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Preface

Within medicine, increasing subspecialization has created an almost impos-
sible task; primary care providers are now asked to triage their patients and
provide appropriate referrals within a dizzying array of diverse medical fields.
Pediatric neurosurgery remains one of a number of highly specialized fields
within which most pediatric practitioners including physicians, physician’s
assistants, and nurse practitioners have never received any training. This fact,
combined with the rarity of pediatric neurosurgical diseases, the acuity with
which many of them present, the need for rapid triage and tertiary care, and
parental anxiety when receiving a neurologic diagnosis, creates a challenging
situation for providers caring for children with these conditions.

Several years ago, we hosted a CME event in New York City bearing the
same name as this textbook. We solicited comments from attendees and were
pleased that most participants felt we were filling a real deficiency in medical
education—the cross-fertilization between subspecialties. In fact, a recent
survey of pediatricians through an AAP initiative supports our suspicion that
many primary care providers felt uncomfortable managing patients with neu-
rosurgical conditions. This survey also suggested a number of neurosurgical
topics that pediatricians felt they wanted more assistance in managing and
triaging. All of these topics, and many others, are covered from both a neuro-
surgical and pediatric perspective in this textbook.

In fact, this textbook was designed around a central concept:

Pediatricians and subspecialists need to have a closer working relationship to make
childhood medicine work seamlessly in 2016 and beyond.

A pediatrician in a busy practice should not be expected to explain to a
concerned parent what the differences in treatment options may be between
different types of brain tumors; however all pediatric practitioners should be
able to discern between benign and worrisome headaches and to decide when
imaging, referral to neurology, or triage to an emergency department is war-
ranted. The relationship between primary care physicians and subspecialists
such as pediatric neurosurgeons is obviously at the crux of this book, but
should also be at the forefront of mutual efforts to improve care of children.
This textbook will never be able to replace the trust and confidence that is
built through years of communication and shared patient experiences.

To highlight our belief in the strength of the relationship between primary
care providers and subspecialists, this book was envisioned by and co-edited
by a pediatric neurosurgeon and a pediatrician each providing the perspective
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from within the lens through which they view these common neurosurgical
conditions. We hope the vignettes provide real-life flavor to experiences
many of you have had, or will have. We expect that the “red flags,” “pediatri-
cian’s perspective,” and references will serve as focused reviews on many of
these topics. When reading a newly arrived imaging report, or caring for a
child with an unfamiliar diagnosis, these chapters can serve as a medical
refresher before calling a parent back with unexpected news or reviewing a
finding in the office.

The book is organized into parts that loosely approximate the neurologic
development of a child and address issues that are commonly encountered.
The first part reviews neurologic development and birth-related trauma com-
monly seen in the neonatal intensive care unit including issues such as brain
injury, brachial plexus injury, and hematomas. The second part addresses
findings commonly encountered in the first month of life in the pediatri-
cian’s office. Lumps and bumps, manifestations of neurocutaneous diseases,
or tethered cord stigmata are all reviewed in depth. The third part is a com-
prehensive review of hydrocephalus from birth-related intraventricular hem-
orrhage through the work-up of macrocephaly and headache management.
Part 4 is an important group of chapters describing up to the date thoughts
on imaging the central nervous system in children from prenatal ultrasound
through MRI and CT including when these different modalities are impor-
tant to select and the risks associated with each. The fifth grouping of chap-
ters consists of explorations of common neurosurgical conditions that many
pediatricians are uncomfortable dealing with, including brain tumors, spas-
ticity, and vascular lesions to use as a reference tool when caring for a com-
plex neurosurgical patient. Finally a series of chapters related to head trauma
concludes the textbook, including sections on non-accidental trauma and
concussion management.

Most importantly, we hope the topics we cover in the ensuing chapters
provide you with some measure of confidence in dealing with conditions you
may feel less comfortable with than others, and provide a framework within
which you can direct subspecialized care.

We would very much like to take this opportunity to thank our mentors
within medicine—Dan Cohen, Gary Edelstein, Sarah Long, Phil Stieg, and
Mark Souweidane —for supporting and inspiring our careers and providing
continual support and guidance through the years. Educating subsequent gen-
erations of pediatricians and neurosurgeons with the lessons you taught us is
your greatest legacy and we are proud to be within your lineages.

To our parents and families who instilled within us the belief that educa-
tion and academics can be at the center of a rich and meaningful life, thank
you for supporting our endless training and sharing pride in our demanding
but fulfilling careers. Everything we have learned began with your confidence
in us and now allows us to begin to pass this on to the next generation of
pediatric physicians.

Finally, we are forever indebted to Richard Lansing and Joni Fraser from
Springer for seemingly unending patience as we tried to balance our busy
medical careers and four young boys at home with an innocent foray into the
editing and publishing world. We hope your confidence in us is rewarded in
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the impact this book will have and the children benefiting from the shared
knowledge going forward.

To our readers, best of luck caring for your patients with these neurologic
conditions —there is often no greater challenge in medicine but also often no
greater reward!

New York, NY, USA Jeffrey P. Greenfield
Caroline B. Long
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Development of the Brain and Spine



Normal Development of the Skull

and Brain

Waleed A. Azab

Introduction

The cranial vault or neurocranium encloses the
brain, meninges, and cerebrospinal fluid. The
single most important stimulus for head growth
during infancy and childhood is brain growth,
and this will be a recurrent theme when trying to
consider the driving forces behind many neuro-
surgical or central nervous system-related find-
ings in your young patients. In the subsequent
chapters, we will systematically introduce some
pathologic conditions pertaining to the intersec-
tion of brain and skull development throughout
adolescence. The abnormally large head, small
head, and misshapen heads are all of concern to
parents and medical care providers alike. In this
chapter we will introduce a framework of think-
ing to use as a reference tool when evaluating
your patients. In the subsequent chapter, we will
provide a simple and yet comprehensive frame-
work for the pediatric neurologic examination
and then begin our journey through the various
manifestations of normal, gone awry.

W.A. Azab, M.D. (D<)
Department of Neurosurgery,

Ibn Sina Hospital, Kuwait

e-mail: waleedazab@hotmail.com

© Springer Science+Business Media New York 2017

In the newborn child, bones of the cranial
vault are separated by intervening sutures. At
points of multiple bony oppositions, sutures
widen and assume the shape of fontanels. Sutures
and fontanels close at quite wide age ranges (dis-
cussed more in Chap. 6). Sutures facilitate defor-
mation of the head during delivery and allow
uniform expansion of the calvarium during brain
growth. The “cone-shaped” head that so many
infants manifest after vaginal delivery should be
an opportunity to tell anxious parents how well
evolution and anatomy have conspired to allow
babies with such large brains to develop intrauter-
inely for so long! In an otherwise normal (non-
syndromic) child, and the absence of a midsagittal
ridge (Chap. 6), birth-related cranial deformity
should not be cause for concern. Abnormal head
shapes can of course be caused by craniosynosto-
sis or deformational plagiocephaly. Premature
closure of cranial sutures results in craniosynos-
tosis, a condition that usually needs surgical treat-
ment. Deformational (positional) plagiocephaly
refers to the deformation of the head character-
ized by a persistent flattening on the side with an
asymmetric head shape and misalignment of the
ears. Plagiocephaly is a benign condition that
should be differentiated from craniosynostosis
and is usually treated conservatively. These con-
ditions are very easily differentiated from the nor-
mal skull and are discussed in detail later.

J.P. Greenfield, C.B. Long (eds.), Common Neurosurgical Conditions in the Pediatric Practice,

DOI 10.1007/978-1-4939-3807-0_1
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Normal Skull Development

Enclosed within the skull bones, brain growth
continues exponentially in the first 2 years of life.
Postnatal growth of the skull is characterized by
changing proportions of its components. In addi-
tion to the continued growth of the frontal and
parietal bones, the squamous temporal bone
increases in size so that it contributes a greater
proportion of the skull vault in the adult than in
the neonate [1]. The skull without the mandible is
called the cranium (Fig. 1.1), and may be subdi-
vided into two regions. The cranial vault or neu-
rocranium encloses the brain, meninges, and
cerebrospinal fluid, while the facial skeleton or
viscerocranium hangs down from the front of the
neurocranium and encloses the organs of special
sense [2]. At birth, the skull is proportionally
large, reflecting the importance of brain matura-
tion. The volume of the neurocranium compared
to that of the face is about 8:1 in the newly born
infant. This ratio becomes 5:1 by 2 years, 3:1 at 6
years, and 2:1 in the adult [3]. The major part of
the skull vault is formed by paired frontal and
parietal bones and a single interparietal bone.
The squamous part of the temporal bones and the
membranous part of the greater wing of sphe-
noid contribute to the lateral walls of the skull [2].

Sagittal
. Suture

Coronal
Suture

Fig. 1.1 Neonatal skull. Edge of the frontal bank of left
coronal suture is marked with arrows. (1) Frontal bone,
(2) parietal bone, (3) anterior fontanel, (4) metopic suture,
(5) squamous temporal bone

The bones of the skull base are formed by endo-
chondral ossification [1]. Bone formation of the
skull vault takes place through a process of intra-
membranous ossification from a mesenchymal
layer situated between the dermal mesenchyme
and the meningeal membranes [4]. The mesen-
chymal cells condensate then differentiate into
osteoblasts and deposit extracellular matrix.
Ossification proceeds radially from these con-
densations to ultimately form the bones of the
skull vault [5].

In the newborn, the membranous bones of the
vault are separated by the intervening sutures. At
the points of intersection, sutures widen and
assume the shape of fontanels. The larger ante-
rior fontanel is at the intersection of the sagittal,
coronal, and metopic sutures, and the posterior
fontanel is at the intersection of the sagittal and
lambdoid sutures (Fig. 1.2). The most significant
growth of the skull occurs along the sagittal and
coronal sutures [6]. Sutures facilitate deforma-
tion of the head during delivery and allow uni-
form expansion of the calvarium during brain

[ Frontal Bone
[] Parietal Bone
[] Occipital Bone

Fig. 1.2 Tllustration of the vault of the skull in an infant
viewed from above. AF anterior fontanel, C coronal
suture, L lambdoid suture, M metopic suture, PF posterior
fontanel, § sagittal suture
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growth by its fibrous connective tissue content
[7, 8]. Sutures regulate the balance between pro-
liferation and differentiation of the osteogenic
precursors through multiple molecular pathways
and are the principal growth centers in the skull
for the first few years of life [5, 9]. As a rule, the
growth of the skull is perpendicular to the open
suture lines and parallel to a fused suture
(Virchow’s law) (Fig. 1.3) [7]. Closure of the
various fontanels and sutures takes place at spe-
cific age ranges, but it is rarely any cause for con-
cern, in isolation, in a developmentally normal
child with an otherwise normal cranial morphol-
ogy when a fontanel closes earlier or later than
expected (Table 1.1).

The base of the infant skull, on the other hand,
contains multiple cartilaginous joints or synchon-
droses located between the sphenoid and ethmoid
bones anteriorly and between the sphenoid and
occipital bones posteriorly. Growth of the skull
base and consequent cranial lengthening is
largely independent of cerebral growth and takes
place mostly at the synchondroses between the
sphenoid and occipital bones. In the sphenoid
region, three prominent synchondroses can be
identified and are named the fronto-sphenoid, the
inter-sphenoid, and the spheno-occipital. The
first two usually close by age 2, but the spheno-
occipital synchondrosis may be visible on lateral

1

Closed Suture

Table 1.1 Normal age ranges of closure for fontanels
and cranial sutures

Fontanel or suture Age of closure
* Anterior fontanel 12—18 months
* Posterior fontanel 3—6 months

e Posterolateral fontanel 24 months

* Anterolateral fontanel 3 months

* Metopic suture 3-8 months

* Coronal sutures ~35 years

¢ Lambdoid sutures ~35 years

* Sagittal suture ~35 years

* Squamosal sutures ~35 years

Modified from Pekg¢evik Y, Hasbay E, Pekcevik R. Three-
dimensional CT imaging in pediatric calvarial patholo-
gies. Diagn Interv Radiol. 2013 Nov—Dec;19(6):488-94

radiographs of the skull base until the age of
18 years [2, 10].

The single most important stimulus for head
growth during infancy and childhood is brain
growth [11]. Throughout the period of rapid
development of the brain, pressure is exerted on
the inner table of the skull, which accommodates
to the increasing size of the brain. Such an adap-
tation is facilitated by the membranous fontanels,
which remain open until maximal brain growth
has been attained. Accurate assessment of head
growth is therefore one of the most important
aspects of the neurologic examination of infants
and young children [11].



Normal Development of the Brain

The development of the nervous system occurs
through the interaction of several synchronized
processes, some of which are complete before
birth, while others continue into adulthood [12].
The central nervous system begins to develop in
the human fetus 2-3 weeks after fertilization of
the oocyte. From 4 to 12 weeks of gestation,
ectodermal tissues of the neural tube begin to dif-
ferentiate into the precursors of the various struc-
tures of the nervous system. The forebrain and
facial structures develop at one end and the spinal
cord at the other. The hollow center of the tube in
the region of the future brain eventually develops
into the ventricles. Regions called proliferative or
ventricular zones form in the vicinity of the ven-
tricles and differentiate into the site for the divi-
sion and origin of cortical and subcortical neurons
[12, 13]. Between weeks 12 and 20 of gestation,
neurons migrate from the ventricular and adja-
cent subventricular zones along a scaffolding of
glial cells toward their determined final destina-
tions in the cortex [12, 14].

Subsequently, a period of rapid programmed
cell death occurs, reducing neuronal populations
by half between 24 weeks of gestation and 4 weeks
after birth. The cell bodies of the neurons are pri-
marily found in the gray matter of the brain. Their
myelinated axons form white matter. Myelination
begins at the brain stem by 29 weeks and gen-
erally proceeds from inferior to superior and
posterior to anterior. Proximal pathways tend to
myelinate before distal, sensory before motor,
and projection before association. Although most
major tracts are significantly myelinated by early
childhood, some axons continue to myelinate
into the second and third decades of life [12].

Another major developmental process is the
proliferation and organization of synapses, which
begins around the 20th week of gestation [12].
The rate of synapse formation peaks after the
34th week of gestation reaching about 40,000
new synapses per second [13]. A rapid increase in
synaptic density occurs after birth with a number
estimate at the age of 2 years that is around 50 %
greater than the typical number in adults [15].
Due to increasing cell and synaptic density, begin-
ning at approximately 15 weeks of gestation, the

W.A. Azab

surface of the growing brain begins to fold into
sulci and gyri. The major sulci, except for the
occipital lobe, are in place by 28 weeks of gesta-
tion, after which secondary and tertiary sulci are
elaborated, with nearly all gyri present by birth.
The sulcal and gyral patterns continue to increase
in complexity after birth [12]. Rapid brain growth
takes place in the first 2 years of life reaching
80-95 % of its adult size [16].

Abnormal Head Size
Evaluation of the Head Circumference

In 1968, Nellhaus compiled graphs of head cir-
cumference in children of both sexes from birth
to 18 years of age [17]. Detailed tables and per-
centile charts based on measurements taken from
a very large number of subjects have become
available through the WHO Multicentre Growth
Reference Study Group which established the
WHO Child Growth Standards for head circum-
ference for age. We have included these charts
for easy accessibility inside the cover of this
book. Detailed normative data and percentile
charts for boys and girls, specific charts that
account for prematurity, and specific chart for
children with certain specific etiologies such as
Down’s syndrome can be accessed online at the
WHO website (http://www.who.int/childgrowth/
standards/hc_for_age/en/) [18]. A head circum-
ference that is two standard deviations above or
below the mean for age requires investigation and
explanation [11].

Macrocephaly

Macrocephaly is defined as a head circumference
more than two standard deviations for age and
sex above the mean. It can be caused by various
benign or pathological conditions (Table 1.2).
Common causes of macrocephaly include
familial megalencephaly (larger-than-normal
brain mass), benign extracerebral collections of
infancy (BECC), and hydrocephalus [21], the
workup and treatment of which will be discussed
in more detail in Chaps. 13 and 14.
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Table 1.2 Causes of macrocephaly [11, 19-21]

¢ Familial megalencephaly (larger-than-normal

brain mass)

¢ Benign extracerebral collections of infancy (BECC)
¢ Hydrocephalus

¢ Hydranencephaly

¢ Brain tumors

¢ Intracranial cysts

¢ Pseudotumor cerebri

¢ Subdural hematomas or hygroma

¢ Rebound or “catch-up” brain growth (after
prematurity or serious illness)

¢ Genetic, metabolic, and dysplastic syndromes
(e.g., neurofibromatosis, Soto syndrome,
mucopolysaccharidoses, hemimegalencephaly,
achondroplasia)

* Lipid storage disease, leukodystrophies, cranial
dysplasias, and marrow hyperplasia (chronic
hemolytic anemias)

Detailed history, neurological examination
(especially for signs of high intracranial pres-
sure), evaluation of developmental milestones,
and assessment of head growth rate through serial
head circumference measurements are important
for differential diagnosis, urgency of imaging,
and further management [19]. Macrocephaly
with normal growth rate and normal neurological
examination is reassuring and is characteristic of
benign megalencephaly which is usually familial
[21]. Rapid head growth rate with loss of devel-
opmental milestones or other neurologic find-
ings, on the contrary, suggests an increased
intracranial pressure, often caused by hydroceph-
alus or neoplasms [11].

Macrocephaly and accelerated head growth
with normal neurological exam and absence of
evidence of elevated intracranial pressure may
occur as nonprogressive subarachnoid space dila-
tation with or without ventricular enlargement.
This pattern is most commonly referred to as
benign extracerebral collection of infancy
(BECC). The cause is unknown, but it may be
related to delayed development of parasagittal
dural channels responsible for cerebrospinal fluid
(CSF) resorption in young children (who have
few arachnoid villi). Accelerated head growth
may continue until 12—18 months of age and then
usually stabilizes as a form of megalencephaly.
Imaging features of BECC include normal to

Table 1.3 Causes of microcephaly [3, 11]

e Trisomies 13, 18, 21
» Lissencephaly, schizencephaly

¢ Rubenstein-Taybi, Cornelia de Lange, Angelman
syndromes

* Fetal alcohol syndrome, anticonvulsants, maternal
phenylketonuria (PKU)

¢ Intrauterine infections; TORCHS
¢ Radiation in the first and second trimesters
* Placental insufficiency

* Autosomal dominant and autosomal recessive
familial microcephaly

* Hypoxic-ischemic injury, birth asphyxia

* Bacterial meningitis (especially group B
streptococci), viral encephalitis
(enterovirus, herpes simplex)

* Glut-1 deficiency, PKU, and maple syrup urine disease
e Tay-Sachs and Krabbe’s diseases

mildly enlarged lateral and third ventricles
and symmetric enlargement of the frontal sub-
arachnoid spaces, interhemispheric fissure, and
Sylvian fissures [21].

Microcephaly

Microcephaly has fewer neurosurgical implica-
tions than macrocephaly. It is defined as a head
circumference more than two standard deviations
below the mean for age and sex which is by defi-
nition microcephaly [11]. Some causes of micro-
cephaly are listed in Table 1.3 and has an expanded
discussion dedicated to the topic within Chap. 6.

Abnormal Head Shape
Craniosynostosis

A detailed review of the various craniosynostoses
and their management is beyond the scope of this
chapter; Chap. 6 is dedicated entirely to this topic;
however, a brief account on some features of this
entity is presented here. Premature closure of cra-
nial sutures results in craniosynostosis [22]. The
incidence of craniosynostosis is approximately
1 in 2500 live births, and the condition is broadly
classified into non-syndromic and syndromic cra-
niosynostosis [23-25]. Unlike the syndromic
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type, non-syndromic synostosis is not associated
with other dysmorphisms of the face, trunk, or
extremities. Furthermore, a non-syndromic cra-
niosynostosis typically involves a single suture
[26]. The most commonly affected sutures in
descending order are the sagittal suture, followed
by the unilateral coronal, bilateral coronal,
metopic, and lambdoid sutures. Syndromic cra-
niosynostosis is much less common and appears
to be a more generalized disorder of mesenchy-
mal development [25].

Sagittal synostosis is caused by fusion of the
sagittal suture and results in a boat-shaped defor-
mity of the skull or scaphocephaly, with growth
restriction in width and compensatory excessive
growth in calvarial length in the anteroposterior
direction. This growth pattern leads to varying
degrees of frontal bossing and occipital coning
[26]. Unicoronal synostosis results in anterior
plagiocephaly, with ipsilateral flattening of the
forehead on the affected side and contralateral
bulging of the frontoparietal calvaria. The growth
restriction of the forehead in unicoronal synosto-
sis results in a facial twist. It is believed that the
compensatory pressure of the ipsilateral temporal
lobe pushes the maxilla forward leading to for-
ward displacement of the ipsilateral zygoma and
rotation of the maxilla so that the nasal tip is
deviated to the contralateral side. Bilateral coro-
nal fusion produces brachycephaly or skull short-
ening in the anteroposterior diameter and skull
lengthening in a cranio-caudal direction or turri-
cephaly [27]. Metopic synostosis results in trigo-
nocephaly or a triangular-shaped forehead with
bifrontal and bitemporal narrowing and parietal
and occipital prominence. Additionally, hypo-
telorism and a low nasal dorsum with epicanthal
folds are present [25]. Unilateral lambdoid syn-
ostosis is characterized by abnormal shape of the
occipital region and an ipsilateral mastoid bulge;
the affected lambdoid suture is thickened and
ridging with ipsilateral downward tilting of the
occipital skull base. The external auditory canal
and entire ear is displaced inferiorly, a clinical
finding that is more reliable than inspecting for
anterior or posterior displacement of the ear in
differentiating positional plagiocephaly and
lambdoidal synostosis. A compensatory bulge of

W.A. Azab

the contralateral posterior parietal region gives
the skull an oblique towering appearance when
seen from the back [28-36].
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The Neurologic Exam in Neonates

and Toddlers

Alison S. May and Sotirios T. Keros

Introduction

Performing a comprehensive neurological exam-
ination in children is sometimes considered a
challenge by non-neurologists. A neurologic
exam which tests all aspects of all neurologic
modalities can quite literally take several hours
to perform. On the other hand, a very good, thor-
ough neurologic exam which yields substantial
relevant information can be performed in under
5 min. Adherence to a systematic framework or
approach to the examination, appropriate for the
age and abilities of the child, can be extremely
helpful in simplifying the basic questions: Is this
child normal, and if not, why not, and how do I
describe it? This chapter will focus on how to
perform some of the routine elements of the neu-
rologic examination with tips on how to tailor the
exam for various age groups.
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The History

As always, obtaining a solid history of present
illness is essential for directing the physical exam
and establishing a diagnosis, and one is often
able to narrow the differential diagnosis substan-
tially based on history alone. As most people who
work with children have already learned, simple
observation of the child while obtaining the his-
tory can also influence one’s approach toward
obtaining information.

