequences. Small SEPs are not primar-
ily in the white matter and have been mistakenly referred to as cystic periventricular
leukomalacia/white matter injury in several publications (Chap. 5, “Preterm White
Matter Injury”) [4, 23, 24].
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Fig. 18.3 (a) Schematic drawing showing SEPs, generally located below the level of the uppermost
border of the lateral ventricle (represented by the green line), whereas cysts in cystic white matter
injury are usually located above the green line and more laterally in the white matter. The location of
CTN cysts is also shown; (b) coronal T2-weighted MR image of a preterm infant showing typical
SEPs located below the green line. Although well seen on MRI in this example, SEPs and CTN cysts
are often better seen on cUS; (c) coronal cUS scan showing cysts located in the white matter above the
green line, typical of cystic white matter injury. (© Amanda Gautier-Ronopawiro)

18.2.2.2 Why Are Sub-Ependymal Cysts Often Called Pseudocysts?

The term “pseudocyst” is used because the sub-ependymal cysts are not lined with
ependyma but develop in the germinal layer and have a wall consisting of germinal
cells and glial tissue. The germinal layer lines the ventricles and gives rise to cells
that migrate outwards in the second trimester to the cortex (Chap. 1, “Introduction
on Development, Maturation and Vulnerability of the Neonatal Brain”). After the
process of cell migration is complete, the germinal layer starts to involute, and SEPs
may develop [25-27].

18.2.2.3 What Other Cysts Are Commonly Detected on cUS?

CTN cysts, having a similar appearance to SEPs, though often multilocular, are
located between the head of the caudate nucleus and the thalamus. CTN cysts are
best seen on a parasagittal view on cUS, just off the midline (Fig. 18.4). They are
common in infants with CMV (congenital and acquired; Fig. 18.5) but may also
develop in preterm infants a few weeks after birth, especially in infants with chronic
lung disease. Most CTN cysts initially present as bilateral areas (but can be unilat-
eral or asymmetric) of increased echogenicity, often mistaken for a late-onset ger-
minal matrix hemorrhage. The echogenic areas progress to cysts that may persist for
several weeks. In most cases, no clear cause is found for CTN cysts, and the cysts
remain without developmental consequence. However, it is important to test for
postnatally acquired CMV [28, 29]. Also, germinal matrix or germinal layer cysts
(GMC/GLCs) that can develop following a germinal matrix-intraventricular hemor-
rhage (Fig. 18.6) are often located in the CTN. Brain MRI, in particular susceptibil-
ity-weighted imaging, can be helpful in differentiating CTN cysts from GMC/GLCs
as in the case of CTN cysts, mostly no evidence of a germinal matrix-intraventricular
hemorrhage is detected [30, 31].
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Fig. 18.4 Cranial ultrasound scans showing (a) bilateral echogenicity in the CTNs with some
cystic development on coronal view at 6 weeks after birth in a preterm infant with chronic lung
disease. These findings could be mistaken for a germinal matrix hemorrhage (GMH), but GMH
generally occurs much earlier, and the appearance is not typical; (b) evolution of cysts in the CTN
in the same infant on later parasagittal cUS scan; (c¢) large echogenic area with suggestion of some
cystic change in the CTN in parasagittal view in the first postnatal week in a preterm infant
(33 weeks’ gestation). This could also be a large GMH but is atypically large; (d) parasagittal view
in the same infant with overtly cystic evolution of the persisting echogenicity in the CTN over the
course of several weeks. This infant was one of twins who both had similar findings on cUS, and
were both positive for cytomegalovirus

Other types of cysts that are occasionally seen, in particular in preterm
infants, are temporal horn cysts (Fig. 18.7) and choroid plexus cysts (Fig. 18.8)
[27, 32-35].

Temporal horn cysts are not so common. They can be unilateral or bilateral and
mostly resolve over time (Fig. 18.7). Their cause is often unclear, but they are
reported in congenital CMV and Rubella for which testing is strongly recom-
mended. There are also rare associations with leukoencephalopathies and Aicardi-
Goutieres syndrome [36], though seldom reported neonatally.