Birth History

It is likely not necessary to remind anyone with a
background in pediatrics that any history in chil-
dren should include details of the pregnancy and
birth. Many neurologic disorders, whether
genetic or acquired, can begin in pregnancy.
Complications in pregnancy, such as growth
restriction, failure to progress, fetal distress, or
prolonged labor, may indicate antenatal disorders
rather than any process which began as a result of
the actual birth process itself. One should evalu-
ate for maternal antenatal factors such as illnesses
and teratogenic exposures. Of course, the gesta-
tional age at which the child was born will also
help establish a developmentally appropriate
norm. If known, Apgar scores may also be infor-
mative and give a general clue as to the onset or
timing of childhood disorders.

J.P. Greenfield, C.B. Long (eds.), Common Neurosurgical Conditions in the Pediatric Practice,
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Developmental History

Typically, developmental milestones are divided
into three broad domains—motor, language, and
social. Assessing the current developmental
milestones achieved is essential in evaluating
mental status and cognition. Knowing when
some key milestones, such as first words or first
steps, were reached will help to classify the
severity of any delays. Determining the pattern
and timing of any developmental problem is nec-
essary to classify it as static (such as might be
seen in cerebral palsy), progressive (as might be
seen in some mitochondrial disorders), or regres-
sive (as seen in Rett syndrome, some leukodys-
trophies and Landau-Kleffner syndrome, to list a
few examples). Additional considerations in
assessing developmental norms are discussed in
the “Mental Status” section.

The General Exam

Although clichéd, it bears repeating that the
majority of the neurological examination can be
performed simply by paying careful attention to a
child’s affect, behaviors, and natural or spontane-
ous movements. Of course, this does not obviate
the need for a systematic, methodical approach to
a complete neurologic exam when the situation
warrants. There are many neurologic disorders
that have systemic “non-neurologic” involve-
ment which are evident during the general physi-
cal exam. This chapter will first point out a few
key considerations to note while performing a
general exam, which are relevant to neurologic
disorders, and then proceed to address the con-
ventional neurologic examination.

The Head

The first assessment of the head is to determine its
size. This measurement is a way to evaluate the
status of the central nervous system in the new-
born and early childhood period, because head
size is a proxy for the overall volume of the brain
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and the cerebrospinal fluid. To measure the head
circumference, a tape measure is placed on the
occiput posteriorly and placed above the eye-
brows anteriorly or along the largest protrusion of
the forehead. Ideally this measurement is taken a
few times and averaged, as it is can be difficult to
accurately measure the head circumference, and
there is often variation between measurements.
Circumference measurements should be plotted
on an appropriate growth chart. Macrocephaly is
typically defined as an occipitofrontal head cir-
cumference greater than the 97th percentile for
age, while microcephaly refers to measurements
less than the 2nd or 3rd percentile.

It is critical to remember that any rapid
changes or progressive trends in percentile are
likely more important than any absolute value at
a single point in time.

Rapid increases in head circumference may be
the first indication of hydrocephalus. On the other
hand, rates of head growth which do not keep
pace with weight or length may represent a brain
which is not growing as expected. In cases of sys-
temic disease such as malnourishment, head size
is relatively preserved compared to length and
weight. Please refer to Chap. 14 for a full discus-
sion of the evaluation of a large head.

Next, the anterior and posterior fontanelles
should be assessed. The anterior fontanelles
should be evaluated with the child in an upright
position. An anterior fontanelle which is bulging
or firm can be a sign of increased intracranial
pressure. The anterior fontanelle typically closes
between 7 to 19 months of age, and several con-
ditions are associated with early or delayed clo-
sure. However, early or late fontanelle closure
without other abnormalities in the exam is rarely
a cause of concern. The posterior fontanelle can
be closed as early as birth and otherwise closes
by 2 months of age.

The cranial sutures, the edges of the bone
plates that form the skull, should also be assessed
while examining the head. Craniosynostosis, the
premature closure of these sutures, will affect the
size and shape of the head. Plagiocephaly (liter-
ally means “oblique head”) refers to a flattening
of a portion of the skull. The most commonly
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seen form is positional plagiocephaly, where the
occipital region is flattened (usually toward the
lateral side) and the ipsilateral frontal area is
prominent due to forward protrusion. The inci-
dence of positional plagiocephaly has increased
as a result of the “back-to-sleep” campaign.
Positional plagiocephaly is primarily a cosmetic
issue, which does not affect brain development.
Craniosynostosis and plagiocephaly are dis-
cussed in more detail in Chap. 6.

The Face

The presence of dysmorphic facial features, if
any, may be suggestive of genetic syndromes.
While 15 % of normal newborns may have one
dysmorphic feature, the presence of two or more
of such features is much less common and is
associated with increased risk of a clinically sig-
nificant anomaly. Some constellations of facial
features are readily identified by most people
(e.g., the classic facies in Down syndrome), but
many abnormal facial features can be subtle and
not easily recognized. It is helpful to systemati-
cally examine and even measure several facial
features, as there are well-established norms for
comparison. Typically, this type of detailed
facial analysis is performed by geneticists.
Interestingly, computer automated-dysmor-
phometry is a growing field of research, and
there are case reports where this technique has
revealed a genetic diagnosis.

The Neck

The neck should be examined to assess for full
range of motion and absence of rigidity or asym-
metry, particularly if there are abnormalities of
the head or head shape. Infant torticollis, which
results in twisting of the head due to a shortened
sternocleidomastoid muscle, is a common cause
of positional plagiocephaly. Nuchal rigidity is of
course a concerning sign which may signify
meningeal irritation due to infection or other
causes and should be assessed for in any ill
appearing child, keeping in mind that nuchal
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rigidity is often not present in cases of meningi-
tis, particularly in children.

Cardiovascular and Abdomen

Auscultation of the heart or other large vessels
such as the carotid arteries, descending aorta, or
renal arteries can reveal murmurs or bruits which
may be a risk factor for stoke from causes such as
embolism, renovascular hypertension arising
from fibromuscular dysplasia, or Takayasu arteri-
tis. Organomegaly, specifically hepatospleno-
megaly, can be present in many storage diseases.

The Skin

The skin and the central nervous system both
develop from the ectoderm during embryogene-
sis, and many neurologic diseases are associated
with dermatologic findings. There are several
classic neurocutaneous disorders where the diag-
nosis can often be made simply from skin find-
ings. Café au lait spots, axillary or inguinal
freckling, and neurofibromas are markers of neu-
rofibromatosis Type 1. Ash leaf spots or hypopig-
mented patches, adenoma sebaceum, and
shagreen patches are lesions seen in children
with tuberous sclerosis. Cutaneous vascular
lesions, such as capillary malformations involv-
ing the ophthalmic region of the trigeminal nerve,
are associated with Sturge-Weber syndrome.
Additional information on neurocutaneous disor-
ders is provided in Chap. 7.

The Spine and Back

Abnormalities noted in the back or spine, such as
discolorations, dimples, or tufts, may be clues to
an underlying problem with the spinal cord.
Alternately, purely bony problems with the spine,
such as hemivertebrae, can cause secondary spi-
nal cord injuries through severe scoliosis or nar-
rowing of the spine. Please see Chaps. 8, 9, and
19 for more thorough discussion of the back,
spine, and spinal cord disorders.
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The Neurologic Exam

The neurological exam is often presented in a
“head to toe” format. With infants and children,
of course, the examiner does not always have the
luxury of focused patient cooperation as he or she
marches down a preset list of areas and functions
to be examined. As always, first perform which-
ever parts of the examination the patient will
readily allow. One strategy is to initially assess
for tone, range of motion, and deep tendon
reflexes, while a child is resting or otherwise
calm. If at any point there is crying or screaming,
this is a good time to assess the cranial nerves by
observing for facial strength and symmetry and
palate elevation, for example. Also, an uncoop-
erative child’s limb strength is usually easily
assessed by the vigorousness with which the
child attempts to evade or terminate the exam.

Mental Status

The mental status and its examination are obvi-
ously dependent on the child’s age. By about age
6, one can generally assess mental status and
cognition using a similar approach as used in
adults. For completeness, a brief review of the
mental status for older children will be described.
The key components of mental status include the
level of arousal, orientation, attention, memory,
language, and higher cognitive functions. The
level of arousal is typically graded or classified
(from best to worst) as awake and alert, drowsy,
confused, lethargic, obtunded, stuporous, or
comatose. Orientation states range from fully ori-
ented (knowing the date, location, the people in
the room) to complete confusion. Standard defi-
nitions of orientation do not apply to infants and
toddlers, of course. Memory, which includes both
short-term and long-term memory, can be
assessed with a standard test of recall of named
objects after a few minutes or asking about activi-
ties performed the day before or perhaps the pre-
vious summer. Attention is commonly assessed
with a digit span test. Give the child a list of dig-
its to repeat verbally or to dial on a telephone
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number pad. Many 4- or 5-year-old children can
remember and instantly repeat at least four digits.
Basic language skills should also be evaluated,
including investigation of receptive language, for
example, understanding and following com-
mands, and expressive language, such as sponta-
neous and provoked speech, naming, repetition,
etc. Reading and writing skills are other compo-
nents of a language examination which can be
tested in school-age children.

In neonates and premature babies, the mental
status exam is essentially restricted to evaluating
for gestational-age-appropriate level of alertness
and “general movements,” which describe the
highly stereotypical patterns of motions which
neonates will do while awake. Before 28 weeks’
gestational age, it is very difficult to note discrete
times of wakefulness. By about 28 weeks, one
can observe that a gentle movement will cause
arousals in the infant. At 32 weeks, eyes begin to
open spontaneously and may stay open for
extended periods of time. Around 36 weeks one
begins to see progressively increased periods of
wakefulness and alertness, with vigorous crying.
By term, there should be clear attention to visual
and auditory stimuli.

In infants between 1 and 6 months of age, the
mental status is still primarily an evaluation of
alertness and attentiveness, but which now can be
also assessed with the motor behaviors which
make up the traditional milestones commonly
assessed in children. For example, facial tracking
requires sustained wakefulness and sustained
attention, in addition to an intact visual system
and functioning cranial nerves. Thus, in the
younger children, the developmental milestones
do not neatly fit into any one category of a neuro-
logic exam and blur the lines between mental sta-
tus, cognition, and motor component.

Cranial Nerves

Although the 12 cranial nerves can be individually
evaluated in an order child upon request, in
younger children these are often evaluated with
observation of spontaneous or provoked responses.
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I: Olfactory Nerve

This nerve mediates the sense of smell. This
nerve is rarely tested even in adults and has little
utility for testing in a child unless a deficit is
somehow otherwise suspected.

Il: The Optic Nerve

CN II transmits visual inputs from the retina to
the areas of the brain which control reflexive
movements and unconscious perception (i.e.,
pupillary light reflexes, blink to threat, tracking
and pursuit mechanisms) as well as the conscious
perception of light.

The most direct evaluation of the optic nerve
is to assess for pupillary light reflex, which
requires the proper functioning of the optic
nerve to transmit the light information which
hits the retina and cranial nerve III which medi-
ates the pupillary constriction. The direct
response describes ipsilateral constriction of the
pupil, while the consensual response is the con-
striction which also occurs in the contralateral
eye. Pupillary light reflexes should be apparent
by 32-35 weeks’ gestational age but can be dif-
ficult to assess in infants because the pupils are
relatively small relative to the size of the iris at
this age.

By term, infants should be able to fixate and
follow with their eyes, and this tracking response
strengthens in the first 2—3 months of life.

The ideal subject to test for tracking is a
human face held 8-12 in from the child. An easy
way to test for tracking is to hold the child in your
outstretched arms, facing you, as you rotate him
or her around. It is important to note that tracking
at this age is likely due to involuntary responses
and deep brain structures and does not necessar-
ily involve higher cortical areas such as primary
visual cortex.

Visual field evaluation is not classically a test
of optic nerve integrity, although it is reasonable
to include a discussion of visual fields in this sec-
tion. Visual field testing may identify focal reti-
nal deficits as well as brain lesions involving any
part of the visual pathway. In cooperative chil-
dren (and adults), the best method is to position
yourself at arms’ length away from the patient
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and place your palms with fingers extended
toward the patient in the area of the visual field
you wish to test. Ask the child to look at your
nose and to point or look if he or she sees the
movement when you briefly flex or wiggle just
your index finger a few times. This method of
visual field testing is preferred to finger counting
or bringing in wiggling fingers from the periph-
ery, as many children will reflexively look toward
the end of any outstretched arm and thus requires
repeated attempts and urging not to look to the
sides and anticipate the stimulus. Testing four
quadrants in each eye is usually sufficient,
remembering that visual field deficits are not nec-
essarily peripheral and can also be patchy.

In younger children who cannot participate in
confrontational visual field testing, an effective
method is to hold an interesting object, such as a
colorful toy, with both hands behind the examin-
ers head. Then, simultaneously bring the object
out into one quadrant of the visual fiend and an
empty hand in the opposing quadrant. If the child
can see the object, then he or she will look toward
the more interesting stimulus, in this case the toy.
In the youngest children, a “blink-to-threat” tech-
nique can be used. To do this the examiner brings
an object such as a fist rapidly toward the eye.
This is repeated, coming from different direc-
tions while looking for a blink response. Note
that this test can frequently be unreliable, as air
movements from an approaching hand or other
object may stimulate a blink response. In addi-
tion, failure to blink is not necessarily an indica-
tion of lack of sight, so one must use caution in
over-interpreting the results of blink-to-threat
testing.

Finally, the fundoscopic exam is a method
which directly visualizes the retinal portion of the
optic nerve. This can be very challenging in chil-
dren and a discussion of fundoscopy is beyond
the scope of this chapter. If any visual deficits are
suspected in a child, a referral to a pediatric
ophthalmologist or neuro-ophthalmologist is
suggested for a detailed examination and dilated
fundoscopy. Chapter 12 will give an in-depth
description of the ophthalmologic exam in
children.
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I/IV/VI: The Oculomotor Nerve,

the Trochlear Nerve, and the Abducens
Nerve

The oculomotor nerve, the trochlear nerve, and
the abducens nerve are responsible for the move-
ment of the eyes. The oculomotor nerve contains
the fibers which mediate the efferent papillary
reflex and elevate the eyelid, in addition to being
the nerve which innervates most of the muscles
which control eye movements (the superior rec-
tus, inferior rectus, medial rectus, and inferior
oblique). The trochlear nerve controls the supe-
rior oblique muscle, which has a complicated
function which varies depending on the direction
of gaze, but is essentially responsible for intort-
ing and depressing the eye, while the abducens
nerve controls the lateral rectus which abducts
the eye for lateral movements.

To formally test for the integrity of these
nerves and the associated muscles, assess for full
range of motion in the horizontal and vertical
directions. Testing the “diagonals” increases the
sensitivity of noting any deficits, because the
extraocular muscles do not attach to the globe at
perfect right angles. If limited range of motion or
disconjugate gaze is noted in any direction, each
eye can then be evaluated separately in an attempt
to determine which eye is the abnormal one. In
older children, inquiring about diplopia is impor-
tant, as patient self-reporting can be more sensi-
tive than directional testing. In infants, use a
strong stimulus such as a toy or your own face in
an attempt to have them follow, while you assess
eye movements. In newborns, using the “doll’s
eye” reflex can be used to assess horizontal eye
movements. To perform this test, also known as
the oculocephalic reflex, the head is turned some-
what quickly but gently to one side. The move-
ment should result in a temporary deviation of
both eyes in a direction opposite to the direction
of turning. The doll’s reflex is typically present as
early as 25 weeks of gestation.

There are several clinically important eye
abnormalities that are worth noting. Weakness of
the superior oblique muscle or trochlear nerve
will result in a compensatory head tilt in many
children, in order to prevent the diplopia which
results from the abnormal elevation (hypertropia)
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of the affected eye. The most common cause of
trochlear nerve damage is head trauma. Incomplete
abduction of an eye is usually due to weakness of
the lateral rectus which is innervated by the abdu-
cens nerve. One cause of abducens injury is
increased intracranial pressure due to brain edema
or hydrocephalus. Also, Duane syndrome is a
form of congenital abducens nerve malfunction
(occasionally also involving other cranial nerves),
which limits eye mobility but is typically benign
and does not result in overt visual deficits.
Horner’s syndrome is a constellation of findings,
which include miosis (pupillary constriction),
ptosis, and anhidrosis on the same side of the face,
and is frequently caused by disruption of sympa-
thetic innervation which ascends along the carotid
artery. However, Horner’s syndrome can also
arise from a central brain or spinal disorder.

Parinaud syndrome results in an impairment
of upward gaze, often accompanied by eyelid
retraction and pupillary abnormalities. Parinaud
syndrome is the result of a lesion or compression
of the pretectal area in the dorsal midbrain,
which is a common location for pediatric neo-
plasms. Other causes of this syndrome include
obstructive hydrocephalus or direct injury due to
ischemia or hemorrhage.

V:The Trigeminal Nerve
The trigeminal nerve controls sensation of the
face as well as the muscles of mastication. Facial
sensation in older children can be tested by
applying a stimulus such as light touch to each
division of the trigeminal nerve: the ophthalmic
branch of the forehead, the maxillary branchor
(the cheek), and the mandibular branch (the
chin). In infants, tickling or stroking the face, for
example, with a cotton swab on one side of the
nose, cheek, or lip, should elicit a rooting-like
motor response toward the side of the face that
was stimulated. The trigeminal nerve can also be
tested by eliciting the corneal reflex. A very light
touch to the cornea, such as with a wisp of cotton,
should trigger a bilateral blink reflex. The sensa-
tion is mediated by the ophthalmic branch, while
the motor response arrives via the facial nerve.
Chewing movements are mediated by the
muscles of mastication which are innervated by
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the mandibular branch of V. Opening the jaw is
due to the action of the external pterygoids while
closing the jaw is due to the masseter and tempo-
ralis. In neonates the muscles of mastication can
be tested indirectly by evaluation of sucking
strength and control and more directly by allow-
ing the infant to bite on your fingers.

Vli: The Facial Nerve

The facial nerve controls the muscles of facial
expression and also mediates taste on the anterior
two thirds of the tongue. In cooperative children,
facial nerve integrity can be demonstrated by not-
ing strong eye closure, wrinkling of the eye-
brows, smiling, and strong puffing out of the
cheeks. The face at rest can also be examined to
evaluate for any asymmetry such as widening of
the palpebral fissure or flattening of the nasola-
bial fold which might suggest weakness, keeping
in mind of course that some slight asymmetries
may be normal.

In infants and neonates, evaluating for facial
symmetry at rest and while crying or smiling is
usually sufficient. Taste in older children can be
tested by using a concentrated solution of salt or
sugar, placed on the tongue with a cotton swab,
and should be reported before putting the tongue
back in the mouth to avoid detection with cranial
nerve IX. Testing taste is usually done in order to
help determine if a facial nerve deficit is due to
problems with the nerve (i.e., a “peripheral 7th”
such as due to a Bell’s palsy, in which case taste
will be impaired) from a “central 7th,” where
taste would be expected to be preserved.

VIlI: The Vestibulocochlear Nerve

The vestibulocochlear nerve mediates hearing
and vestibular function. Finger rubs or whispers
can test for hearing acuity. If a deficit is observed,
use a tuning fork (256 Hz) to perform the Weber
and Rinne tests. In the Weber test, the tuning fork
is placed at the vertex of the head. The sound
should appear to come from the midline if hear-
ing in intact. However, if one ear is abnormal, the
sound will lateralize to the side of decreased
hearing in cases of conductive hearing loss (i.e., a
problem with the outer ear, eardrum, or ossicles)
but will lateralize to the normal ear in cases of
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sensorineural hearing loss arising from damage
to the cochlea or eighth nerve. The Rinne test is
performed by holding the base of the vibrating
tuning fork against the mastoid process of the
abnormal ear. When the subject no longer per-
ceives sound, the vibrating end of the tuning fork
is then placed just outside the ear canal. If the
tuning fork can now be heard, this signifies a
“positive test” and suggests sensorineural hear-
ing loss. If the tuning fork cannot be heard after
removing it from the mastoid, the test is negative
and suggests a conductive hearing loss. Note that
in normal ears without hearing loss, the normal
result is “positive.”

Children begin to clearly localize sound at
about 6 months. Use a noisy toy or loud voice
while observing patient reaction to evaluate
hearing. In younger infants and newborns, a
startle response or eye blink to loud or sudden
sounds can evaluate for basic hearing ability.
This reflex is present as early as 28 weeks.
Vestibular dysfunction can manifest with diverse
symptoms such as vertigo, nystagmus, emesis,
and ataxic movements. Direct tests of vestibular
function are beyond the scope of the basic neuro-
logical exam and this chapter.

IX and X: The Glossopharyngeal Nerve
and Vagus Nerves

The glossopharyngeal nerve and vagus nerves are
often tested together. The glossopharyngeal
nerve mediates taste and sensation to the phar-
ynx, and the vagus nerve is responsible for many
functions, among which is pharyngeal constric-
tion, palate elevation, and vocal cord movement.
Symmetric palate elevation while saying “ahh”
tests the integrity of the vagus nerve, while the
gag reflex tests both the sensory function of the
glossopharyngeal nerve and motor aspects of the
vagus. Normal swallowing suggests that these
nerves are intact, as they must work together for
the proper coordination needed to swallow.

XlI: The Spinal Accessory Nerve

The spinal accessory nerve innervates the sterno-
cleidomastoid and the trapezius muscles. Head
turning against resistance tests the sternocleido-
mastoid, and a strong shoulder shrug tests the
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trapezius muscles. In newborns, observe for
proper neck strength with turning of the head.
Isolated spinal accessory nerve lesions are rare,
however, and routine testing in infants is rarely
helpful unless there are other neurologic signs.

Xll: The Hypoglossal Nerve

The hypoglossal nerve innervates the tongue, and
a deficit will produce deviation to the abnormal
side upon tongue protrusion. Tongue strength can
also be tested by asking the child to move the
tongue from side to side and also to push against
the interior of the cheek with resistance applied
from the outside the mouth. In any case of sus-
pected nerve or muscle disease, or in infants with
generalized weakness (e.g., in suspected spinal
muscular atrophy), the tongue should be exam-
ined at rest while in the mouth for fasciculations.
Tongue fasciculation can be an early indicator of
neuromuscular disease. Be careful, however, as a
protruding tongue will often have a normal
tremor or movement that can be mistaken for fas-
ciculations. In newborns the sucking reflex can
be utilized to evaluate lingual tone and strength.

Motor Examination

There are several elements to the motor or
strength portion of the neurological exam. First, a
simple observation of positioning at rest may
show atypical postures or asymmetries which
may suggest weakness or abnormalities of tone.
The preterm infant, for example, keeps the limbs
in an extended position but the normal full-term
infant has flexed extremities at rest. Some char-
acteristic poses, such as “frog-leg posturing,” or
external rotation of the legs suggests a systemic
weakness. Scissoring of the legs, where the legs
tend to cross at the feet or ankles, is one sign of
possibly increased tone of the hip adductors and
is often seen in children with spasticity from
upper motor neuron injuries such as corticospinal
track injuries. Fisting of the hand or holding the
thumb adducted across the palm is a position
which also suggests corticospinal tract involve-
ment. Observation at rest will also usually reveal
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adventitious movements such as tremors, tics,
and myoclonus.

Another component of the motor exam is tone,
which describes the basic resting resistance of a
muscle or group of muscles.

Tone is best examined by assessing resistance
to passive movement with the subject at rest.

Low tone or hypotonia can be focal, axial (i.e.,
central or truncal), appendicular (in the limbs), or
generalized. Increased tone or hypertonia is gen-
erally either focal or generalized.

Hpypertonia can be classified as spastic, where
the greater the velocity of passive movement the
higher the observed tone, or rigid, where the tone
is uniform and not velocity dependent.

The assessment of tone can be somewhat sub-
jective and can be influenced by the state of the
patient. A resting or sleeping child can have
lower tone than while awake. In general, the nor-
mal flexed posture of a newborn and relatively
increased tone decreases with age until about
6 months and then plateaus.

In newborns, there are certain generalities
which can help to describe or indicate abnormal
tone. For example, when pulling a newborn’s arm
gently across the chest toward the opposite shoul-
der, there should be increasing resistance felt as
the elbow approaches the midline. If the elbow
crosses the midline without excessive force, this is
an indication of decreased tone, and this is some-
times referred to as a positive “scarf sign.” In
infants, axial tone can be evaluated by holding the
patient in a ventral suspension and observing the
position of the child draped over the arm. Infants
with normal tone should make some attempt to lift
the head and keep the back arched. Additionally,
one can raise the infant from supine to sitting by
pulling on the arms and observing for any abnor-
mal head lag (no lag by 6 months of age), a sign of
axial hypotonia and neck weakness.

Formal strength testing usually involves test-
ing for strength in an isolated muscle group. Both
muscle bulk and strength should be graded. The
most common grading system ranges from 0 to 5,
where zero corresponds to no movement, 1 repre-
sents a flicker of movement or muscle contraction
which does not result in limb motion, 2 indicates
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movement but not against gravity (i.e., in the
plane of the bed), 3 is movement against gravity
but without resistance, 4 is movement against
resistance, and 5 is full power or movement
against strong external resistance.

In infants and young children, strength testing
is typically performed while observing functional
movements. For example, symmetric and age
appropriate reaching, crawling, or cruising sug-
gest normal strength. Of note, asymmetry in
reaching or demonstration of a hand preference
before about 1 year of age may be a sign of patho-
logic weakness in the non-preferred arm or hand.

Sensory Examination

The sensory examination includes evaluation of
the primary modalities of pain, temperature,
touch, proprioception, and vibration sense.
Formal sensory testing can be done typically after
5-6 years of age. A complete sensory examina-
tion can take a long time to perform in a healthy
subject. In reality, the sensory exam is usually tai-
lored to a specific area of concern where a deficit
is already suspected, as it will seldom reveal an
abnormality which has not been previously self-
reported. Pain sensation can be tested with a ster-
ilized pin, being careful to apply the same pressure
in all areas. However, it is quite difficult to apply
consistent, nontraumatic pressure with each
application. Furthermore, certain areas of the skin
are naturally more sensitive than others. Thus,
variations in the exam are to be expected, and
mild sensory deficits or asymmetries should be
treated suspiciously and placed in context of the
overall history and other examination findings. In
general, asking the subject if the pin feels sharp is
acceptable, as opposed to attempting to quantify
the degree of pain or sharpness. Temperature sen-
sation is transmitted together with pain by the spi-
nothalamic tract and can be tested by placing a
cool metal object against the skin. Touch is evalu-
ated by using a cotton swab or the examiners fin-
ger and gently pressing, not wiping, against
the skin. With eyes closed, the subject should be
able to identify the location of the stimulus.
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Proprioception, or joint position sense, can be
tested by holding the sides of a joint (e.g., the lat-
eral aspects of the big toe) and moving the distal
aspect of the joint gently and briefly in an up or
down direction. A healthy person should be able
to detect even very small movements and specify
the direction. Vibration sense, which is transmit-
ted together with proprioception in the dorsal col-
umn system of the spinal cord, is best tested by
placing a 128 Hz tuning fork on a bony portion of
a finger, toe, or other joint.

Sensory testing in newborns and infants is
usually limited to basic testing while assessing
for motor output as a potential response to a stim-
ulus. For example, an infant will usually with-
draw a limb in response to a tuning fork. This
procedure also provides temperature and touch
stimulation and trial-to-trial variability in infant
testing is common. Noxious stimuli such as nail
bed pressure, pinching of the skin, or pinprick
should also elicit a cry or withdrawal. Light touch
or tickling will also usually precipitate a with-
drawal of the foot, for example. Again, a sensory
exam is most sensitive when there is a specific
area of concern for neurologic injury.

Reflex Examination

In neurology, reflexes can refer to either the deep
tendon reflexes mediated by stretch receptors in
the joints and muscles or to developmental and
behavioral reflexes. Deep tendon reflexes test the
sensory integrity of the stretch receptors and
associated sensory nerves and also require a
functioning muscle to produce the motor
response. Most reflexes are mediated by only one
or two spinal nerve roots and are very helpful
when attempting to localize an injury. Upper
motor neuron injuries (those arising in the cortex
of corticospinal track) will lead to a condition
where deep tendon reflexes (and overall tone) are
elevated, while lower motor neuron injuries (i.e.,
the cell bodies of the motor neurons in the spinal
cord and their associated nerve fibers) or muscu-
lar injury will cause depressed or absent reflexes.
When testing the tendon reflexes at a joint such
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as the elbow or knee, the joint should be relaxed
and bent approximately 90°. A brisk tap with a
reflex hammer provides the stretch response and
the reaction is a contraction of the muscle. The
magnitude of tendon reflexes is dependent on the
location as well as strength of the tap with the
hammer. Tendon reflexes are most commonly
tested in the arms at the biceps (mediated by C5
and C6) just anterior to the elbow, the brachiora-
dialis (also C5/6) above the wrist on the radial
aspect of the forearm, and the triceps (C6/7) just
posterior to the elbow. In the legs these include
the patellar reflex (L2/L3/L4) elicited by a strike
just below the patella and the ankle reflex (L5/S1/
S2) produced by tapping the Achilles tendon,
usually while maximally flexed. The adductor
reflex (L2—4) is tested by tapping the adductor
tendon near the medial epicondyle of the distal
femur. The most common grading system ranges
from O to “4+” where O refers to no reflex, 1+ is a
weak reflex, 2+ is a normal reflex, 3+ is hyperac-
tive, and 4+ generally indicates some clonus or
spreading. A “crossed adductor response” is one
of the more common examples of a reflex spread-
ing and occurs when a tap of one thigh adductor
leads to bilateral adductor muscle contraction.
Clonus is most easily assessed at the ankle, elic-
ited with a rapid jerk of the ankle into a dorsi-
flexed position. If present, clonus will appear as a
repeated movement or beating of the dorsiflexed
foot into plantar flexion. Some beats of clonus
can be normal in newborns and young infants as
well as teenagers and some adults, but many
beats of clonus or sustained clonus should prompt
a more thorough examination of possible upper
motor nerve injury.

Although deep tendon reflexes can be tested at
any age, the triceps reflex is particularly difficult
to elicit in neonates. Tendon reflexes can also be
difficult to achieve in babies because of their con-
stant motion and light weight, and thus nonspe-
cific movements as well as movement due to the
hammer itself can be interpreted as a reflex
response. In addition, their small size makes for a
small target; the biceps tendon and patellar ten-
don require a precise hit from the hammer, which
can take practice or repeated trials. With children,
itis often sufficient to simply use “low” or “brisk”
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and then allow the examiner to classify the
reflexes as abnormal or normal depending on the
rest of the exam.

There are also some reflexes known as “non-
stretch” or superficial reflexes. Among these is
the abdominal reflex which is elicited by stroking
or lightly scratching one side of the abdomen.
This should trigger a small ipsilateral contraction
of the abdominal muscles and is one way to test
for sensation and motor integrity of the thoracic
roots 8 through 12, which may be damaged in a
spinal cord injury, but does not otherwise have
large associated muscle groups for easy testing.
The cremasteric reflex causes elevation of the
ipsilateral testicle upon upward stimulation of the
inner thigh. This reflex is mediated by L1 and L2.
Anal tone and the anal “wink” reflex are medi-
ated by S2-S4.

One of the most widely tested superficial
reflexes is the plantar reflex.

In children aged 1 or older, a normal plantar
reflex produces a plantar flexion of the large toe,
while an upward or extensor response is consid-
ered abnormal. An extensor response of the toe in
non-infant is evidence that this otherwise spi-
nally mediated reflex is not suppressed by infor-
mation from the cortex.

Thus, an extensor response is another sign of
upper motor neuron injury. There are nearly a
dozen methods which can be used to test for the
plantar response, but the most often used is
Babinski test. The Babinski test involves stroking
the lateral side of the bottom of the foot up toward
the ball of the foot and then curving in toward the
toes. An initial upward movement of the big toe
is considered a “positive” Babinski sign. A down-
ward movement or no movement is considered
the normal situation. The plantar reflex is medi-
ated by the L4-S2 spinal roots. In some cases, a
plantar or extensor response is unequivocal.
However, testing can be variable from trial to
trial, particularly because it is sometimes difficult
not to elicit a tickle or withdrawal response upon
testing. Note that infants will have a normally
positive Babinski sign, as a result of an immature
brain. However, a lack of a Babinski sign in an
otherwise healthy infant does not have particular
neurologic significance.
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Developmental Reflexes

These are the final group of reflexes which are
commonly tested as part of the neurologic exam.
These are reflexes typically present early in life
that extinguish with progressive maturation of
cortical inhibitory function. These reflexes have
two useful functions in neurology. First, their
persistence past a certain age may be a clue of a
systemic problem. Secondly, and somewhat more
commonly, is that these reflexes can be used to
elicit a motor response which an infant would
otherwise not do voluntarily.

For example, the Moro reflex can be valuable
in trying to determine whether there is asymmet-
ric weakness or injury such as might occur in a
clavicular fracture or perhaps a brachial plexus
injury during birth. The Moro reflex refers to the
abduction and subsequent adduction of the arms
elicited by a sudden loss of head or truck support,
which creates a sensation of falling. This reflex is
readily elicited in a newborn and disappears by 5
or so months of age. A grasp response is the well-
known curling of the fingers or toes when a finger
or other object is placed in the palm of the hands
or against the balls or soles of the feet. The suck-
ing reflex and rooting reflexes are also examples
of common developmental reflexes and can be
used to stimulate motor activity for neurologic
testing. The stepping reflex is present during
the first 6 weeks of life. This reflex is stimulated
by holding an infant upright and resting the
feet against a surface with the knees slightly bent.
The typical response is for the infant to raise a leg
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and move it forward, as if taking a step. The
Landau response is triggered with ventral sus-
pension of the child or placement in the prone
position, which should result in an extension of
both the head and legs. This reflex begins around
3 months and persists through infancy. The tonic
neck response describes a flexion of the limbs of
the contralateral side and extension of the limbs
on the ipsilateral side in response to a force head
turn. This usually diminishes by 4-5 months,
which is the age many babies begin to roll over.
Of note, a normal tonic neck reflex can provoke
asymmetries in tone and position, and thus it is
important to make sure the head is midline during
a neurologic examination. Refer to Table 2.1 for
a list of some developmental reflexes and their
expected age resolution.

Coordination

Although coordination is commonly thought of
as cerebellar-mediated process, coordination is
the integration of many different pathways which
are all necessary to produce accurate movements.
As a result, impaired coordination can be seen in
disorders of the cerebellum and basal ganglia as
well as various other sensory and motor systems.
Finger-to-nose testing is an easy way to assess
coordination and simply requires the subject to
move his or her finger from the nose to an exam-
iner’s finger or other object, which should be
placed as far from the subject while still being
reachable, as this distance adds some sensitivity

Table 2.1 Developmental reflexes and their expected age of resolution

Reflex Stimulus

Rooting Stroke cheek or lip

Stepping Hold upright with feet touching surface
Tonic neck Placed on back, turn head to side

Moro Sudden falling motion or loud noise

Palmar grasp Press palm surface

Plantar grasp Press sole of foot

Landau response | Place on stomach

Response Resolution
Head turns and mouth opens | 2-3 months
toward stimulus

Moves feet as if taking steps | 3—4 months
Ipsilateral arm extension 4-5 months
and contralateral flexion

Arms extend and abduct, 5—-6 months
then adduct

Finger curl 5-6 months
Toes curling 9-10 months

Starts at 3 months,
resolves at 12 months

Back arches and head raises
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to the test. The subject should be asked to go
from finger to nose and back somewhat briskly,
but excessive speed is not necessary to evaluate
coordination. Rather, the subject should be able
to accurately and very precisely touch the finger-
tip to the examiner’s fingertip. During this test,
observe for any dysmetria, which can take the
form of missing the target laterally or ‘“pass
pointing.” Beware of any vision abnormality or
impaired depth perception which will confound
the results. Finger-to-nose testing is also a good
way to evaluate for an intention tremor. An anal-
ogous test in the lower extremities involves hav-
ing the patient place the heel of one foot on the
knee of the opposing leg and carefully sliding the
heel down the shin toward the ankle and back
again. Another test of coordination is the rapid
alternating movements test, which when abnor-
mal is called dysdiadokinesis. One way to per-
form this test is to have the subject rapidly tap the
index finger to the thumb or alternately to tap a
thigh or other surface with the dorsum of the
hand and then the palm of the hand as quickly as
possible. Rapid foot tapping is an analogous test
in the lower extremities. Note that mild weakness
will tend to slow any rapid alternating move-
ments, and thus this is a good test for evaluating
subtle unilateral weakness in a hand or foot, by
comparing speed of movements to the other side.

Testing coordination is not feasible in new-
borns and infants, due to lack of established cir-
cuitry, in addition to the obvious inability to
follow commands. By several months of age,
however, simply testing for abnormal movements
upon reaching for objects will give some sense of
coordination and must of course be compared to
the abilities of other children at that age. Midline
or truncal ataxia, which can arise from lesions in
the vermis of the cerebellum such as might be
seen in a meduloblastoma, will affect the ability
to sit normally or will affect the balance of a
walking child.

Gait

A gait exam is an essential part of any neurologi-
cal examination, and a normal gait requires the
normal functioning of all components of the
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nervous system. To some degree, if a child can
successfully walk or run down a hallway, stop,
and return when asked, the majority of the neuro-
logic exam is surely normal, as they have demon-
strated relatively intact hearing, cognitive, motor,
visual, and sensory pathways. It is best to evalu-
ate gait by observing the child while barefoot.
Note the station or the stance of the patient, their
steps, the speed, and the steadiness of the gait.
Steadiness varies with age and should be consid-
ered in the context of the patient’s age.
Cooperative children should be asked to walk
regularly, then on their toes and heels, and finally
with one foot directly in front of the other. This
ability to tandem walk is usually present by 5
years of age. For many abnormalities, the gait
will be affected in predictable or stereotypical
ways. For example, focal weakness in one leg
may make toe walking difficult on that foot or
result in a limp or other noted asymmetry. Truncal
ataxia or ataxia of a leg will result in a state of
imbalance and appear clumsy and staggered,
with a wide-based gait. Arm weakness or tone
may be seen as a decreased arm swing. Other
characteristic gait abnormalities are somewhat
less intuitive to use in pinpointing the abnormal-
ity. Circumduction, for example, is a lateral
swinging movement of the foot with excessive
lifting at the hip while bringing the foot to the
front, which is seen in cases of foot drop or distal
weakness. A spastic gait due to increased tone,
such as might be seen in cerebral palsy, will
appear shuffling, with the legs adducted and the
child somewhat on the toes or front of the foot.
An antalgic gait describes the traditional limping
pattern seen with maneuvers to limit bearing
weight on a painful leg.

Obviously, gait can only be tested once a child
begins walking. However, an evaluation of crawl-
ing, standing, or cruising can be relatively effec-
tive proxies for the information provided by
independent walking.

Conclusion
The neurologic examination as presented in this

chapter is intended to be a brief reminder or sum-
mary of various ways to identify and describe
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suspected neurologic abnormalities in children.
There is of course tremendous variation among
clinicians in their overall approach and examin-
ing techniques. However, the examination and its
components as described represent a solid frame-
work which should help any pediatric health-care
provider when trying to determine whether a par-
ticular set of complaints, symptoms, or signs are
abnormal and whether they may warrant addi-
tional work-up and neurological or neurosurgical
consultation.

Clinical Pearls and Red Flags

* While a systematic and complete neurologic
exam is occasionally needed, observation
alone of a child at rest and play can elucidate
a tremendous amount about both normal and
abnormal neurologic findings.

e To some degree, if a child can successfully
walk or run down a hallway, stop, and return
when asked, the majority of the neurologic
exam is surely normal, as they have demon-
strated relatively intact hearing, cognitive,
motor, visual, and sensory pathways.

¢ Understanding and interpreting the neurologic
exam in children requires in-depth knowledge
of normal development.

* Handedness in infants under 1 year of age
may indicate a relative weakness or neuro-
logic problem in the nondominant side.
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Birth Trauma to the Scalp and Skull

Babacar Cisse, Ibrahim Hussain,
Jeffrey P. Greenfield, and Caroline B. Long

Vignette #1

A healthy, 30 year old GIPI woman gives birth
to a full-term, 8-Ib boy. Her labor is complicated
by shoulder dystocia, requiring vacuum-assisted
extraction.

Six hours later, the infant is noted to have an
asymmetric swelling on the left side of the scalp
without associated ecchymosis. Vital signs are
stable and the infant has a normal neurologic
exam. Laboratory studies demonstrate marked
anemia and indirect hyperbilirubinemia. Plain
films (Fig. 3.1) demonstrate an extracranial fluid
collection extending across suture lines.