Choroid plexus cysts are nowadays mostly already seen on antenatal ultrasound
scans and may persist and be seen on postnatal cUS (Fig. 18.8). In the vast majority
of cases, choroid plexus cysts are benign and resolve or disappear spontaneously
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Fig. 18.5 Coronal (a, ¢) and left-sided parasagittal (b, d) cUS scans on day 2 in a term-born infant
(39 + 4 weeks’ gestation) with congenital CMV showing punctate/rounded echodensities, highly
suggestive of calcifications, in the periventricular white matter and thalami, CTN cysts, subtle
LSV, and dilation of the posterior and temporal ventricular horns

Fig. 18.6 (a) Coronal and (b) parasagittal cUS scans showing a small cyst that developed 2 weeks
following a left-sided small germinal matrix hemorrhage in a preterm infant
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Fig. 18.7 Parasagittal cUS scan
showing a cystic lesion adjacent to the
temporal horn (arrow) in a well
preterm infant (32 + 3 weeks
gestation)

Fig. 18.8 (a) Coronal and (b) parasagittal cUS views showing a choroid plexus cyst on the right
in a preterm infant (32 + 0 weeks’ gestation) scanned on day 3. The choroid plexus on the left is
somewhat irregular, but there was no evidence of a hemorrhage or later abnormality

without long-term consequences [37, 38]. However, in a small number of cases, in
particular when there are multiple, large (>1 cm) cysts in the choroid plexus, the
cysts can be an indicator of a chromosomal disorder (such as trisomy 18 or 21,
Aicardi syndrome) or a metabolic disorder. In these cases, the underlying cause will
determine the long-term consequences [27, 32, 39].

18.2.2.4 Neurodevelopmental Outcomes

SEPs and CTN cysts are mostly associated with normal neurodevelopmental out-
comes, in particular when cysts are isolated, single (although bilateral), small,
located in frontal brain areas, and without known etiology [7, 40, 41]. A recent
study has shown that white matter microstructure is not different between infants
with and without SEPs [42]. However, it is still strongly recommended to consider
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testing for CMV and other conditions in infants with SEPs and CTN cysts, in par-
ticular when cysts are large, multiple, extensive, and/or asymmetrical. While neuro-
developmental outcome may be normal in the case of multiple, large cysts, more
extensive and asymmetrical cysts are more often associated with abnormal out-
comes, being related to the underlying cause rather than to the cysts themselves. It
is important not to miss a diagnosis with significant implications for treatment (in
case of congenital CMV) and neurodevelopmental and behavioral outcomes [6, 43,
44] or that may lead to a genetic diagnosis with the possibility of recurrence in the
family. An overview of more and less common conditions or lesions that can be
associated with cystic lesions and calcifications and warrant further investigation in
the appropriate clinical context is provided below.

18.2.3 Associations with Sub-Ependymal Pseudocysts

1. Germinal matrix hemorrhage may evolve into small cysts appearing within
1-2 weeks of the hemorrhage (Fig. 18.6). These cysts are relatively short-lived
and are not associated with more adverse outcomes than might be anticipated for
the gestational age of the infant, presence of intraventricular hemorrhage, illness
severity, and any other brain abnormalities. Occasionally, if larger, they may
obstruct the foramen of Monro and cause unilateral ventriculomegaly.

2. CTN cysts in preterm infants that appear around or after 1 month of birth and are
unrelated to germinal matrix hemorrhage may be due to postnatally acquired
CMV. However, in most cases no clear cause or definite adverse sequelae are
identified (Fig. 18.4a, b).

3. Viral infections, in particular congenital CMV and Rubella [8—13]. These cysts
are usually present at birth and most often located in the CTN. Initially the CTN
can be echogenic and may gradually become multi-cystic over days to weeks;
the resulting cysts can persist for many weeks (Fig. 18.5). Testing for CMV is
strongly recommended when any small cysts in the CTN area are seen that are
not clearly related to a prior germinal matrix hemorrhage (as seen evolve over
serial cUS scans); see above. Even if antenatal testing for CMV was negative,
late gestation or postnatal infection can occur, and re-testing should be done.
Cysts, LSV, and other echogenicities suggestive of calcifications may appear in
the same regions in both congenital and postnatally acquired CMV.

4. SEPs are more common in both mono- and dizygous twins, with the highest
prevalence in the case of twin-to-twin transfusion syndrome [4, 45]. The cause
of the association is unknown but seems benign.

5. In sick, symptomatic pre-term or term-born infants, particularly those who are
encephalopathic, SEPS and CTN cysts can be markers of metabolic disorders
such as Zellweger syndrome or mitochondrial disease [14-22]. In these cases,
the cysts often co-occur with LSV and calcifications (Figs. 18.9 and 18.10).