Figure 3.1 represents an example of a/an

(a) Cephalohematoma

(b) Subgaleal hematoma
(¢c) Epidural hematoma
(d) Caput succedaneum

Answer: (b) Subgaleal hematoma
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Introduction

Scalp and skull injuries account for nearly two-
thirds of all birth traumas [1]. Most of these
minor injuries can be treated conservatively;
however, early identification of those complica-
tions that may require surgical intervention is
critical. When evaluating patients during visits in
the first week or while still in the nursery, it is
important to remember that the greatest risk fac-
tor for skull or scalp trauma is instrumented
delivery with forceps or vacuum devices.
Macrosomia and primiparous mothers are other
risk factors for injury to the newborn skull during
delivery. These injuries can be grouped into three
categories: extracranial hematoma, intracranial
hematomas, and skull fractures without hemor-
rhage. Surgical intervention is predicated on the
severity of the trauma and potential for worsen-
ing or neurologic injury.
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Fig.3.1 Lateral skull radiograph in an infant

Extracranial (Scalp) Hematoma

To understand extracranial hematomas, it is
important to review the layers of the scalp. From
superficial to deep, the layers of the scalp include
the skin, dense subcutaneous tissue, galea apo-
neurosis, loose subaponeurotic (connective) tis-
sue, and the pericranium (also referred to as
periosteum) (Fig. 3.2). Venous drainage from the
scalp is primarily through emissary veins that tra-
verse the skull and drain into the intracranial dural
venous sinuses. Likewise, diploic veins drain the
diploic space, which is the area of cancellous bone
between the outer and inner tables of the skull.
Infants with scalp hemorrhages typically pres-
ent with focal swelling, abnormally enlarging head
circumference, anemia, indirect hyperbilirubine-
mia, and in severe cases, hypotension secondary to
severe intravascular volume loss. A 50 cc hema-
toma can represent a significant portion of the
intravascular volume of a normal 3.5 kg newborn.
Plain films or noncontrast computed tomography
(CT) scans of the skull can be obtained to exclude
an underlying skull fracture and intracranial hema-
toma. Certainly in the hospital setting, signs such
as a full fontanel or lethargic behavior such as fail-
ure to feed will prompt an urgent imaging evalua-
tion; however, in the office setting, a well-appearing
baby with a scalp swelling might very justifiably be
managed with observation alone. Extracranial
hematomas are generally treated conservatively

with volume resuscitation, blood transfusions,
phototherapy, and observation.

Caput Succedaneum

Caput succedaneum refers to a hematoma that
forms beneath the subcutaneous tissue and above
the galea (Fig. 3.2). These collections are not
considered pathologic in all cases, as most occur
spontaneously to a mild degree during normal
vaginal delivery. During birth, pressure around
the presenting part of the scalp against the cervix
prevents venous drainage from that area. In this
regard, prolonged vaginal and vacuum-assisted
deliveries are the biggest risk factors for develop-
ing caput succedaneum. They are present imme-
diately following birth and can have varying
degrees of ecchymosis and associated skin color
changes. The swelling usually has ill-defined
margins, which cross cranial sutures. Management
consists primarily of observation, as caput suc-
cedaneum often resolves within a few days [1]
without any long-term neurologic or cosmetic
sequelae following resolution.

Subgaleal Hemamtoma

The subgaleal space extends anteriorly from the
orbital ridge to the nape of the neck posteriorly,
and laterally to the ears (Fig. 3.2) [2]. Subgaleal
hematomas form in the potential space between
the galea and the periosteum, therefore can cross
suture lines. Rupture of the emissary veins caused
by vacuum-assisted delivery is the most common
cause, although they can also be seen with head
trauma in young children beyond the infancy.
Skin bruising and a boggy fluid collection can be
noted on physical exam. The time frame for
development is typically between 6 and 72 h after
delivery. In addition to anemia and hyperbilirubi-
nemia, hypovolemic shock can ensue as 50 % of
a newborn’s blood volume can fill up this poten-
tial space [3]. These children should be screened
for coagulopathies that need rapid and prompt
correction. Management is primarily conserva-
tive, with observation, blood transfusion, and
phototherapy as needed.
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Fig.3.2 Anatomic layers between the brain and the skull define specific injury planes
Cephalohematoma deterioration due to the small intravascular

Cephalohematomas, also referred to as subperi-
osteal hematomas, are scalp masses seen in
infants following delivery, and are most com-
monly associated with vacuum-assisted deliver-
ies [4]. The blood sources of these hematomas
are the diploic veins of the skull which commu-
nicate superficially with veins in the periosteum.
In this regard, hematomas form in the space
between the periosteum and the outer table of the
skull (Fig. 3.2). Given that the bleeding source is
from the respective skull bone, these hematomas
do not cross the cranial suture lines, distinguish-
ing them from caput succedaneum and subgaleal
hematomas. Plain films and CT imaging may be
obtained to rule out an underlying fracture.
Aspiration of these collections is not advised due
to the risk of infection, which has the potential to
spread and result in osteomyelitis. As with other
scalp hematomas, these collections are primarily
observed clinically while correcting anemia and
lab abnormalities. Imaging of these resolving
collections (not routinely recommended) will
reveal a calcification pattern that forms from the
periphery to the center.

Intracranial Hematomas

Intracranial hematomas are exceedingly rare
complications of birth trauma. However, such
hematomas have the potential to cause rapid

reserve of the newborn baby and fairly expansile
intracranial space within which blood can asymp-
tomatically collect, before presentation with
hemodynamic collapse. While intracranial hemo-
tomas can also present with scalp swelling or
enlarging head circumference, they are more
likely to present with acute neurologic deteriora-
tion or alteration in consciousness. Failure to rec-
ognize these hematomas early may lead to
significant brain damage and ensuing herniation
that can be fatal. It is paramount for neurosur-
geons to be alerted early for the proper manage-
ment of these hematomas and for them to assess
the need for any intervention that may include
drainage through a burr hole or a craniotomy for
evacuation of hematoma.

Epidural hematomas (EDH) (Fig. 3.3) occur
between the inner table of the skull and the dura.
They usually result from injury to the middle
meningeal artery secondary to an overlying skull
fracture. Given the pliability of the skull in
infants, EDH can simulate the presentation of
scalp swelling. While these hemorrhages are true
emergencies, not all require surgical decompres-
sion. Spontaneous resolution of infant EDH has
been seen as the blood products escape extracra-
nially through the fracture, rather than compress-
ing the underlying brain. These can still result in
significant and rapid hemodynamic compromise.

Subdural hematomas (SDH) (Fig. 3.3) result
from rupture of the bridging veins traversing the
space between the dura and the outer surface of
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Epidural hematoma

Scull

Fig.3.3 Epidural and subdural hematomas

the brain. SDH are more commonly associated
with high-impact traumas and rapid deceleration
injuries (e.g., shaken baby syndrome), and are
rarely seen as a complication of birth. For a
more complete description of the findings asso-
ciated with non-accidental trauma please refer
to Chap. 27.

Subarachnoid hemorrhages (SAH) similarly
are rarely seen in neonates and are more com-
monly associated with high-impact traumas.
These hemorrhages occur in the subarachnoid
space, which is between the more superficial
arachnoid layer and the inner pia mater layer that
apposes the brain parenchyma. This space con-
tains CSF and blood vessels. In spontaneous
cases, further angiographic imaging may be
required to rule out an underlying vascular lesion
(e.g., arteriovenous malformation, aneurysm).

On noncontrast CT imaging, EDH appears as
lens-shaped, in contrast to crescent-shaped sub-
dural hemorrhages. Subarachnoid hemorrhages

Subdural hematoma

Intracerebral hematoma

Vignette #2

A 4500 g boy is delivered by spontaneous vaginal
delivery at 37.5 weeks. The delivery was pro-
longed requiring the assistance of forceps. 10
days following birth, the patient is noted to have
an asymmetric swelling on the left side of his
scalp. The mass is attributed to cephalohema-
toma and is observed. Plain films demonstrate
normal diastatic sutures without evidence of
fracture. No further imaging is pursued. By 3
weeks of age, the mother reports that swelling
has gotten worse, and she notes that it transiently
grows during crying and is pulsatile at other
times. The patient has stable vitals with a normal
neurologic exam. The scalp mass is soft, ballo-
table, evenly shaped contours that cross over
lines and is not associated with
ecchymosis. MRI shows an intracranial poren-
cephalic cyst with CSF contents communica-
ting with an extracranial cyst through a bony
discontinuity.

suture
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This is an example of a/an?

(a) Growing skull fracture
(b) Epidural hematoma
(¢c) Subderma hematoma
(d) Cephalohematoma

Answer: Growing skull fracture with leptomenin-
geal cyst

will appear within the sulci of the brain, and
depending on the extent, it may also be seen in the
major cisterns and/or extend into the ventricles.

Skull Fractures

Skull fractures can occur during the birthing pro-
cess by direct pressure from forceps and vacuum-
assisting devices, or by pressure from the sacral
promontory in a narrow birth canal. Linear frac-
tures (Fig. 3.4) occur in 10 % of births and are
associated with cephalohematomas. Noncontrast
CT imaging is not required, but can be obtained
to better characterize these fractures and rule out
any associated intracranial hematomas [5]. These

fractures do not require surgical intervention and
usually resolve within 4-6 weeks.

Depressed skull fractures (also referred to as
ping-pong fractures) (Fig. 3.5) are rarer than linear
fractures, but carry a greater potential for harm.
All infants with evidence of a depressed skull frac-
ture on plain film should under go noncontrast CT
imaging to rule out any intracranial hematoma.

In cases with a greater than 1 cm displacement
from the donor site, concern for dural tear, a focal
neurologic deficit, or bony fragments embedded in
the brain parenchyma, surgery may be required for
exploration and elevation. In asymptomatic infants,
however, observation with spontaneous elevation
and union of the fracture has been reported [6].

A growing skull fracture is a rare but serious
complication of fracture healing. Usually seen
with linear skull fractures, there is diastatic
enlargement of the fracture caused by the devel-
opment of a leptomeningeal cyst (Fig. 3.6).

The etiology usually stems from an underly-
ing dural tear that pulses out cerebrospinal fluid
over time. Treatment is aimed at preventing fur-
ther cranial deformation and potential infection.
In this respect, craniotomy with duroplasty and
in extensive cases, cranioplasty, is the preferred
surgical approach [7, 8]. CSF diversion through

Fig.3.4 Linear skull fracture without significant diastasis
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Fig.3.5 Depressed, “ping-pong” fracture requiring surgical correction

Fig. 3.6 Leptomeningeal cyst or “growing skull frac-
ture.” A pulsatile or continuously enlarging fluid collec-
tion should raise concerns for communication with the
cerebrospinal fluid system

ventriculoperitoneal shunting may be required in
some cases to prevent recurrence. By 3 months
following surgery, reduction in the size of the
cranial defect and bone growth at the previous
fracture site can be seen [9].

Conclusion

e Scalp and skull trauma during birth are com-
monly encountered, especially given that a
large number of cases occur during other-
wise normal deliveries. As the use of

vacuum-assisted devices has become more
widespread, the risk of scalp hemorrhages in
any of the various potential spaces has
increased. In contrast, the decreased use of
forceps has led to a reduction in the number
of skull fractures, though this can be seen in
non-instrumented deliveries through mater-
nal-fetal bone-on-bone interaction. While
the vast majority can be treated conserva-
tively, being able to differentiate potentially
morbid complications from scalp and skull
trauma can prevent acute decline secondary
to blood loss, increased intracranial pressure,
and infection.

Pediatrician’s Perspective

Most scalp swellings can be observed without
radiologic or neurosurgical intervention. The fol-
lowing infants should be referred urgently for
evaluation and imaging

e Rapidly enlarging mass on the order of
hours

* Continuously growing mass despite 2-3 days
of observation

e A collection that varies with exertion or
crying

* A mass that changes from fluctuant to hard/
calcified.
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e Concern for infection (usually periorbital
edema or swelling in mastoid region)

e Change in level of arousal

* Focal neurologic deficit

e Any initially discovered skull fracture without
obvious etiology (Chap. 27).
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Brachial Plexus Injuries During

Birth

Peter F. Morgenstern

Case 1

A healthy gravida 4 para 3 mother gave birth
after an uneventful pregnancy to a male infant.
The delivery was complicated by shoulder dysto-
cia requiring episiotomy and multiple maneuvers
including grasping of the left arm during deliv-
ery. In the deliver room, the infant was noted to
be 4600 g and on initial examination had no
movement in the left arm. He was also visibly
uncomfortable on palpation of the left clavicle,
where a fracture was discovered on subsequent
X-ray. On follow-up neurologic exam the patient
was noted to have asymmetric pupils, smaller on
the left, as well as a slight ptosis on the left side.

Case 2

A diabetic gravida 3 para 1 mother delivered a
healthy female infant by Caesarian section after a
pregnancy complicated by prenatal identification
of fetal macrosomia. At birth, the child weighed
4300 g and was taken to the nursery without inci-
dent. On day-of-life one, a pediatric resident
noted a pronounced asymmetry in the move-
ments of the child’s arms. On further examina-
tion, she made several observations—the left arm
remained internally rotated and abducted at the
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shoulder with the elbow extended while the right
arm flexed normally with spontaneous activity.
She also noticed that the fingers and wrist
remained flexed.

Brachial plexus birth palsy (BPBP) is an
uncommon but critically important complication
of the delivery process that must be identified
early. These cases demonstrate a range of pre-
senting severity of neonatal brachial plexus
injury and highlight some of the resulting defi-
cits. Understanding this pathology demands an
understanding of the relevant gross and func-
tional anatomy, as well as the factors one must
consider in approaching its management.

Anatomy and Mechanisms of Injury

The brachial plexus is a network of nerves arising
from the nerve roots of C5-T1 and innervating
the muscles and skin of the upper back, chest,
and arm (Fig. 4.1). Most proximally, the ventral
rami of C5-T1 form the roots after giving off
branches to the muscles of the neck. The roots
converge to form three trunks. The upper (C5-6),
middle (C7), and lower (C8-T'1) trunks each split
into two divisions, anterior and posterior, which
subsequently converge into three cords. The pos-
terior cord forms from the three posterior divi-
sions (C5-T1). The lateral cord comprises the
anterior divisions of the middle and upper trunks
(C5-7), while the medial cord is the continuation
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Fig.4.1 Simplified
schematic of brachial
plexus anatomy
(reprinted with
permission from [1])
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of the anterior division of the lower trunk (C8—
T1). The plexus ends in terminal branches, which
provide motor and sensory innervation to the arm
and are summarized in Table 4.1.

Its anatomy and the mechanics of the delivery
process make the brachial plexus particularly vul-
nerable to birth injury. The importance of identi-
fying and characterizing injury early on cannot be
overemphasized, as children who do not receive
adequate care and follow-up may be relegated to
a lifetime of disability and sometimes deformity
of the affected arm. The role of the pediatrician is
to recognize these injuries early in order to facili-
tate evaluation, therapy, and potentially surgery
for those who do not recover.

Injury to the brachial plexus can occur anywhere
along its span from the cervical spine into the upper
arm, but there are regions that are more likely to be
injured in neonates. Injuries most frequently arise
from traction on the arm while the following shoul-
der is impacted within the birth canal, resulting in
stretch injury or avulsion of the roots of the plexus.
The most severe injuries may involve many or all of
the proximal components of the plexus, leading to
complete paralysis of the affected arm.

The mechanisms of injury to the brachial
plexus in neonates at first seem straightforward
but have proven to be more complex with further
study. The above example, injury in the presence
of shoulder dystocia that requires obstetric
maneuvers to deliver the arm, was initially
thought to be the clear explanation for the pattern
of injury seen in the neonates [1]. However, some

authors have suggested that it is not so simple.
Comparisons of infants with brachial plexus inju-
ries, both with and without dystocia, as well as
studies identifying infants with injury to the pos-
terior shoulder, have shown that the forces
involved in delivery are more complex than pre-
viously understood. One interesting point that
remains to be fully explained is the observation
that infants with injuries that are not associated
with shoulder dystocia frequently have more
severe injuries that take longer to resolve and are
more often associated with fractures of the clavi-
cle [2], which occur concurrently in approxi-
mately 3 % of injuries [3].

Four types of injury have classically been
described. Neuropraxia, the most benign, is a
temporary conduction block. Axonotmesis is the
disruption of the axon without significant dam-
age to the surrounding neuronal elements. These
two injuries typically recover spontaneously with
time and supportive care. Neurotmesis and
avulsion are injuries that often require surgical
management to achieve more complete recovery.
They are complete disruptions of the nerve, and
differ in that neurotmesis is a post-ganglionic
injury and avulsion is pre-ganglionic [4, 5].

Epidemiology

The incidence of brachial plexus birth injuries
has been largely stable over the last decade
despite improvements in the safety of obstetric



4 Brachial Plexus Injuries During Birth

37

Table 4.1 Terminal nerves of the brachial plexus and their functions

Nerve Root origin Branch point Termination

Phrenic nerve C3-5 Roots Diaphragm

Dorsal scapular nerve C4-5 Roots Rhomboids and levator scapulae

Long thoracic nerve C5-7 Roots Serratus anterior

Nerve to subclavius C5-6 Upper trunk Subclavius

Suprascapular nerve C5-6 Upper trunk Supra- and infraspinatus

Lateral pectoral nerve C5-7 Lateral cord Pectoralis major and minor

Musculocutaneous nerve C5-7 Lateral cord Coracobrachialis, Brachialis and
Biceps Brachii; sensation to
lateral forearm

Median nerve C5-T1 Lateral and medial Forearm flexors (except flexor

cords carpi ulnaris and medial half of

flexor digitorum profundus),
thenar muscles, 1st and 2nd
lumbricals; sensation to palmar
aspect of thumb, 2nd, 3rd, and
half of 4th digits including
nailbeds

Upper subscapular nerve C5-6 Posterior cord Subscapularis

Thoracodorsal nerve C6-8 Posterior cord Latissimus Dorsi

Lower subscapular nerve C5-6 Posterior cord Subscapularis and Teres Major

Axillary nerve C5-6 Posterior cord Deltoid, Teres Minor; sensation
to lateral arm

Radial nerve C5-T1 Posterior cord Triceps Brachii, Supinator,
Anconeus, Extensors of forearm,
Brachioradialis; sensation to
posterior arm, dorsal aspect of
thumb, 1st and half of 2nd digits

Medial pectoral nerve C8-T1 Medial cord Pectoralis Major and Minor

Medial cutaneous nerve of the C8-T1 Medial cord Sensation to anterior and medial

arm arm

Medial cutaneous nerve of the C8-T1 Medial cord Sensation to medial forearm

arm

Ulnar nerve C8-T1 Medial cord Flexor carpi ulnaris, medial half
of flexor digitorum profundus,
intrinsic hand muscles except
thenar and lateral two
lumbricals; sensation to medial
hand, palmar aspect of medial
5th and half of 4th digits, dorsal
aspect of medial 5th, 4th, and
half of 3rd digits

practice and training. Large cohort studies over
the years have noted an incidence of 0.4-2.5/1000
live births, with little change over time despite
changes in obstetric practice designed to reduce
perinatal complications [6-9]. Some have pro-
posed that this is the result of a concurrent rise in
average birth weight [5].

A 2008 study of children in the United States
utilized the Kid’s Inpatient Database to produce

an incidence of 1.5/1000 births by identifying
injuries in three separate years over the period
from 1997 to 2003. There were no significant
associations in ethnic or socioeconomic factors
that could be ascertained. Furthermore, this
observational cohort study was more optimistic
about a decreasing rate of injury over time, from
1.7 to 1.3 per 1000 live births over the 6-year
period [10].
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We have seen that a number of fetal and mater-
nal characteristics are associated with the pres-
ence of injuries of the neonatal brachial plexus.
Maternal diabetes, fetal macrosomia, prolonged
labor, forceps delivery, primiparity, increasing
maternal age, and shoulder dystocia have all been
identified as risk factors for injury. Of these,
shoulder dystocia and fetal macrosomia have
been singled out as the higher risk conditions.
Twin gestation and Caesarian delivery have been
associated with a lower rate of brachial plexus
palsy [10]. Some centers have attempted the use
of elective Caesarian section to reduce the inci-
dence of brachial plexus injury in the setting of
multiple prenatal risk factors. One group noted a
decreased risk of brachial plexus injury and cla-
vicular fracture with Caesarian section compared
with vaginal delivery. However, the category
“other birth trauma” saw an increase in risk with
Caesarian delivery [11]. A head-to-head study
investigating elective Caesarian delivery demon-
strated no significant decrease in the incidence of
brachial plexus injury [9].

Presentation and Natural History

In the delivery room, identification of the injury is
the first step. Localizing the nerve injury may
require further study, as the evaluation of a new-
born infant will be limited early on by pain. It
should be noted, however, that the pain is typically
not the result of the nerve injury itself [12] but
rather the corresponding fractures and muscular
trauma. Neonates affected by brachial plexus pal-
sies have also frequently been noted to suffer from
other injuries. Clavicular fractures, facial nerve
palsies, cephalohematomas, and arm ecchymoses
have all been notably associated with brachial
plexus palsies and are the typical stigmata of a
traumatic delivery [6, 9].

The most common presenting finding in the
neonate is the classic Erb’s Palsy, which arises
from a lesion of the C5-6 roots. The arm is inter-
nally rotated and abducted at the shoulder, the
elbow extended, and the forearm is pronated with
flexed wrist and fingers (Fig. 4.2). Injuries may
involve C4, causing respiratory distress as a result

il &

Fig. 4.2 Infant with Erb palsy. The arm is internally
rotated and abducted at the shoulder, the elbow is
extended, and the forearm is pronated with flexed wrist
and fingers

of phrenic nerve disruption. With C7 involvement,
the triceps may be impaired as well. In the most
severe cases, the entire plexus may be involved,
causing complete paralysis of the arm (Fig. 4.3).

More proximal injuries can sometimes be
identified by findings related to loss of function
of nerves branching early from cervical roots or
in close association with the roots themselves. A
Horner’s syndrome may occur due to sympathetic
chain injury where it is adjacent to the roots of C8
and T1. Winged scapula deformities result from
injuries to the C5-7 roots proximal to the takeoff
of the long thoracic nerve. Babies with brachial
plexus injury often preferentially turn their heads
away from the affected side, resulting in torticol-
lis and/or positional plagiocephaly [5].
Furthermore, patients with residual deficits have
sometimes been noted to have differences in
upper extremity length when compared to the
non-injured side, potentially compounding the
degree of disability [13].

Recovery rates have generally been reported
as favorable. Early studies of recovery rates of
children after injury identified flaccid paralysis,
Horner’s syndrome, and diaphragmatic dysfunction
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Fig.4.3 Infant with
complete paralysis of
the arm, demonstrating
an extensive brachial
plexus injury

as poor prognostic indicators, as well as the
absence of shoulder dystocia at delivery [2].
Large prospectively collected cohorts from the
1980s reported high overall rates of recovery,
ranging from 77.8 % to as high as 95.7 % [6, 7].
However, more recent discussions of the rate of
spontaneous recovery have somewhat tempered
the optimism of some practitioners. Earlier
reports may have overstated the likelihood of
improvement without intervention [10] and
newer data suggest that 30% or more of the
infants injured will not achieve a satisfactory out-
come without intervention [14, 15]. Injuries
involving more roots —i.e., C5—7 rather than only
C5-6—portend a worse prognosis. In a study of
168 infants with brachial plexus palsy between
1990 and 2005, it was noted that infants with
C5-6 lesions recovered completely 86 % of the
time [16]. Those with C5-7 lesions, however,
recovered only 38 % of the time while those with
lesions of the entire plexus did not recover fully.
These observations, among others, have resulted
in changes to practice patterns with respect to
timing of surgical evaluation and intervention for
brachial plexus birth injury.

Evaluation

Discussions of the natural history of brachial
plexus birth injuries are inextricably linked to the
consideration of surgical repair. Identifying
infants who are destined for a poor functional
outcome is critical, and is largely in the hands of
the child’s primary healthcare providers. Defining
a satisfactory outcome is critical to the consider-

ation of recovery rates. This has led to the devel-
opment of multiple rating scales and tools for
evaluators to characterize injuries to the infant
brachial plexus.

The simplest observations reported by studies
of infant recovery after injuries to the brachial
plexus have hinged on evaluations of upper arm
strength. For example, it has been demonstrated
that infants who recovered fully had reached
greater-than-antigravity strength in the deltoid,
biceps, and triceps muscles by the age of
4.5 months. All others had persistent varying
degrees of weakness [14].

Most instances of BPBP are identified immedi-
ately following delivery and require several
important initial steps. Care should be taken to
avoid exacerbating injury or causing pain on the
affected side, and plan X-rays of the upper extrem-
ity and shoulder should be completed to avoid
missing associated fractures and dislocations. The
infant should also be thoroughly examined to
identify ptosis or miosis, which may herald the
presence of a Horner’s syndrome [1]. The next
steps include evaluation by pediatric physical and
occupational therapists, as well as regular follow-
up to identify signs of recovery and, conversely,
the infants who do not recover and may warrant
referral for surgical management.

Multiple classification systems have been pro-
posed to characterize brachial plexus injury in
attempts to standardize the evaluation and monitor-
ing of clinical progress in these children. The most
widely recognized of these was published by the
British Medical Research Council (BMRC) in [17]
and evaluates infants using limb positioning, estab-
lishing a grading system from O to 5 to describe a
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range of muscle strength. The challenges of grading
resistance in infants were observed over time, and
a modified BMRC scale was introduced to accom-
modate this. The adjustment limited the grades to
MO to M3, thus reducing the gradations used to
measure different degrees of manual resistance in
the infant. This scale has been used widely as an
outcome score for motor recovery [18].

The Score of 10 is a scoring system that was
introduced in 1997 in order to characterize chil-
dren with persistent deficits after birth injuries. It
is performed at an age at which the child can fol-
low verbal prompts to complete a range of active
movements and assigns greater weight to move-
ments that are particularly important to function.
The total comprises Erb and Klumpke scores,
representing evaluations of the upper and lower
plexus (Table 4.2). The authors proposed that
high scores indicated children with good func-
tion, mid-range scores defined children who had
some degree of impairment but sufficiently good
function to benefit from surgery, and those with
low scores would be unlikely to achieve suffi-
cient benefit from intervention [19]. As this score
can only reliably be applied to older children, it is
not helpful in the early evaluation and referral of
infants with injuries.

The Toronto Test Score was developed to pre-
dict recovery in infants. Patients are prompted to
actively flex and extend the shoulder, thumb, fin-
gers, wrist, and elbow. Their movements are rated
from O (no movement) to 2 (normal motion) and
summed to a maximum 10 points each for flexion
and extension. Each parameter has been studied
for its ability to predict recovery, demonstrating
that several permutations had a high rate of accu-
racy in predicting infants’ recovery when first
tested at 3 months of age. The simplest of these
was the use of elbow flexion and wrist extension,
though there were several other similarly accurate
combinations [20]. This scale is useful in that the
examiner can take whichever movements can be
elicited from the infant and cobble together a
score that may have some predictive value. For
example, one group used only elbow flexion with
reasonable results [21, 22].

The Mallet Classification (Fig. 4.4) is used to
evaluate shoulder function specifically in children

Table 4.2 Score of 10 (adapted with permission from

(19

Erb score

Shoulder abduction >120° 2
90-120° 1
<90° 0

Shoulder external rotation >60° 1
<60° 0

Elbow flexion Hand-to-mouth 2
Cannot reach 0

hand-to-mouth
Full shoulder 2

Elbow extension

abduction
without elbow
flexion
Shoulder 1
abduction with
some elbow
flexion
Unable to extend |0
elbow with
shoulder
abducted
Trumpet sign Negative 1
Forearm supination >40° 1
Forearm pronation >40° 1
Klumpke Score
Wrist extension 1
Wrist flexion 2
1
Metacarpophalangeal 1
extension 0.5
Interphalangeal extension 2
1
0
Finger flexion 2
1
Thumb adduction 1
Thumb abduction 1

who have sustained neonatal brachial plexus inju-
ries. Five different shoulder functions are graded
from no function (Grade I) to full function (Grade
V) [24]. This system recognizes the importance of
the shoulder and elbow flexors in ability of a child
to make use of the affected arm in the absence of
complete recovery, but can only be used in older
children because of the degree of active cooperation
and complex movements that are required.

The Hospital for Sick Children Active
Movement Scale (Table 4.3) is a measure of
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strength with and without the effect of gravity on
the infant’s entire arm [21, 22]. It was developed
to document recovery in upper extremity function
in injured children, and can be used from infancy
into later childhood. It evaluates overall joint
movements, rather than individual muscle groups,
with an eye toward function. It has been shown to
have both excellent inter- and intra-rater reliabil-
ity, as well as consistent results when used by
practitioners with a range of experience [18, 23].
Bae et al. [23] evaluated the Mallet Classi-

fication, Toronto Test Score, and Active
Grade ll
Global
abduction
Global
external
rotation
Hand to
head |
Not
possible
Hand on e\
spine |;.'.\_“
3 Not
possible
Hand to
mouth

.

Marked trumpet
sign

Movement Scales on the measures of inter- and
intra-rater reliability. When tested in isolation,
the individual components of these scales were
generally reliable, though some components of
the Mallet Classification were less consistent. In
the aggregate scores, all three scales demon-
strated excellent inter- and intra-rater reliability,
validating their use throughout the literature and
clinical practice in attempts to monitor patient
outcomes and predict their recoveries.

In an attempt to simplify the evaluation process,
some clinicians have looked for more straightfor-

Grade IV

Grade lll

e

Partial trumpet
sign

Fig.4.4 Modified Mallet Classification (reprinted with permission from [23])
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Table 4.3 Hospital for sick children active movement
scale (adapted with permission from [18])

Observation ‘ Grade
Gravity eliminated

No contraction 0
Contraction, no motion 1
Motion <half range 2
Motion > half range 3
Full motion 4
Against gravity

Motion <half range 5
Motion > half range 6
Full motion 7

ward predictors on outcome. For example, one
group studied thumb pain sensation as an easy and
rapid evaluation of the injured infant. This group
demonstrated a sensitivity of 66 % and specificity
of 96% for nail bed compression applied at less
than 2 months of age in order to predict poor func-
tional outcome defined by the evaluation of elbow
flexion at 6 months of age [25]. This simple test can
be performed in the general practitioner’s office,
and may aid in the early identification of at-risk
infants. It should not be used in isolation though,
given the low sensitivity.

Perhaps, the most helpful and comprehensive
grading scale for the general practitioner was
introduced in 1987 and is called the Narakas
Classification (Table 4.4), which has undergone
various modifications [26, 27]. Infants are graded
from 1 to 4 based ranging from mild dysfunction
of C5 and C6 roots only to complete paralysis of
the arm with Horner’s syndrome. Grade I injuries
spontaneously recover greater than 90 % of the
time, while Grade II and above recover 65 % of

the time or less. While it is not adequate alone
to guide surgical decision-making [26], this
straightforward evaluation method can aid in the
determination of which infants should be referred
to more specialized care.

Beyond clinical evaluation and classification
of injuries, some authors have attempted more
objective laboratory methods to evaluate the
extent of injury and ascertain prognosis. Electro-
myography (EMG), for example, is commonly
used in adults with peripheral nerve injuries and
may be valuable in the evaluation of the infant
[28]. Infants evaluated at 1 month of age by nee-
dle EMG were observed in one study for signs of
clinical improvement over time. The absence of
motor unit potentials in the deltoid or biceps at
that time point was highly sensitive for persistent
paralysis at 3 months, potentially allowing for
early referral of affected infants. A high false-pos-
itive rate in this study, however, should give the
evaluator pause when considering surgical man-
agement prior to 3 months of age [29].

In addition to EMG, some have considered
quantitative ultrasound to evaluate the muscle in
the injured arm in comparison to the uninjured
one. This group evaluated infants using the
Active Movement Scale and found that muscle
backscatter and thickness varied between injured
and uninjured arms depending on the degree of
impairment. Muscle thickness increased with
clinical improvement, but it was not clear whether
these evaluations could predict future antigravity
strength in the infant’s affected arm [21, 22]. This
tool requires further study, but may prove useful.

Other radiographic studies have limited value
in the evaluation of BPBP, but can contribute

Table 4.4 Narakas classification (adapted with permission from [5])

Group Roots affected Clinical findings Spontaneous recovery
1 C5-6 Limited shoulder abduction/external >80 %
rotation and elbow flexion
2 C5-7 Above + wrist drop ~60 %
3 C5-T1 Flaccid paralysis 30-50 %
4 C5-T1 Flaccid paralysis + Horner’s syndrome | Low probability
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some information. Myelography under general
anesthesia has been useful for identifying chil-
dren with pseudomeningoceles that occur more
commonly with avulsion injuries, thus aiding in
surgical decision-making by identifying more
severe injuries and are unlikely to recover.
However, pseudomeningocele can also occur
without a root avulsion, so interpreting the results
of a myelogram can be challenging [30, 31].
Magnetic resonance imaging of the spine can
also demonstrate pseudomeningocele associated
with root avulsion, but has limited sensitivity and
resolution in the identification and localization of
other types of injuries [30, 32, 33]. Ultrasound of
the brachial plexus has been used to identify a
range of peripheral nerve pathologies, and may
be more sensitive than MRI with equivalent
specificity in identifying injury [21, 22]. MRI of
the shoulder is useful in identifying secondary
injuries, such as early secondary joint deformi-
ties. In recent years, advances magnetic reso-
nance neurography have demonstrated improved
sensitivity in identifying pathology of the bra-
chial plexus in infants, as well as correlation with
EMG and physical findings [34]. This imaging
modality may become increasingly useful in the
coming years as an adjunct to existing evaluation
methods.

Management

Once the initial diagnostic work-up has been
completed, the first step in management for
infants with BPBP is physical and occupational
therapy. This should begin early, with most rec-
ommending initiation on or about the third week
of life [5]. This consists of passive range-of-
motion exercise to minimize the onset of contrac-
tures. Medial rotation contracture of the shoulder
is the most common of these [35]. Deformities of
flexion and pronation at the elbow are also com-
mon and often occur in tandem with contracture
at the shoulder [36]. Exercises are age-dependent.
In young children, they are aimed at encouraging
two-handed play and, later, self-care. In the
absence of improvement within 2 months of age,
patients are referred for further evaluation includ-
ing surgical consultation [5].
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Neonatal plexus injuries lend themselves to
surgical repair for a variety of reasons, but per-
haps the most important is an accident of ana-
tomical development. The superior roots adhere
to the periosteal lining of the transverse process
of their corresponding vertebrae, making them
particularly prone to rupture rather than avulsion,
as the traction forces are not transmitted into the
spinal canal. The roots of C8 and T1 are more
likely to avulse because they lack this association
with the bone [1]. Nerve ruptures are more repa-
rable because there is a proximal stump available
for reconstruction, while avulsions leave no
stump. Neonatal injuries occur much more com-
monly in the upper components of the plexus.
Approximately 50% of patients with brachial
plexus lesions at birth have lesions of the upper
roots or trunks alone (C5-6) while another 25 %
have injuries of C5-7. The most severe neonatal
injuries, those that do not exhibit signs of early
recovery as discussed above, are more frequently
amenable to surgical repair than their adult coun-
terparts. However, there is no definitive guideline
for the role of surgical intervention in these chil-
dren, nor is it perfectly clear when any proposed
intervention should be performed [37]. Some
have attempted to answer these questions over
the last half-century.

While imaging modalities and EMG have been
helpful in the diagnostic process for infants with
BPBP, the decision to explore and repair or recon-
struct the infant brachial plexus is still largely
clinical [1]. Infants without return of biceps func-
tion in the first 3—4 months have clearly docu-
mented decreased likelihood of full recovery, and
should be evaluated for possible surgical interven-
tion [5, 35, 38]. A review of the literature on the
timing of intervention reveals differing opinions,
but the more recent consensus has erred on the
side of earlier exploration of the plexus, ranging
between the ages of 3 and 9 months in infants
without improvement or with signs of severe
injury—complete paralysis or presence of
Horner’s syndrome [5, 35, 38, 39]. Furthermore,
some have warned that infants in whom surgery
has been postponed are at a higher risk of develop-
ing glenohumeral joint deformities and have sug-
gested a combined surgical approach for infants
with BPBP complicated by such deformity [40].
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While current research supports intervention
for patients with severe injury — Narakas Group 4,
for example—or non-recovering injury at a rela-
tively early age, the evidence for or against surgi-
cal intervention in children with more moderate
injuries is limited. A “gray zone” has been
described for infants whose optimal management
is unclear. This concept was proposed to help
guide clinicians in the absence of level I evidence
for surgical management. Patients with intermedi-
ate AMS scores are repeatedly evaluated over
months until 5-6 months of age. At that time, the
recommendation is that surgery be performed on
infants without continued meaningful recovery,
while it should be deferred for those with recover-
ing function suggestive of a reversible injury [13].

The outcomes of surgery are difficult to assess, as
there has been no randomized controlled trial com-
paring operative and nonoperative management of
these infants. However, multiple authors have dem-
onstrated the safety and potential for good outcomes
with surgery [37, 41]. Additionally, others have sug-
gested that, based on existing data, surgical correc-
tion alters the natural history of BPBP for the better
[S, 36,42, 43]. This and other data, past and present,
point to surgery as a viable option to improve func-
tion and reduce long-term disability in infants who
do not recover spontaneously. However, one must
consider that the goals of surgery vary by degree of
injury. Not all infants who reach the operating room
have a chance of returning to full functional capacity
in the injured arm. For lesions of the upper plexus
only, the intention is to ameliorate the deficits caused
by shoulder and elbow dysfunction. While this is
also important for total plexus injuries, the primary
objective for these infants is to restore function to the
hand [5]. When complete recovery is not an attain-
able goal, the surgeon must seek to improve critical
movements that provide the patient with as much
opportunity as possible to use the arm effectively.

Conclusion

Injuries to the infant brachial plexus are uncommon
complications of the delivery process that can cause
a high degree of long-term morbidity. With early
identification and management, many infants can be
spared long-term severe disability with noninvasive
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interventions such as physical rehabilitation. A small
percentage of injured infants will ultimately require
surgery, but surgical evaluation is necessary at an
early age for those who do not begin to recover in
order to achieve the maximal benefit of intervention.
A multidisciplinary approach to these injuries will
ensure that each child receives the appropriate treat-
ment for any given deficit.
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Neonatal Brain Injury

Anil Sindhurakar and Jason B. Carmel

In the course of 1 year, the human brain develops
from a “primitive streak” in the embryo to the
world’s most complex biological system. Human
brain development represents a crowning
achievement of both evolutionary biology and
developmental neuroscience. This period, which
includes development both in utero and in the
neonatal period, is filled with both tremendous
opportunity and significant vulnerability. While
tremendous neurological function is gained dur-
ing typical development, injury to the developing
brain can cause lifelong impairments. This chap-
ter discusses the types of injuries that commonly
occur during this critical period of development,
their diagnosis and management, and the sequelae
of brain injuries that occur early in life.

Before we address the particularities of com-
mon injuries to the developing brain, we should
consider some of the rules. One common idea is
that the developing brain is capable of more sig-
nificant recovery from injury than at later points.

A. Sindhurakar, Ph.D.

Motor Recovery Laboratory, Burke Medical Research
Institute, 785 Mamaroneck Avenue, White Plains,
NY 10605, USA

J.B. Carmel, M.D., Ph.D. (IX)

Motor Recovery Laboratory, Mind and Brain
Institute, Neurology, and Pediatrics, Weill Cornell
Medical College, Burke Medical Research Institute,
785 Mamaroneck Avenue, White Plains,

NY 10605, USA

e-mail: Jason.carmel@med.cornell.edu

© Springer Science+Business Media New York 2017

This idea is commonly described as the Kennard
doctrine, after Margaret Kennard, an experimen-
tal psychologist whose work in the 1920s and
1930s compared long-term neurological out-
comes of experimental brain injuries in primates
performed at various developmental stages. Her
conclusion was that for circumscribed cerebral
lesions, recovery was better after injury early in
development compared to later. The empirical
evidence that Kennard created is supported by
studies of brain plasticity, the ability to make new
neuronal connection, which is greatest early in
life. While called the Kennard “doctrine,” this is
really a hypothesis with some experimental evi-
dence, but far from a fact or rule.

The reason why the Kennard doctrine cannot
be considered a fact is that while brain plasticity
is high, early in development, the developing
nervous system also is more vulnerable to injury
during this period. Studies of premature birth
reveal this vulnerability. Infants born premature
are susceptible to two kinds of brain injury:
bleeds in the brain (intraventricular hemorrhage)
and damage to brain white matter (periventricu-
lar leukomalacia). The susceptibility of this pop-
ulation to these complications can be explained
by the demands of the growing brain: in the case
of bleeds by friable blood vessels in the area of
the brain where new neurons are formed, and in
the case of white matter disease by the fragility of
the cells that create myelin, the fatty membrane
that wraps axons and causes white matter to
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appear white. Thus, the brains of infants born
prematurely are at high risk. This calls into ques-
tion the idea that earlier is better when it comes to
brain injury and recovery.

We have organized this chapter by the com-
mon types of brain injuries that affect babies in
the neonatal period. Because infants born prema-
turely have selective vulnerabilities, we have split
the major maladies by those that affect term and
preterm infants alike and those that predomi-
nantly affect preterm infants. For those etiologies
affecting both term and preterm infants, we begin
with a discussion of generalized hypoxia and
ischemia and then consider arterial ischemic
stroke. We then discuss the two major causes of
brain injury in preterm infants—intraventricular
hemorrhage and periventricular leukomalacia.
For each of these diseases we discuss the etiol-
ogy, clinical presentation, diagnosis, manage-
ment, and outcomes. The goal is to inform the
reader about the major causes of neonatal brain
injury, how to approach them clinically, and how
to optimize outcomes.

Brain Injuries Affecting Term
and Preterm Infants

Neonatal brain injuries can occur from many dif-
ferent conditions and infants under 1 year of age
are at the highest risk of acquiring these injuries.
Given the complexity of the sources of injuries to
neonatal brain this section focuses on the two
most important neurological conditions in term
infants that are acquired at or near the time of
birth: Hypoxic-ischemic encephalopathy and
neonatal stroke. Despite advances in neonatal care
techniques these neurological conditions continue
to be major contributors to infant mortality. In
order to improve the outcomes of these disease
states, being able to diagnose and treat them early
might significantly improve long-term outcomes.

Hypoxic-Ischemic Encephalopathy
Hypoxic-Ischemic Encephalopathy (HIE) occurs

when there is insufficient substrate delivery to the
brain to meet its metabolic demands. Either
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hypoxia, which is reduced oxygen delivery, or
ischemia, which is reduced cerebral blood flow,
can contribute. HIE occurs in 4 out of 1000 term
babies. Although there have been tremendous
improvements in neonatal care in recent years,
hypoxic-ischemic cerebral injuries continue to be
significant cause of infant mortality as well as
long-term medical conditions such as cerebral
palsy, mental retardation, visual impairment, and

epilepsy.

Clinical Presentation

Symptoms displayed by infants suffering from
HIE vary depending upon severity of injury.
However, few symptoms such as abnormal levels
of consciousness and reflexes as well as seizures
are present at all levels of severity. In order to bet-
ter understand clinical presentation of this type of
brain injury, it has been useful to classify the
encephalopathy as mild, moderate and severe,
according to the original system developed by
Sarnat. In severe cases of HIE, within first 12 h of
birth infants generally present with reduced lev-
els of consciousness and preserved spontaneous
breathing but patterns of breathing frequently
become irregular. This is followed by onset of
seizures and hypotonia. As the brain injury leads
to cerebral edema, the brain swells, and this man-
ifests as a bulging fontanelle. Brainstem abnor-
malities such as irregular eye movements, motor
responses and apnea often worsen within next
12 h and may result in respiratory arrest and
death by 72 h of life. Clinical outcomes of HIE
with different degrees of severity are summarized
in Table 5.1. Symptoms of mild HIE usually
resolve within 72 h. With more severe injury,
abnormal levels of consciousness, disturbance in
feeding behavior and generalized hypotonia often
persist. Improvements in these neurological signs
are difficult to predict but infants that show fast-
est improvements within the first week have the
best chance for normal outcome in the
long-term.