310 F. M. Cowan and L. M. Leijser

Fig. 18.9 (a) Coronal and (b) parasagittal cUS scans of a preterm infant (31 weeks’ gestation)
later diagnosed with a mitochondrial disorder (complex 1), showing bilateral large GLCs not pre-
ceded by intraventricular hemorrhage. There is additionally a small area of calcification in the
basal ganglia seen on the parasagittal view (b; arrow) also commonly found with this disorder

Fig. 18.10 Coronal and parasagittal cUS scans (a—d) and axial and coronal MR images (e, f) of a
term infant born by uncomplicated planned C-section who presented with respiratory distress,
persistent generalized hypotonia with hypermobile joints, as well as a broad nasal bridge, small
chin, nuchal skin folds, and cryptorchidism; clinical seizures were confirmed electrographically.
cUS on day 2 showed SEPs, CTN cysts, and subtle LSV (a—c) in combination with immature fold-
ing of the Sylvian fissures (d, arrow), suggestive of cortical dysplasia. The cysts were also seen on
MRI (e) on day 3 together with extensive polymicrogyria (e, f; arrows). The cUS findings alone
were highly suggestive of Zellweger syndrome which was later confirmed
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18.2.4 Further, More Rare Associations with Cysts, in Particular

SEPs and CTN Cysts

(Note: the table provides examples but is not all inclusive)

Disorder

Various chromosome disorders/syndromes,
e.g. trisomy 18/21, 5p-, Schinzel-Giedion,
Hirschhorn-Wolf

Mitochondrial spectrum disorders

(Fig. 18.9), e.g. complex 1, or IV
deficiency, pyruvate dehydrogenase
deficiency (Fig. 18.11), pyruvate kinase
deficiency-often have cysts, central gray
matter calcifications, strands across the
ventricles and abnormal cerebellar
development

Organic acidemias, e.g. D-2-
hydroxyglutaric aciduria, glutaric aciduria
type 1, methylmalonic acidemia
Peroxisomal disorders including Zellweger
syndrome-often have cysts with LSV and
abnormal appearance to the Sylvian
fissures due to polymicrogyria (Fig. 18.10)
Sulphite oxidase deficiency

Holocarboxylase synthetase deficiency

Multiple acyl CoA dehydrogenase
deficiency (glutaric aciduria type
II)-mainly arachnoid cysts anterior to
the temporal horns)

Carbohydrate glycosylation defects
Canavan’s disease

Alexander disease

Phacomatoses, e.g. tuberous sclerosis,
Gorlin basal naevus syndrome,
Jadassohn’s linear naevus syndrome
Sotos syndrome

Proteus syndrome—more arachnoid than
sub-ependymal cysts

Neonatal lupus erythematosus

Fetal cocaine exposure
Various brain malformations
Pyridoxine-dependent seizures

Suggested investigations
Karyotype and CGH array and whole exome
sequencing (WES)

Lactate (repeated), muscle biopsy, brain proton
magnetic resonance spectroscopy (MRS) for
lactate. Mitochondrial gene panel

Urine organic acids
Carnitine

Very long chain fatty acids (VLCFAs)

Fresh urine for sulphite (false pos/neg occur).
Low plasma homocysteine. Skin fibroblasts for
lack of sulphite oxidase. Brain magnetic resonance
imaging (MRI) extensive changes (HIE mimic)
Urine organic acids, ammonia, acidosis

HLCS gene (21g22.1)

Urine organic acids; acyl carnitine profile

Transferrin isoforms

High N-acetyl aspartate (NAA) on proton MRS
No NAA on proton MRS

History and physical exam with a

thorough assessment of the skin. Brain MRI,
cardiac rhabdomyoma

Large NSD1 gene

Physical appearance; brain MRI

Maternal systemic lupus, Ro/SSA antibodies, heart
block

History, neonatal behavior

Brain MRI

Pyridoxine levels
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Fig. 18.11 Coronal cUS (a) and axial MR image (b) of an infant born at 42 weeks’ gestation by
normal vaginal delivery with good Apgar scores. The infant was admitted in the first week with
cyanotic spells needing ventilation. The infant was microcephalic, had possible seizures and raised
lactate levels of 4-6 mmol/L. Admission cUS (a) showed enlarged lateral and third ventricles with
a strand across the right ventricle forming a loculated cyst. The MRI (b) confirmed this finding and
also showed a similar strand forming a large cyst on the left as well as a strand across the right
posterior horn. In this clinical context, such brain imaging findings are highly suggestive of pyru-
vate dehydrogenase deficiency, which was confirmed in this infant

18.2.5 Lenticulostriate Vasculopathy and Calcifications

Lenticulostriate vasculopathy (LSV) is seen on neonatal cUS scans as echogenic
lines in a vertical or semi-vertical orientation within the basal ganglia. The lines
follow the trajectory of the walls of medium-sized lenticulostriate vessels, which
are early branches of the middle cerebral artery. One can often visualize blood flow
through the vessels using Doppler ultrasound (Fig. 18.2). The hyperechoic appear-
ance of LSV is probably due to intramural and perivascular deposits of amorphous
basophilic material in the lenticulostriate vessels. The walls of the vessels are usu-
ally thickened and hypercellular but without fibrosis or hyalinization [46-51].
Mineralizing necrosis is described in some reports, but not all, and calcification may
not be the only explanation for the echogenicity seen in LSV.