Diagnosis

An accurate diagnosis of HIE requires evidence
for both hypoxia and ischemia, in the form of his-
tory and laboratory findings, as well as encepha-
lopathy, based on clinical signs. The specific
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Table 5.1 HIE severity and clinical outcomes

HIE severity

Clinical symptoms Mild Moderate Severe

Level of consciousness Hyperalert Lethargy Coma

Seizures - +/— +

Tone Normal or increased Decreased or increased Decreased

Tendon reflexes Increased Increased or decreased Decreased or absent
Primitive reflex Exaggerated Depressed -

Brainstem dysfunction - +/- +

Other features Jitteriness, sympathetic +/— Elevated intracranial

over-activity

pressure, automatic
dysfunction

Outcome Normal

20—40 % abnormal 100 % abnormal or death

+: Present, —: Absent, +/—: Present or absent

Table adapted from Swaiman KF, Ashwal S, Ferriero DM. Pediatric neurology: Principles and practice, 4th ed.

Philadelphia Elsevier Mosby, 2006

etiology can be made only after careful review of
the pregnancy, delivery, and neurological exami-
nation of the affected infant. In order for an acute
neurological injury to be designated as HIE the
American Academy of Pediatrics and the
American College of Obstetrics and Gynecology
put forth specific criteria for HIE in its 1996
guidelines. These include following conditions:

e Apgar scores of 0-3 for longer than 5 min

e Acidosis in umblical artery blood (pH <7)

* Neonatal neurologic sequelae such as hypoto-
nia, seizures and coma

e Injury to multiple organs like kidney, lungs,
liver, heart and intestines

Among these criteria, one of the most power-
ful predictor of the extent of brain injury is the
amount of dysfunction in other organs suscepti-
ble to hypoxia and ischemia, including the kid-
neys, liver, and heart. These organs have the
advantage of being able to assay function and
dysfunction directly, including blood biomarkers
of cell injury. Biomarkers of brain injury have not
yet been validated for HIE.

Clinical experience suggests that type of
hypoxic-ischemic injury and its duration can be
highly predictive of the pattern of injury to the
brain. Acute and total injury for just 10—11 min
can result in irreversible brain injuries. These

injuries tend to be predominantly localized into
the deep gray matter structures of the brain such
as basal ganglia and thalamus while leaving
much of the cerebral cortex intact. On the other
hand, partial and prolonged events (over an hour
or longer) results in injury to the cerebral cortex
and subcortical white matter but tends to spare
deep gray matter structures. In addition, advances
in neuroimaging allow clinicians to better define
the brain structures that are affected. Some of the
most frequently used imaging modalities are
ultrasonography, CT, and MRI. EEG, when
applied broadly over the scalp can also help
localize damage, at least within cortical struc-
tures. Of these imaging techniques, MRI gives
the greatest amount of information about area of
brain affected, ischemic components, and evi-
dence of blood in the tissue. The utility of various
imaging modalities is summarized in Table 5.2.
The advantages of different imaging techniques
must be balanced with practical considerations of
the time, expense, and availability of the various
imaging modalities as well as how medically
stable the patient is to travel to an imaging facil-
ity, in the case of CT or MRI as opposed to being
able to do ultrasound in the neonatal unit.

Management
The mainstay of management for HIE is to ensure
adequate substrate delivery in order to match
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Table 5.2 Diagnostic tools for different neuropathologi-
cal conditions

Diagnostic tool

Neuropathological condition MRI |CT |US
Selective neuronal necrosis: ++ + -
cerebral cortex

Selective neuronal necrosis: ++ + +
basal ganglia and thalamus

Selective neuronal necrosis: ++ +/- |-
brain stem

Parasagittal cerebral injury ++ + -
Focal and multifocal ischemic injury | ++ ++ |+
Periventricular Leukomalacia ++ + ++°

MRI magnetic resonance imaging, CT computed tomogra-
phy, US ultrasound

++: Very useful, +: Useful, +/— Questionably useful, —:
Not useful

2Very useful for focal component but not useful for diffuse
component or non-cystic PVL

Table adapted from Volpe JJ. Neurology of the newborn,
5th ed. Philadelphia: Saunders, 2008

brain metabolic demands. This includes adequate
ventilation and perfusion, as well as correction of
acidosis or other metabolic derangements caused
by the original hypoxia or ischemia. Correction
of metabolic disturbances addresses brain meta-
bolic needs directly. It also helps to restore proper
cerebral autoregulation of blood flow. Proper
care for any infant suffering from HIE requires
attention to disturbance to other systems besides
neurological functions. From the perspective of
brain health, addressing other end organ dysfunc-
tion helps to support uninjured brain tissue as
well as repair of damaged areas.

Two aspects of management help to lower the
metabolic demands of the brain. First is the treat-
ment of seizures. Seizures are common after HIE,
and they place an extra metabolic demand on the
brain. Barbiturates, particularly phenobarbital, as
well as benzodiazepines for acute management,
have been the mainstays of drug therapy. Ongoing
studies of newer antiepileptics are ongoing and
may expand treatment options, particularly in
refractory seizures that often accompany severe
HIE. However, given the potential side effects of
antiepileptic drugs, treatment options must take
into consideration minimizing the number and
duration of pharmacological therapy.
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The second intervention that helps lower brain
metabolic demands is hypothermia. Several mul-
ticenter clinical trials have demonstrated a bene-
ficial role of either selectively cooling the head or
whole body cooling. Benefits have been reported
when cooling was maintained for 72 h. This
method of neuroprotection appears to provide
beneficial effects through mechanisms such as
decrease in energy consumption, reducing accu-
mulation of extracellular glutamate and reactive
oxygen species as well as inhibition of deleteri-
ous inflammatory events and apoptotic cell death
pathways. Such neuroprotection strategy that
impacts multiple mechanisms not only directly
improves odds of positive outcome in long term
but it might widen the window for opportunities
to make other therapeutic options to be effective
for a longer period of time as well. Other inter-
ventions aimed at protecting the brain during this
time are also under active investigation, includ-
ing preventing excitotoxicity and oxidative
damage.

Long-Term Outcomes

Like prognostication for many injuries or ill-
nesses, making a definitive prognosis for any
individual is difficult. However, large groups of
data have been collected on children with HIE
that allow guidance of clinical decisions and
prognosis for patients and their families. The
most helpful clinical markers are: Apgar scores,
and particularly the ‘extended’ Apgar scores that
are recorded after 5 min of birth. Research sug-
gests that infants with depressed Apgar scores of
3 or less (out of 10) after 15 min or longer have
mortality rate as high as 60 % within a year and a
similar rate of Cerebral Palsy (CP) in the survi-
vors. Also, certain specific aspects of neurologi-
cal syndrome such as severity of the neonatal
encephalopathy, presence of seizures and the
duration of hypotonia are all negative prognostic
signs. In case of injury severity, it has been
reported that when infants are diagnosed with the
most severe form of HIE, their mortality rate is as
high as 80 % but when they are diagnosed with
less severe forms of the disease, the likelihood
decrease precipitously. On the other hand, pres-
ence of seizures can increase the risk of neuro-
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logical sequelae by as much as 40-fold. While
seizures themselves can harm the brain, their
negative prognostic significance is more likely
related to them being a marker of a very substan-
tial initial injury.

Neuroimaging tools such as ultrasound and
magnetic resonance imaging (MRI) are also rou-
tinely used to predict long-term outlooks.
Ultrasound images are most useful in predicting
outcomes from injury to deeper cortical struc-
tures such as basal ganglia and thalamus in term
infants. However, MRI scans have been the most
valuable imaging modality for outcome predic-
tion. Using MRI it has been shown that term
infants with injury to the basal ganglia and thala-
mus associated with severe HIE have the worst
neurological outcomes compared to injury to
watershed areas of brain associated with longer
and less severe HIE.

Neonatal Stroke

Another common form of neonatal brain injury is
stroke. In newborn infants, incidence of neonatal
stroke is 1 in 4000 live births. While stroke can
refer to both ischemia and hemorrhage of either
arterial or venous origin, for the majority of neo-
nates, stroke is arterial ischemic event, as deter-
mined by the pattern of injury. While the cause
for arterial ischemic stroke in newborns is most
often unknown, the presumed mechanism is
thromboembolic, as opposed to local clots asso-
ciated with atherosclerotic disease, for example.
There is a male predominance in neonatal strokes
and also a tendency of left-sided MCA occlusion.
The predilection for the left side is likely due to
hemodynamics that favors passage of emboli to
this side. Why boys have more strokes than girls
is unknown.

Clinical Presentation

Stroke in newborns usually do not show clinical
symptoms similar to adult stroke and the injury
often remains unrecognized until infants are
older. Many children with neonatal stroke
develop hemiparesis and present with early hand
preference within the first year. Of the infants that
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do show symptoms, the most recognizable sign
of the newborns with both arterial and venous
stroke is seizure. However, unlike the seizures in
most of the neonatal encephalopathies, which
tend to be multifocal and myoclonic, seizures
associated with stroke are mostly focal, involving
only one side of the body or one limb.

Diagnosis

Diagnosis of stroke often begins with recognition
of an early hand preference, neglect of one side
of the body, or other focal neurological signs.
Determination of the etiology is usually per-
formed with brain imaging, with MRI being the
preferred modality. Often, ultrasound may not
show any abnormalities acutely in case of isch-
emic strokes. CT scans may also show only sub-
tle signs because the brain has relatively low
attenuation (e.g., is dark) in the neonate. MRI and
MR angiography and venography are more use-
ful tools to precisely locate the site of injury if
occlusions or venous thrombosis are suspected.
Effectiveness of different imaging modalities for
detecting ischemic injuries in neonates is sum-
marized in Table 5.3.

An important clinical question is whether neo-
natal stroke requires a diagnostic workup of the
etiology, as it would for adult stroke. The
International Pediatric Stroke Study has found
few cases of embolic sources or hypercoagulabil-
ity. However, while the yield for investigations of
arterial ischemic stroke is low, the determination
of whether to pursue a workup must be made

Table 5.3 Effectiveness of different imaging modalities
for ischemic injuries

Imaging tool Findings Timing
Ultrasound Increased echogenicity | 2—10 days
CT Low attenuation 1-7 days
MRS Increased lactate 1-15 days
Decreased NAA After 3 days
DWI Reduced diffusion 1-5 days
Anatomic MRI | T2 prolongation 24 h

CT computed tomography, MRS proton magnetic reso-
nance spectroscopy, DWI diffusion weighted imaging,
MRI magnetic resonance imaging

Table adapted from Barkovich AJ. Pediatric neuroimag-
ing, 4th ed. Philadelphia: Lippincott Williams and
Wilkins, 2005
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based on an individual case, including family his-
tory and clinical suspicion of emboli. An echo-
cardiogram is recommended if the neuroimaging
indicates presence of embolism. A hypercoagu-
lable workup is indicated in children with family
history of clotting disorders or multiple events.

Neuroimaging studies using MRI and CT
scans have recognized distinctive topography and
vascular distribution in case of arterial strokes
and venous thrombosis. Almost 75% of term
neonates with arterial stroke tend to have unilat-
eral stroke and all unilateral lesions involve mid-
dle cerebral artery. Further, of all the cases
involving middle cerebral artery almost 65%
tend to be left artery. Distribution of topography
and vascular distribution from a large clinical
study of 244 infants using CT and MRI scans is
summarized in Table 5.4. In case of venous
thrombosis, most cases are best recognized using
MRI. Majority of thrombosis cases involve supe-
rior sagittal sinus (>65 %) and infarction is pres-
ent in 40-60% of the time. The infarcts are
usually hemorrhagic and intraventricular hemor-
rhage is present in 20-35 % of the cases. When
infarction is not present, brain edema is the prin-
cipal finding.

Management

Acute management of stroke starts with a workup
to identify the etiology and treatment of the same
if a source is found. Hypercoagulable states are
treated according to their specific derangement.

Table 5.4 Topography and vascular distribution of isch-
emic stroke

Infarct topography Percentage
Laterality

Unilateral 75
Bilateral 25
Vascular distribution

Left MCA 55

Right MCA 30
Bilateral MCA 10

Other arteries 5

MCA middle cerebral artery
Table adapted from Volpe JJ. Neurology of the newborn,
5Sth ed. Philadelphia: Saunders, 2008
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If an embolic source is found, treatment is tar-
geted to removing or dissolving the clot. The
treatment of sinovenous thrombosis is controver-
sial; anticoagulants can be administered, but con-
trolled studies comparing intervention with
natural history are lacking. Children with known
prothrombotic risks are given prophylactic ther-
apy, such as aspirin or anticoagulants.

Long-Term Outcomes

and Rehabilitation

Human brain at neonatal stage is very “plastic”
meaning it is much more capable of adapting to
changes in the environment, behavior and neural
processes. Hence, infants are capable of recover-
ing from injuries such as neonatal stroke lot bet-
ter than adult human beings. Neural connections
are still forming in a brain of a newborn and this
makes it possible for transferring important func-
tions from one part of brain to another in case of
an injury. For example, while stroke most often
affects the left hemisphere, neonatal stroke does
not produce aphasia, the loss of language produc-
tion or understanding, as it would in adult stroke.
Instead, children with left hemisphere lesions
develop control of language from the right hemi-
sphere. Because of such plasticity, neonates with
large stroke can develop with mild to moderate
impairments in the long-term.

Having said this, there are still many neonates
that do not recover fully after neonatal stroke.
One of the most common outcomes after neona-
tal stroke is cerebral palsy, which is a disorder of
movement and posture due to a non-progressive
injury to the developing brain. For stroke, the
most common lasting deficit is hand and arm dys-
function on the side of the body opposite the
stroke hemisphere. Impairment of motor function
is more common following arterial strokes than
sinovenous thrombosis. Besides motor dysfunc-
tion, children with neonatal stroke can develop
sensory deficits like numbness, visual impair-
ments as well as difficulty in facial recognition.
Other long-term morbidities associated with
stroke include cognitive impairments like learn-
ing disability, mental retardation and behavioral
disorders as well as epilepsy that usually origi-
nate from cortex adjacent to the infarction.
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In the case of chronic stroke, there are two
effective rehabilitation strategies for hand and
arm hemiparesis. The first is use of constraint-
induced movement therapy, in which the less
involved arm and hand are immobilized (by a
sling or cast), and the hemiparetic arm and hand
are used for training of dexterity. Alternatively,
the hands can be trained together, with the hemi-
paretic hand used as a helper for bimanual tasks.
These strategies both produce lasting gains in
dexterity of the hemiparetic hand. They also
improve measures of bimanual skill, tasks that
require the two hands be used together. Ongoing
studies are addressing which type of therapy is
most effective for different severity and different
etiologies of hemiparesis, such as stroke, peri-
ventricular white matter injury, and bleeds. In
addition, brain stimulation and other forms of
neuromodulation are being investigated for hemi-
paresis, with promising early results.

Brain Injuries Affecting Preterm
Infants

Preterm infants are born vulnerable to brain
injury due to fragility of the developing brain
itself, the blood vessels that supply brain cell pro-
liferation, and other organ systems that provide
crucial support of brain development. The fully
developed brain can maintain adequate blood and
oxygen delivery within a large range of systemic
blood pressure. Cerebral arteries respond to high
pressure by constricting to limit arterial pressure
in the brain. Conversely, when systemic blood
pressure is low, cerebral arteries dilate to main-
tain cerebral perfusion. Immature cerebral auto-
regulation predisposes premature infants to
excess cerebral perfusion, leading to hemorrhage,
and hypoperfusion, leading to injury of the white
matter, which is most susceptible to ischemic
injury. We discuss both hemorrhage and white
matter injury in detail, below. In addition, pre-
term infants have greater incidence of neurode-
velopmental problems even without overt brain
injury. This indicates that even in infants afforded
all of the nutritional, respiratory, and metabolic
support of the newborn intensive care unit, pre-
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maturity can have direct deleterious effects on
brain development. Hence, a separate section
addresses complications in infants due to prema-
turity itself as a factor contributing to lasting neu-
rological impairments.

Hemorrhagic Injuries

Recent advances in neonatal intensive care have
made it possible for preterm infants to survive the
neonatal period. However, a significant portion
surviving infants go on to develop neurodevelop-
mental disabilities later in life. Hemorrhagic inju-
ries represent a major cause of these disabilities
in preterm infants. Among different types of
hemorrhagic insults, germinal matrix intraven-
tricular hemorrhage (IVH) is the most common
in preterm infants. The reason that this area is
more susceptible to hemorrhages is because the
blood vessels that make up its vasculature are
very thin walled. This attribute, which likely
accommodates the large metabolic demands of
the rapidly growing brain, also creates vulnera-
bility. In utero, oxygen is supplied through the
placenta, and the lungs are not highly perfused.
When a baby is born, hemodynamics shift to per-
fuse the lungs in order to oxygenate blood. The
increase in right heart pressures is accompanied
by a rise in venous pressure. This explains why
most intraventricular hemorrhage occurs in the
first week of life outside the uterus. As cerebral
autoregulation matures and the fragile blood ves-
sels of the germinal matrix become more robust,
the risk of bleeding drops; IVH after 34 weeks of
gestation is unusual.

Clinical Presentation

The most significant clinical findings in infants
with IVH are respiratory disturbances that
become severe enough to warrant mechanical
ventilation. Depending on the severity of the
injury, clinical syndromes are categorized into
three stages: catastrophic deterioration, saltatory
deterioration, and clinically silent syndrome. Of
the three, clinically silent syndrome is the most
common with over 75 % of the IVH cases unrec-
ognizable clinically. Catastrophic deterioration
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involves dramatic display of multiple symptoms
such as sharp decline in peripheral hematocrit,
deep stupor, respiratory disturbances, general-
ized tonic seizures, dilated and unresponsive
pupils along with flaccid quadriparesis. Saltatory
syndrome is more difficult to recognize. It
involves altered levels of consciousness, hypoto-
nia and abnormal reflexes that come and go in an
unpredictable pattern. Some commonly recog-
nized symptoms of catastrophic deterioration are
shown in Table 5.5 along with their incidence.

Diagnosis

Two factors have led to surveillance of IVH in the
preterm population: its high incidence and the
lack of clinical signs in the majority of those
affected. Cranial ultrasounds are routinely per-
formed in the first week of life for babies born
before 34 weeks. Based on the ultrasound results,
clinicians have categorized IVH into four basic
categories: Grade I-IV. Grading system and cri-
teria for the different categories are shown in
Table 5.6. Grades I-III are ranges of severity for
germinal matrix hemorrhage. Grade IV IVH is
considered to be a result of infarction of the brain
tissue adjacent to the germinal matrix with subse-
quent bleed into the infarct. Due to the echogenic
nature of blood, ultrasound detects IVH effec-
tively for all grades.

Table 5.5 Symptoms of catastrophic syndrome IVH

Symptom Incidence (%)
Decrease in hematocrit 75

Seizures 10-15
Changes in tone 75-90
Abnormal eye signs 33-95
Apnea/bradycardia 50-75
Hyperglycemia >50
Hyponatremia >50
Metabolic acidosis >75

Table adapted from Swaiman KF, Ashwal S, Ferriero
DM. Pediatric neurology: Principles and practice, 4th ed.
Philadelphia Elsevier Mosby, 2006

Data from Cepeda et al., 1978, Dubowitz et al., 1981,
Moylan et al., 1978; Ment unpublished data, NS27116
Randomized Indomethacin IVH Prevention Trial, 1997
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The echogenic region of the injury is usually
located in the frontal and parietal regions. CT scans
are also useful in detecting the lesion but the neces-
sity of exposing sick children to ionizing radiation
has made it less preferred compared to ultrasonog-
raphy. Similarly, MRI is also capable of detecting
the lesions with excellent resolution. However,
high cost and time involved in producing results
with MRI has precluded its use in detecting hemor-
rhagic injuries. The management of neonates with
IVH is discussed in depth in Chap. 11.

Management
In the acute care of infants with IVH, a major
challenge is maintaining proper cerebral perfu-
sion. Arterial blood pressure can drop due to loss
of blood in the circulation. Increased intracere-
bral pressure can further lower cerebral perfu-
sion. On the other hand, increased blood pressure
increases the risk of expanding the hemorrhage.
Other factors that might lead to progression of
hemorrhage and thus need to be carefully moni-
tored are hypercarbia, acidosis and seizures.
Posthemorrhagic hydrocephalus is the major
neurosurgical complication of IVH. Clotted
blood obstructs cerebrospinal fluid flow, either at
the foramen between ventricles or at the uptake
in the arachnoid villi near the dural venous
sinuses leading to buildup of cerebrospinal fluid

Table 5.6 Grading system for intraventricular germinal
matrix hemorrhage

Grade Criteria

1 Germinal matrix hemorrhage with no or
minimal intraventricular hemorrhage

1I Intraventricular hemorrhage (10-50 % of
ventricular area)

11 Intraventricular hemorrhage (>50 % of

ventricular area; ventricles enlarged due
to parenchymal injury)

v Grade III IVH with periventricular
hemorrhagic infarction

Table adapted from Swaiman KF, Ashwal S, Ferriero
DM. Pediatric neurology: Principles and practice, 4th ed.
Philadelphia Elsevier Mosby, 2006

Data from Papile LS, Burstein R. Incidence and evolution
of the subependymal intraventricular hemorrhage: A
study of infants with weights less than 1500 grams. J
Pediatr 1978; 92:529
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within the ventricles. To monitor for this compli-
cation, the head circumference is measured seri-
ally; the head of an infant with unfused skull
plates will expand to accommodate the enlarged
ventricles. Serial ultrasound scans at intervals of
4-7 days can directly measure ventricle size.