The occurrence of LSV seems to be increasing, with incidences of 1-5%
described in older studies versus up to over 30% more recently. This is probably
related to the improved quality of ultrasound scanners, enabling depiction of even
normal vascular structures, higher incidence of more extreme prematurity, increased
awareness, and better documentation [5, 6, 52, 53].

LSV, regardless of extent, is generally considered a benign finding in itself and
can be seen on cUS scans of preterm infants as well as healthy term-born infants. A
classification system for LSV was suggested by Sisman et al. in 2018 [54]. However,
in their relatively small study of 40 preterm infants, the classification system was
not associated with differences in outcomes at 18—36 months corrected age.
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LSV that becomes apparent in preterm infants a few weeks after birth, especially
when associated with SEPs, should lead to testing for postnatally acquired CMV. In
addition to congenital infectious etiologies, there is some evidence for other non-
infectious etiologies. LSV is seen more often in very preterm infants with a compli-
cated neonatal course (related to bronchopulmonary dysplasia and necrotizing
enterocolitis), being related to a marginally increased risk for adverse outcomes [54,
55]. Importantly, however, LSV, like small SEPs, is more common in a variety of
disorders, most notably genetic syndromes, congenital viral infections, and meta-
bolic diseases [56]. Thus detection of LSV on cUS may be helpful diagnostically in
symptomatic infants.

Scattered small areas of echogenicity that are thought to be due to calcification,
but not related to a vascular distribution or confined to the basal ganglia region, may
be seen in the distribution of cells migrating to the cortex or demarcating abnormal
cortical folding in infants with cortical dysplasia. Scattered calcifications can also
be found in metabolic and genetic disorders and viral and other infections (exam-
ples in Figs. 18.5, 18.11, 18.12, and 18.13) [50, 51].

In summary, the clinical context in which LSV and/or echogenicity suggestive of
calcification is observed and the timing of their appearance are very important in
determining the clinical significance and appropriateness of further investigations.
Of note, these abnormalities in the neonatal brain are better seen on cUS than on
MRI. While MRI is not of added benefit for visualizing LSV and calcifications, it

Fig. 18.12 cUS scan on the day of admission and MR images on day 11 in a severely growth
restricted preterm infant (31 + 0 weeks’ gestation) diagnosed with Aicardi-Goutieres syndrome.
(a—c) Coronal and parasagittal cUS scans showing extensive small irregularly shaped echogenici-
ties in the basal ganglia and periventricular white matter; (d) coronal, and (e) sagittal T1-weighted
MR image showing T1 shortening in corresponding areas; (f) axial diffusion-weighted image
showing areas of diffusion restriction in the periventricular white matter
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Fig. 18.13 Coronal cUS scans in a term-born infant showing linear echogenicities in the deep
gray matter (a) and more scattered punctate echogenicities, suggestive of calcifications, in the deep
gray matter, periventricular white matter, and cerebellum. There is limited cortical folding for a
term-born infant and an abnormal appearance to the Sylvian fissures (b). (¢) Axial MR image in
the same infant showing lissencephaly

will contribute to assessing the presence and extent of associated lesions. Although
computed tomography (CT) can show calcification, it is not required in addition to
cUS and should be avoided in newborn infants due to the radiation exposure.

18.2.6 Associations with LSV and Echogenicities Suggestive
of Calcifications Seen on cUS

(Note: the table provides examples but is not all inclusive)

Infections Common:
Cytomegalovirus (congenital and acquired)
Rubella
HIV
Zikavirus
Toxoplasma
Bacterial meningitis

Metabolic disorders Peroxisomal disorders
Mitochondrial disorders
Organic acidemias
Carbohydrate glycosylation defects
Hypoglycemia

Pregnancy related Multiple births
Twin-to-twin transfusion
Non-immune fetal hydrops

Other conditions Pre-natal drug and alcohol exposure
Congenital cardiac disease
Hypoxia-ischemia—Ilate after injury in damaged tissue
Neonatal lupus syndrome
Diabetic fetopathy
Chronic lung disease (bronchopulmonary dysplasia)
Trisomy 21 and other chromosomal disorders
Aicardi-Goutieres syndrome (Fig. 18.12)
Lissencephalies, e.g. miller-Dieker syndrome
Tuberous sclerosis
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