For the purpose of managing preterm neonates
with risk for hydrocephalus, they are classified
into four basic groups depending on their ven-
tricular dilation. The first is slowly progressive
ventricular dilation group that exhibits moderate
dilation and appropriate head growth rate that
only requires close surveillance. The second is
persistent slowly progressive ventricle dilation
group that presents with moderate-to-severe dila-
tion with clearly excessive head growth rate.
Children in this category must be put under close
surveillance and serial lumbar punctures may be
performed to remove excess CSF buildup. The
third is persistent rapidly progressive dilation
group that presents with severe dilation and rapid
head growth rate. These children must be treated
by lumbar punctures as well as more invasive
ventricular drainage techniques or even ventricu-
loperitoneal shunts when needed. The fourth cat-
egory is arrested progression group that has
spontaneous arrest of ventricular dilation or
arrest after lumbar puncture. These children can
develop late-onset hydrocephalus and thus need
to be closely monitored for many months.

Outcomes

Outcomes in preterm infants with IVH depend
upon the severity of the [IVH as well as the degree
of prematurity. Infants with grade I IVH have low
mortality rate and progression to ventricular dila-
tion is also low. Mortality rate in grade II hemor-
rhagic injury is higher only in those infants that
weigh less than 750 g and up to 15 % of survivors
develop progressive ventricular dilation. Children
with grade III injury have much higher mortality
when they weigh less than 750 g but it is less than
10 % if the infant is 1000-1500 g. Almost 75 % of
these infants go on to develop progressive ven-
tricular dilation. Infants with grade IV IVH have
the highest mortality rate particularly if they
weigh less than 750 g and most of these children
go on to develop progressive ventricular dilation.
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Grade IV IVH has a poorer prognosis, likely
related to the fact that it involves infarction of the
area adjacent to the choroid plexus, including the
basal ganglia and the corticospinal tract. Given
the location of the injury, it is not surprising that
motor deficits are the most severe and persistent
of the impairments. Motor deficits that are most
common are spastic hemiparesis or asymmetrical
spastic quadriparesis. There is also evidence sug-
gesting unilateral lesions have more favorable
outcomes compared to bilateral ones. Grade III
and IV IVH are also associated with cerebral
palsy and negative cognitive outcomes. Long-
term outcomes as a function of severity of IVH
are summarized in Table 5.7.

White Matter Injuries

Preterm infants are at increased risk of white
matter injury particularly in the periventricular
regions of the brain, a condition known as peri-
ventricular leukomalacia. These regions of the
brain represent vascular end zones that are most
susceptible to hypoxic-ischemic injuries. Besides
the immature vasculature during prematurity,
intrinsic vulnerability of immature oligodendro-
cytes, the cells that myelinate axons in the brain,
makes these infants more vulnerable to ischemia
and inflammation. PVL by definition refers to
loss of white matter in the dorsal and lateral areas
surrounding the ventricles. However, it can be
composed of two distinctive components: cystic

Table 5.7 Long-term outcomes in preterm infants with
germinal matrix hemorrhage

Incidence of neurological

Severity of IVH? sequelae (%)
Grade [ 15
Grade 11 25
Grade 111 50

Grade IV (IVH with PVHI) |75

IVH intraventricular hemorrhage, PVHI periventricular
hemorrhagic infarction

“Refer Table 5.6 for grading system

Table adapted from Volpe JJ. Neurology of the newborn,
5th ed. Philadelphia: Saunders, 2008
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and non-cystic. Cystic PVL consists of macro-
scopic focal necroses that evolve into cysts, and
non-cystic PVL consists of microscopic lesions
that give rise to glial scars. Animal studies indi-
cate that inflammation contributes strongly to
PVL, and clinical studies corroborate these find-
ings as infants born with mothers with chorioam-
nionitis have higher incidence of PVL.

Clinical Presentation

PVL rarely presents clinically in the neonatal
period. Rather, it presents with failure to meet
developmental milestones or other sequelae in
later childhood. When PVL is the predominant
injury, clinical presentation includes abnormal
tone and muscle power in the legs. This pattern,
known as spastic diplegia, reflects the involve-
ment of corticospinal fibers that control leg
movement. In severe injury, the optic radiations
may become involved, and affected infants can
have visual field deficits. On the other hand, if
the injury is diffuse it usually involves more
cortical and subcortical areas and will subse-
quently present with more widespread neuro-
logic signs such as behavioral and cognitive
disorders.

Diagnosis

Diagnosis of PVL in the neonatal period is usu-
ally based on ultrasound imaging used for screen-
ing IVH. Initially within first few days of injury,
increased echogenicity is observed in the dorso-
lateral regions of the lateral ventricles.
Hyperechogenecity is most distinguishable in
PVL from normally observed hyperechoic peri-
ventricular brain in preterm infants if ultrasound
is performed on the posterior end of the fonta-
nelle. Echogenicity is apparent from all
approaches in case of PVL but normally observed
echogenicity is less prominent from posterior
view. However, conclusive diagnosis is made
after cystic lesions become apparent within 2—4
weeks or using MRI. CT and MRI scans for PVL
have not proven to be effective in diagnosis of
this disease at earlier stages. Late stage PVL is
best recognized using MRI scans as it can detect
more diffuse lesions of the white matter that are
difficult to recognize with CT or ultrasound.
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Management

Preterm infants are under heightened risk of
hypoxic-ischemic injuries. Immature cerebrovas-
cular autoregulation and prevalence of respira-
tory illnesses adds further complications that
make the premature newborns more susceptible
to white matter injuries. Hence, first line of
defense during acute care must focus on adequate
ventilation and maintaining proper cerebral blood
flow. Precautions in using 100 % oxygen, risks
for hypercarbia and hypocarbia discussed in
management for term-infants with hypoxic-
ischemic injuries apply to caring for preterm
infants as well. Another important aspect of acute
care for preterm infants is maintenance of meta-
bolic homeostasis. Blood glucose and oxygen
levels must be more carefully monitored in pre-
term infants. Any indication of acidosis or hypo-
glycemia must be immediately corrected upon
detection. Seizures and brain swelling may also
accompany white matter injuries. These morbidi-
ties can worsen the condition of already vulnera-
ble preterm infants. Hence, clinicians must take
appropriate measures to control the seizure and
edema soon as their symptoms become apparent.
In the context of PVL, many premature infants
have oculomotor dysfunction so care must be
taken in looking for signs for such neurological
outcome as well. Further, PVL has been associ-
ated with inflammation and excitotoxicity thus
neuroprotective strategies such as administering
drugs that inhibit excitatory amino acids like
magnesium sulfate and oxygen free radical inhib-
itors such as allupurinol and oxypurinol must be
considered when warranted.

Outcomes

Preterm infants with PVL have several long-term
outcomes such as spastic diplegia, cognitive defi-
cits, visual impairments and behavioral disor-
ders. Major long-term motor sequelae of PVL is
spastic diplegia, which is also the major motor
deficit in preterm infants in general. When lesions
are more severe, arm function may also be
affected. Visual deficits are common in PVL as
are cognitive impairments. Low birth weight is
another risk factor for PVL. Twenty-five to 50 %
of infants who weigh less than 1500 g have PVL
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manifesting as cognitive, behavioral, visual dis-
orders and motor deficits

Prematurity

An infant may be designated preterm if gestation
period is less than 37 weeks. However, those
infants that are born before 32 weeks and have
birth weight below 1500 g are at the highest risk
of neurological impairments. By definition a pre-
term infant is immature and has to face postnatal
environmental changes with underdeveloped
organ systems. Preterm infants born before 34
weeks of gestation have difficulty with even the
most basic necessities of survival such as feeding
and breathing. In addition to these basic prob-
lems, many of these infants are at heightened risk
of hypoxic-ischemic injuries and hemorrhagic
injuries that were discussed in earlier sections.
But even the infants that escape these insults still
present with significant cognitive and behavioral
disorders in the long-term. Hence, a careful
assessment of prematurity as an important con-
tributor to neurological outcomes in neonates
will be discussed in this section.

Clinical Presentation

Neurological symptoms present in a preterm
infant can vary by their gestational age and birth
weight. Hence, clinicians first must determine
gestational age of the preterm infant. The Ballard
Scoring System, which includes the criteria for
extremely low birth weight infants, is the main
tool used to determine the age. This scoring sys-
tem based on physical examination of different
parts of the body including ear cartilage, sole
creases, breast tissue, and genitalia offers an
accurate estimate of gestational age. Infants are
designated extremely low birth when they weigh
less 1000 g at birth and very low birth when they
weigh less than 1500 g at birth. Neurological
examination must also take into consideration
muscle tone and joint mobility of the limbs.
Preterm infants are usually hypotonic. They pres-
ent with poor sucking, crying, and respiratory
effort and fewer spontaneous limb movements
than term infants.
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Diagnosis

Without overt signs of brain injury, the neuro-
logical consequences of prematurity are a game
of wait and see. Children are often followed
closely, not only to care for their ongoing medi-
cal needs, but also as close surveillance of
neurodevelopment.

Management

Given that preterm birth is associated with sig-
nificant infant mortality and morbidity, focus in
management and treatment of this condition
should be upon early detection and prevention of
preterm birth. Risk scoring system, uterine con-
traction monitoring and fetal fibronectin testing
are some of the methods of early detection of pre-
term birth. Among these risk scoring system and
uterine contraction monitoring have not been
found to be as sensitive in predicting preterm
birth as fibronectin levels, particularly if it is
tested in conjunction with measuring the cervical
length. Preterm contractions are treated with
tocolytic therapy using pharmacological agents
such as magnesium sulfate and corticosteroids.
Although few studies conclude that antenatal
corticosteroid use in management of high-risk
preterm birth reduces morbidity and mortality in
newborn infants with improvements in lung
maturity, there are also evidence pointing towards
its negative outcome on brain development and
cardiovascular system. Hence, such therapies
must be prescribed only after weighing in all the
associated risks.

The evidence is convincing that magnesium
sulfate can protect the brain of the neonate.
Babies of mothers given magnesium sulfate as
tocolysis but who were delivered prematurely
have a lower risk of developing cerebral palsy.
They also have a lower risk of substantial gross
motor dysfunction. Thus, what was first adminis-
tered solely to prevent preterm birth was found
also to protect the brain against the consequences
of prematurity.

Outcomes

Major indicators of neurologic outcome in pre-
mature infants are birth weight and gestation age.
Extremely low birth weight infants that are
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usually born at 28 weeks or less and weigh less
than 1000 g are at highest risk of infant mortality
and morbidities. These children have the highest
rate for development of neurological outcomes
such as cerebral palsy, visual, hearing and cogni-
tive impairments. Infants that are born weighing
less than 1500 g are categorized as very low birth
infants and they are usually born between 28 and
32 weeks. These children are at also at high risk
of developing many neurodevelopmental abnor-
malities. Almost 50 % of these children have one
or more neurological disorder by 5 years of age.
Neurological, behavioral, and motor deficits are
frequently present and care must be taken for
social and environmental factors that begin to
play major role in impacting quality of life in
these children with age.

Injuries to the brain and changes in brain vol-
ume as identified by neuroimaging tools are also
another reliable indicators of negative long-term
outcomes in preterm infants. Functional aspects
of the injury are closely related to the location
and severity of the brain injury. Similarly, smaller
brain volume, ventriculomegaly, altered fiber
tracts and intercallosal connections are also prog-
nosticators of poor neurological outcome.
Further, reduced gray and white matter volumes
have been associated with cognitive impairments.
Specific injury to white matter in preterms like
PVL, as discussed in previous section, indicate
motor and cognitive impairments as well as
development of cerebral palsy.

Conclusion

As advances in medicine allow us to sustain babies
born prematurely, we have also created a large
class of vulnerable children. A great challenge for
medicine will be how to bring these children to
maturity with preserved brain function. Drawing
on developmental neuroscience and advances in
clinical care, we must create for the brain what the
neonatal ICU incubator is for a premature baby —a
haven for growth and development.

A. Sindhurakar and J.B. Carmel
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Evaluation of Head Shape
in the Pediatric Practice:
Plagiocephaly vs. Craniosynostosis

Charlotte A. Beam, G. Rene Alvarez Berastegui,
and Jeffrey P. Greenfield

Clinical Vignette

An 8-week-old infant presents to your office for
his 2-month well visit. His parents are first time
parents and explain to you that they think their
child has a “funny shaped head.” The child was the
product of a naturally conceived, full term, unre-
markable pregnancy with a natural spontaneous
vaginal delivery without medical complication. He
had a normal hospital stay and newborn screening
was within normal limits. His developmental
progress thus far is age appropriate. On examina-
tion, you are unable to palpate an anterior fontanel
and you feel ridging along the top of his head. You
also notice that the child’s head shape seems nar-
row and elongated. As a practitioner, what are you
thinking and how should you best proceed?

(a) The child looks like his mom, offer reassurance

(b) Send for CT scan to evaluate for sagittal
Synostosis

(c) Obtain an ultrasound to look for hydrocephalus

(d) Diagnosis sagittal synostosis clinically, refer for
neurosurgical consultation without imaging.
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Answer: (d). Most forms of craniosynostosis
do not require any more than an understanding of
cranial morphology to diagnose. Sagittal ridging
and an elongated shape are very diagnostic for
sagittal suture synostosis.

Anatomy of the Infant Skull

Understanding the anatomy of the infant skull
and learning some of the key physical features
that distinguish plagiocephaly from craniosynos-
tosis can aid practitioners in making accurate
diagnoses and timely referrals to pediatric neuro-
surgeons when appropriate.

The cranial vault is composed of multiple bones
(Fig. 6.1). The frontal and occipital bones make up
the front and back of the skull, while paired pari-
etal, temporal, sphenoid, and ethmoid bones com-
pose either side. All of the bones are separated by
narrow seams of fibrous connective tissue known
as sutures, which remain open until the majority of
brain growth is reached at age 2 [1].

The fontanels are fibrous connective tissues
located between multiple cranial bones (Fig. 6.1).
Newborns have six fontanels: the anterior and
posterior fontanels and paired mastoid and
sphenoid fontanels. The anterior fontanel, located
between the frontal and parietal bones, is the
most prominent of the fontanels and the one most
commonly palpated when conducting pediatric
physical examinations.
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Fig.6.1 Superior view of normal skull including the major bones, sutures, and fontanels

When examining an infant in your office, first
locate the anterior fontanel to serve as a landmark
to feel for the surrounding sutures. The lateral
axes of the anterior fontanel make up the coronal
sutures, the sagittal suture is located posterior to
the anterior fontanel and the metopic suture
extends anteriorly from the anterior fontanel
dividing the frontal bone of the forehead. The
lambdoid sutures are located in the posterior por-
tion of the skull lateral to the posterior fontanel
connecting the parietal bones with the occipital
bone (Fig. 6.1).

The Anterior Fontanel

A common referral to pediatric neurosurgeons
from primary care providers is for evaluation of a
child’s anterior fontanel. It is easy to become
fixated on the fontanel being either larger or

smaller than you expect, however, the anterior
fontanel can vary greatly in size and time of clo-
sure. An infant’s gender and race can also influ-
ence the size and closure rate of the anterior
fontanel. At birth, fontanel size can range from
0.6 to 3.6 cm, with most averaging approximately
2.1 cm in size [2, 3]. Infants of African descent
tend to have larger fontanels ranging from 1.4 to
47 cm [4]. While preterm infants can have
smaller fontanels, the size is comparable to full-
term infants once preterm infants reach term [5].

It is not uncommon for fontanels to increase in
size after birth and this should not raise concern
if developmental progress and head circumfer-
ence is normal [6].

On average, the anterior fontanel closes by
13.8 months of age. Only about 1% of infants
have a closed anterior fontanel by 3 months of
age and this percentage increases to 38 % by 12
months of age. Ninety-six percent of anterior
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fontanels are closed by 24 months [2]. Fontanels
typically close sooner in boys than in girls [5].
While early fontanel closure is most often be a
normal variation, it can be associated with cra-
niosynostosis and abnormal brain development;
therefore, it is imperative that morphology is
appreciated and precise head circumference mea-
surements are obtained to exclude a pathological
development [2].

Referrals to pediatric neurosurgery are also
seen for the opposite finding—for the delayed
closure of the anterior fontanel. While this can be
a normal variant, there are a few true medical
conditions associated with an enlarged or delayed
closure of the anterior fontanel including achon-
droplasia, congenital hypothyroidism, Down
syndrome, increased intracranial pressure, famil-
ial macrocephaly, and rickets.

The most common causes of raised intracra-
nial pressure associated with bulging anterior
fontanels are meningitis, encephalitis, hydro-
cephalus, hypoxic-ischemic injury, trauma, and
intracranial hemorrhage [2]. If any of these con-
ditions are suspected, it is important that immedi-
ate referral be made so infants can receive proper
care and begin treatment if necessary.

The Posterior Fontanel

The posterior fontanel, located at the junction of
the occipital and parietal bones, is usually com-
pletely closed by 2 months of age, taking the
name bregma. Its normal measurement ranges
from 0.5 to 1 c¢m, but as with the anterior fonta-
nel, it tends to be slightly larger in infants of
African ancestry with an average size of 0.7 cm
compared to an average size of 0.5 cm in
Caucasian infants [2].

Plagiocephaly
The term plagiocephaly is derived from the

Greek word plagios, meaning oblique and
kephale, meaning head.

Deformational Plagiocephaly

Also known as positional molding, deformational
plagiocephaly is a common cranial deformity in
children and is by far, the most common cause of
misshapen skull in infants. It is a term used to
describe flattening on one side of the head
(Fig. 6.2) [7].

When the American Academy of Pediatrics
introduced the Back to Sleep Program in 1992 to
reduce the number of infant fatalities caused by
sudden infant death syndrome (SIDS), the number
of referrals to pediatric neurosurgeons for defor-
mational plagiocephaly dramatically increased.
While this program has been successful at reducing
the number of infant deaths attributed to SIDS by
40 % in the United States, as a result, there has
been an exponential rise in asymmetric (plagio-
cephaly) and symmetric (brachycephaly) occipital
flattening [8]. Recent studies estimate the preva-
lence of deformational posterior cranial flattening
to be as high as 18-19.7 % in healthy infants [7, 9],

Fig. 6.2 Right posterior deformational plagiocephaly.
Anterior bossing of the forehead and displacement of the
ear on the ipsilateral side are consistent with a deforma-
tion rather than synostotic condition
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but these calculations can vary, depending on how
this entity is defined [7, 10].

Most cases of deformational plagiocephaly
are caused by applied pressure to the back of the
skull while an infant is sleeping in the supine
position. Other predisposing factors of deforma-
tional plagiocephaly include muscular torticol-
lis, prematurity, developmental delay, and
intrauterine constraint due to multiple gestation
pregnancies [7].

Diagnosis: Clinical Signs

The classic findings associated with deformational
plagiocephaly include occipital flattening and con-
tralateral occipital bulging with anterior shifting of
the ipsilateral forehead (frontal bossing), ear, and
cheek [7]. The shape that the skull creates from
this molding, when evaluated from a vertex view,
resembles a parallelogram [11, 12]. A more severe
form of plagiocephaly is known as brachycephaly.
The shape of a brachycephalic skull differs from
plagiocephaly in that brachycephaly involves
bilateral occipital flattening. This presentation
does not involve ipsilateral frontal bossing or ante-
rior displacement of the auricle.

Treatment for deformational plagiocephaly
mostly relies upon behavior modification. A
timely evaluation is optimal because interven-
tions are time dependent; however, evaluation for
plagiocephaly is usually not recommended
before 3—4 months of age since many cases self-
correct by this age [13]. After an infant receives a
diagnosis of plagiocephaly, parents should be
encouraged to have their child spend as little time
as possible on the flattened side of the skull. This
can be achieved by alternating the child’s sleep-
ing position and repositioning the crib so the
infant must turn toward the non-flattened side of
the skull to look toward the room. Supervised
“tummy-time” is also a way to improve a flat-
tened skull [14]. Additionally, the use of baby
carriers as opposed to car seats and strollers can
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aid in improving the flattened part of an infant
skull. An infant’s skull is soft and malleable
within the first 6 months; therefore, any type of
repetitive positioning can influence the skull
shape and ultimately result in plagiocephaly.
Infants with muscular torticollis may benefit
from physical therapy to address the cervical
muscular contracture [10].

Helmet therapy is also a treatment option for
plagiocephaly. It is not always warranted, but
could be considered when the deformity is a seri-
ous cosmetic concern of the parents. However,
there is minimal evidence to support the effec-
tiveness of this method for treatment [15, 16].
There are no risks associated with helmet ther-
apy, but mild transient skin irritation has been
described as an adverse event [17].

The challenge for the pediatric primary care
provider is to identify the child manifesting signs
of a true cranial deformity due to premature suture
fusion from amongst the majority of children being
evaluated for positional plagiocephaly.

Scaphocephaly: Sagittal Synostosis

Sagittal synostosis is the most common synosto-
sis identified in the pediatrician’s office and can
even be identified in the nursery by observant
practitioners. It is associated with frontal boss-
ing, bilateral occipital/parietal narrowing poste-
rior to the anterior fontanel and decreased vertical
height of the posterior cranium: a long narrow
head (Fig. 6.3). Head circumferences greater than
the 90th percentile can also be associated with
sagittal synostosis [7].

Trigonocephaly: Metopic Synostosis

A less common but important synostosis to rec-
ognize in the office is metopic synostosis or
trigonocephaly. Metopic synostosis presents
with frontal narrowing, parietal widening and

>

Fig.6.3 (continued) sagittal synostosis with cranial vault
remodeling. Significant reduction in frontal and occipital
bossing can be appreciated. In (f) and (g), pre- and post-op

portrait views of a second child demonstrate how release
of the sagittal suture results in a return to natural morphol-
ogy and cranial balance



Fig. 6.3 Sagittal synostosis. In (a) the long narrow head
referred to as scaphocephaly, is due to compensatory
growth along the long axis of the skull secondary to
restricted lateral growth. (b—e) Demonstrate before the

surgery and postoperative images of a child who had a
strip craniectomy for repair of sagittal synostosis. (b)
Pre-op sagittal, (¢) pre-op axial, (d) post-op sagittal, (e)
post-op axial views of a child diagnosed and treated for
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Fig. 6.4 Trigonocephaly. The pointed configuration of
trigonocephaly from the vertex view is easily distin-
guished from metopic ridging which presents with a nor-
mally contoured forehead albeit with a distinct ridge
down the center

hypotelorism, resulting in a head shape known as
trigonocephaly. When evaluating infants from a
vertex view, it is usually easy to examine midline
pointedness of the forehead as a result of the
metopic suture being fused (Fig. 6.4). While
metopic synostosis is a less common form of cra-
niosynostosis, metopic ridging is very common.
The metopic suture can begin to fuse as early as 2
months of age and it is not uncommon for the
ridging to be visible along the midline of the
forehead. It is paramount to correctly distinguish
metopic synostosis from metopic ridging because
metopic ridging in the absence of frontal narrow-
ing, parietal widening and hypotelorism, does not
require surgical correction.

Unilateral Coronal Synostosis (UCS):
Premature Closure of the Coronal
Suture

This entity is characterized by flattening of the
forehead and superior orbital rim with the eye
protruding beyond these structures. Nasal root

C.A.Beam et al.

and midfacial angulation as well as anterior dis-
placement of the ipsilateral ear are also physical
features seen in unilateral coronal synostosis.
The asymmetry in the palpebral fissures can be
seen in deformational plagiocephaly as well, but
the main difference is that the more open-
appearing eye in deformational plagiocephaly is
on the same side of increased forehead bossing,
whereas in unilateral coronal synostosis, it is on
the flattened forehead side The side opposite the
fused and ridged coronal suture will demonstrate
compensatory forehead bossing (Fig. 6.5).

Lambdoid Synostosis: Premature
Closure of the Lambdoid Suture

At first glance, lambdoid synostosis may be difficult
to differentiate from deformational plagiocephaly;
however, in lambdoid synostosis, the cranial height
is shorter on the flattened side. It is usually associ-
ated with mastoid bulging on the affected side [7],
This is a rare entity and is best identified by standing
behind the child and identifying the ear on the
affected side as lower and more posteriorly dis-
placed than the ear on the unaffected side. This
diagnosis often requires a CT scan for verification.

Deformational Brachycephaly

Deformational brachycephaly refers to symmet-
rical occipital flattening and compensatory pari-
etal widening. It is associated with little or no
rounding of the back of the head and patients
appear to have a disproportionately wide head
when evaluated from the front. The posterior ver-
tex may be taller than in the front with a sloped
appearance of the head [7, 10].

Synostotic Brachycephaly: Bilateral
Coronal Synostosis

Bilateral coronal synostosis is characterized by
severe forehead retrusion, making the eyes seem
more prominent. The shape the head takes in
this form of synostosis is known as anterior
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Fig. 6.5 Left unilateral coronal synostosis. (a and b)
Orbital asymmetries are often the first feature noted by
parents or primary care providers. Restricted growth per-
pendicular to the coronal sutures results in asymmetries of
the facial, orbital and frontal fossa structures. Four months

turricephaly. Bilateral coronal synostosis is often
associated with syndromic forms of craniosynos-
tosis such as Crouzon disease or Apert syndrome.
These children are invariably identified at birth
and have multiple medical co-morbidities, thus
making this diagnosis in the office would be
unusual. Children with syndromes causing bilat-
eral coronal synostosis receive urgent medical
and surgical care in the first months of life and
need to be followed by a comprehensive cranio-
facial clinic for life.

old (c), 6 months old (d), 1 year old (e). Surgery was per-
formed at 9 months to correct the unilateral right coronal
synostosis. Orbital and frontal bone symmetry has been
restored by releasing the fused suture and advancing the
orbit on plane with the contralateral orbital bar

Deformational Scaphocephaly (DS)

Deformational scaphocephaly is a rare type of
plagiocephaly characterized by flattening of one
side of the head and a compensatory expansion at
the anterior and posterior cranium. The usual
shape of the head in this entity is a narrow head
and sometimes associated with pronounced facial
asymmetry. This head shape can sometimes be
seen in premature infants secondary to undergo-
ing shunting for hydrocephalus (Fig. 6.6).
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Fig. 6.6 Deformational
hydrocephalus (a) often requires ventriculoperitoneal
shunting. This can result in collapse of the calvarium and
secondary deformational scaphocephaly (b and c¢). This

scaphocephaly. Congenital

Imaging

It is not necessary to order imaging to confirm or
rule out a diagnosis of craniosynostosis. If there
is still a concern of premature cranial suture
fusion or cranial dysmorphology after complet-
ing a physical examination, the next step is to
refer the child to a pediatric neurosurgeon. The
accuracy of plain radiography to diagnose suture
fusion is questionable. Computed tomography is
costly, often requires sedation, and involves low-
dose ionizing radiation. It is impractical to have
every child with cranial flattening undergo imag-
ing because the majority of infants with cranial
asymmetry will have deformational plagioceph-
aly and not synostosis. A neurosurgeon can usu-
ally distinguish these processes by history and
physical examination and should make the deci-
sion whether radiologic imaging is necessary in
rare cases [7].

Pediatrician’s Perspective
The majority of infant with cranial asymmetry
have deformational plagiocephaly and not synos-
tosis. For this increasingly common and conser-
vatively managed condition, the diagnosis and
subsequent anticipatory guidance can be pro-
vided in the pediatrician’s office. Of course for
concerning head shapes or those requiring
another evaluation, referral to a pediatric neuro-
surgeon is always warranted.

Imaging should rarely be ordered by the
primary care provider as the utility is usually

can be corrected by calvarial reconstruction at an early
age, resulting in both a re-expanding cortical mantle (d)
for optimized neuro-developmental potential, plus an
acceptable cosmetic result

minimal and in the cases where CT may be
required, specific radiation dose-reduction proto-
cols to allow for 3D reconstruction and apprecia-
tion of cranial morphology should be ordered by
the surgeon. Of course there are symptoms
requiring an urgent evaluation (same day office
or ED), including a bulging anterior fontanel
with associated signs of raised intracranial pres-
sure such as lethargy, emesis or up-gaze paresis.

The majority of synostotic cases however, when
detected in the office, warrant an elective referral
(within days to weeks): Signs of craniosynostosis
such as asymmetric orbital balance with ipsilateral
flattened forehead (coronal synostosis), or a long
narrow skull with bossing of the forehead or occip-
ital region (sagittal synostosis) will make up >90 %
of the craniosynostosis and require surgical evalua-
tion from a pediatric neurosurgeon.
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VHL Von Hippel-Lindau
AA Vestibular schwannomas
Vignette

A 2 year old boy recently moved to your city and
establishes care with you. He has a reddish birth-
mark on his forehead and a sporadic history of
seizures over his early childhood. What does this
child likely have, and to what type of sub special-
ists should you consider referring the family?

(a) Tuberous sclerosis

(b) Neurofibromatosis Type II
(c) Neurofibromatosis Type I
(d) Sturge-Weber Syndrome

Answer: (d) SWS. Any child with a port-wine
stain of the upper face (V1 or V2) should have an
MRI of the brain with contrast to look for leptomen-
ingeal angiomatosis. They should also be referred to
an ophthalmologist to screen for elevated intraocular
pressure or other ocular abnormalities. Established
patients with SWS should be followed regularly by
a neurologist and also an ophthalmologist.

Introduction

The term neurocutaneous disorders describes a
broad group of diseases affecting both the ner-
vous system and skin. While this encompasses a
variety of disorders, they are classified together
because of their common involvement of tissues

71

J.P. Greenfield, C.B. Long (eds.), Common Neurosurgical Conditions in the Pediatric Practice,

DOI 10.1007/978-1-4939-3807-0_7


mailto:Kay2003@med.cornell.edu
mailto:Kay2003@med.cornell.edu

72

of ectodermal origin, especially the nervous sys-
tem, skin, and eyes. Most of these disorders are
inherited life-long conditions that can affect many
other organ systems in addition to cutaneous and
neurologic manifestations. In the following sec-
tions, several neurocutaneous disorders will be
discussed, with a focus on helping the practitio-
ner recognize the clinical features of each disor-
der, and discussing the key aspects of their
diagnosis and management. Although there are
many other neurocutaneous syndromes that are
not discussed in this chapter, we have focused on
the more common disorders presenting in chil-
dren, specifically those that often necessitate
neurosurgical management.

Neurofibromatosis Type 1
Overview

Neurofibromatosis type 1 (NF1) is a common neu-
rocutaneous disorder that affects approximately
1 in 3000 people. It is inherited in an autosomal
dominant genetic pattern approximately half of the
time, with the remainder of cases arising spontane-
ously from de novo mutations. The disorder is
caused by a mutation in the NF1 gene that is
located on the long arm of chromosome 17
(17q11.2) which encodes the tumor suppressor
neurofibromin. NF1 is characterized by certain
cutaneous findings (café-au-lait macules, freck-
ling, cutaneous, and subcutaneous neurofibromas),
but many other organ systems can be affected and,
despite essentially 100 % penetrance, the clinical
phenotype for the disorder is variable. Overall,
though morbidity and mortality studies on people
with NF1 are scant, it appears that lifespan is prob-
ably reduced by about 10-15 years compared to
the general population. The most common cause
of death in NF1 is malignancy.

Diagnosis

The diagnosis of NF1 is made clinically based on
certain physical findings. It most commonly pres-
ents during childhood, and nearly all (97 %) of
people affected with NF1 will meet the criteria
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Table 7.1 NIH diagnostic criteria for neurofibromatosis
type 1

An individual with 2 or more of the following signs is
considered to have NF1:

1. 6 or more café-au-lait macules (must be greater
than 5 mm in greatest diameter in prepubertal
children and greater than 15 mm in greatest
diameter after puberty)

2. 2 or more neurofibromas of any type or 1
plexiform neurofibroma

Freckling in the axillary or inguinal regions
A tumor of the optic pathway (optic glioma)
2 or more Lisch nodules (iris hamartomas)

IR e

A distinctive osseous lesion, such as sphenoid
wing dysplasia or thinning of the cortex of long
bones (with or without pseudoarthrosis)

7. A first-degree relative (parent, sibling, child)
diagnosed with NF1 by the above criteria

for diagnosis based on clinical manifestations by
8 years of age. The diagnosis of NF1 can be made
using a set of clinical criteria developed by the
National Institutes of Health (see Table 7.1).

Currently, the diagnosis of NF1 is based on
clinical grounds alone. Additional diagnostic
testing with NF1 genetic testing is available, but
of limited clinical utility. The current genetic
tests are over 95% sensitive and essentially
100 % specific. There are some exceptions where
genetic testing can be helpful. For instance, in
children with café-au-lait macules and character-
istic freckling only, genetic testing for NF1 and
SPREDI1 can be useful to differentiate Legius
syndrome from NF1. Genetic tests can also be
useful for family planning purposes for persons
with NF1 considering pre-implantation genetic
diagnosis (PGD).

Clinical Manifestations

Cutaneous

Café-au-lait macules are typically the first mani-
festation of NF1. Nearly all patients with NF1
tend to have enough café-au-lait macules for
diagnosis (99 %) by the age of 1 year. These flat,
well circumscribed, evenly hyperpigmented
macules are usually oval in shape with smooth
borders and measure between 10 and 40 mm in
diameter (see Fig. 7.1). Café-au-lait macules can
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Fig.7.1 Axillary freckling and a café-au-lait macule in a
patient with NF1

be present at birth and in individuals with NF1
they tend to appear predominantly on the torso,
buttocks, and legs, but can appear almost anywhere.
They can increase in number and size with age,
but may fade later in life. In the general popula-
tion, as many as 25 % of people will have one or
more café-au-lait macules without any associated
disorder. Several other disorders, including neu-
rofibromatosis type 2 (NF2), McCune-Albright
syndrome, and Legius syndrome, are also known
to be associated with the presence of café-au-lait
spots. In particular, Legius syndrome may meet
clinical criteria for NF1 with multiple café-au-
lait macules and characteristic freckling.
However, they do not develop other manifesta-
tions of NF1 and there is an association with a
mutation in the SPREDI1 gene.

Freckling is also a common cutaneous finding
in NF1 with about 90 % of patients exhibiting this
feature by age 7. Freckles tend to appear later
than café-au-lait macules and are most com-
monly are found in the axillary, inguinal, or other
intertriginous regions (see Fig. 7.1).

Nerve Sheath Tumors

Neurofibromas are benign nerve sheath tumors
primarily composed of Schwann cells, fibro-
blasts, perineural cells, and mast cells. They can
be classified as cutaneous, subcutaneous, or
plexiform. Neurofibromas are present in about
half of individuals with NF1 by 10 years of age
and >80 % of people with NF1 by the age of 20.
Cutaneous neurofibromas are soft, flesh-like,
exophytic papules and nodules in the skin that

usually present during childhood and adoles-
cence. They can cause cosmetic disfigurement or
pruritis, but are usually otherwise asymptomatic
and are not known to have malignant potential.
Subcutaneous neurofibromas are firm, rubbery
subcutaneous nodules that can be painful or ten-
der. Both cutaneous and subcutaneous neurofibro-
mas are rarely present at birth and tend to appear
in mid or late childhood with an increase in num-
ber and, slowly in size, as individuals age.

Plexiform neurofibromas are typically present
at birth, but often do not manifest symptomati-
cally until later in childhood or adulthood. This
type of neurofibroma can be classified as either
nodular or diffuse. Nodular neurofibromas can
present along any peripheral nerve, including the
brachial or sacral plexus and spinal nerve roots.
They are typically asymptomatic, but can be
painful and have the potential to cause symptoms
of spinal cord compression when they involve
proximal nerve roots via extension through
foramina into the spinal canal. Most often they
are discovered in adulthood and on neuroimaging
have a typical “dumbbell” appearance. Diffuse
plexiform neurofibromas tend to be found earlier
in childhood. They most often appear as a soft
mass under the skin and can give the overlying
skin a dark or thickened appearance. These neu-
rofibromas tend to grow with age and can become
disfiguring, limit range of motion, or impair
organ function. Unlike other neurofibromas, they
are not limited by perineurium and can have pro-
jections into surrounding normal tissues. This, in
addition to the fact that they are often highly vas-
cular and have extensive nerve involvement,
makes complete surgical resection impossible
without sacrificing adjacent healthy tissue or
resulting in significant loss of function.

Unlike cutaneous and subcutaneous neurofi-
bromas, plexiform neurofibromas may undergo
transformation to become malignant peripheral
nerve sheath tumors (MPNSTs). MPNSTs are
aggressive sarcomas that are reported to occur in
around 10 % of individuals with NF1. They carry
a poor prognosis and are often fatal. Malignant
transformation is seen more often in deep nodular
or diffuse plexiform neurofibromas. The transfor-
mation to a MPNST is often heralded by new
onset of rapid or asymmetric growth of the mass
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Fig. 7.2 NFI patient with a malignant peripheral nerve
sheath tumor of the left arm (a) with accompanying MRI (b)

or new onset of severe pain. Malignant transfor-
mation can be determined in part with MRI and
PET imaging, though biopsy is often required
(see Fig. 7.2a, b).

Currently, there are no proven medical therapies
for nerve sheath tumors, and generally, surgical
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excision is the only treatment option despite
carrying a high risk of nerve injury, bleeding, and
recurrence of tumor.

Central Nervous System (CNS) Tumors
CNS gliomas are the second most common tumor
seen in NF1 after neurofibromas. In contrast to spo-
radically occurring CNS gliomas, the gliomas seen
in NF1 often behave more indolently. While most
gliomas in NF1 are low-grade pilocytic astrocyto-
mas, some people will develop high-grade tumors.
Most of the CNS gliomas seen occur in the optic
pathway and can be present in about 15 % of indi-
viduals with NF1 (see Fig. 7.3a, b). These optic
gliomas are usually asymptomatic (roughly 2/3).
This benign behavior differs from optic gliomas
that are unrelated to NF1. They tend to arise prior
to age 4, usually in the intraorbital portion of the
optic nerve, and often bilaterally. These tumors can
also involve the optic chiasm and can cause preco-
cious puberty due to their proximity to the supra-
sellar region. Symptomatically, optic gliomas in
NF1 can cause vision loss or proptosis.

Since optic gliomas in NF1 tend to cause symp-
toms or progress in the first decade of life, the cur-
rent recommendation is for annual ophthalmologic
examination until age 6, as well as serial neuroim-
aging. Surgery is considered in instances of signifi-
cant proptosis or visual loss, particularly in unilateral
gliomas anterior to the chiasm. Chemotherapy has
been effective and is most commonly used in symp-
tomatic optic gliomas.

Brainstem tumors associated with NF1 are
similarly more indolent than sporadic equivalents
and often do not require any treatment. Most
often they are asymptomatic, but can cause head-
ache, ataxia, cranial neuropathies, and increased
intracranial pressure that may require shunting.

Other CNS Manifestations

Unidentified bright objects (UBOs) are focal areas
of T2 hyperintensity on MRI that are characteristic
radiographic findings in NF1. They are not con-
trast enhancing and not associated with any edema
or mass effect. Likewise, they are not known to be
associated with any neurologic deficits. Most often
they are noted in the brainstem, cerebellum, basal
ganglia, or subcortical white matter. It is thought
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Fig.7.3 MRI with optic glioma shown in axial (a) and sagittal (b) views

that they represent increased fluid within myelin in
areas of dysplastic glial proliferation.

It has also been recognized that many people
with NF1 (30-60 %) have mild cognitive deficits,
particularly attention deficit hyperactivity disor-
der (ADHD) and learning disabilities. 1Q in
patients with NF1 tends to be 5-10 points lower
when compared to the general population or
unaffected siblings. While seizures are not a
common finding in NF1, the lifetime risk of sei-
zure is approximately twice that of the general
population with an overall prevalence of 4 %. The
onset of seizures varies and they can be focal or
generalized. Macrocephaly also occurs in up to
half of children with NF1. On occasion, it is the
result of hydrocephalus from aqueductal steno-
sis, but more commonly it is caused by increased
brain size and cerebral white matter volume.

Other Malignancies

In addition to intracranial gliomas and astrocyto-
mas and the potential for transformation of plexi-
form neurofibromas to MPNSTs, there are some
other malignancies associated with NF1. These
include pheochromocytomas, rhabdomyosarcomas,
gastrointestinal stromal tumors, and juvenile
myelomonocytic leukemia (JMML). Children

with NF1 have an up to 500-fold increased risk of
JMML in particular.

Ophthalmologic

Lisch nodules are benign, asymptomatic iris
hamartomas that present in greater than >70% of
people with NF1 by age 10. Typically, they are only
visualized under slit lamp examination as raised,
usually pigmented bumps on the iris. Another rare
ophthalmologic complication of NF1 is congenital
glaucoma.

Skeletal
NF1 has several characteristic osseous lesions
that are usually apparent within the first year of
life and are found in about 14% of patients.
Around 5 % of people with NF1 will have sphe-
noid wing dysplasia that is most commonly found
incidentally on imaging of the skull with com-
puted tomography (CT) or X-ray. Sphenoid wing
dysplasia in NF1 tends to be unilateral, may or
may not be associated with an overlying neurofi-
broma, and can be associated with compromised
integrity of the bony orbit leading to proptosis or
globe displacement.

Pseudoarthrosis can also be seen as a result of
cortical thinning of long bone, most often causing
tibial bowing (see Fig. 7.4). This occurs in up to
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Fig.7.4 Tibial bowing in a patient with NF1 (a) with accompanying radiograph (b)

5% of individuals with NF1 with most cases
occurring before 2 years of age. Depending on
the severity, treatment can involve bracing, surgi-
cal correction, or amputation.

Scoliosis is seen up to 50% of individuals
with NF1. Cervical or upper thoracic kyphosis is
most commonly seen. Most often, scoliosis is
caused by distortion of vertebral bodies by neuro-
fibromas in neural foramina or from vertebral
dysplasia. Generally, scoliosis in NF1 is divided
into dystrophic and non-dystrophic forms. The
less common dystrophic form can be accompa-
nied by scalloping of vertebrae, rib spindling,
paravertebral soft tissue masses, foraminal
enlargement, a short curve with severe apical rota-
tion, or subluxation of a vertebral body. Dystrophic
scoliosis is more likely to progress rapidly and
can produce spinal cord compression causing
chronic or acute neurologic symptoms. Therefore,
early and aggressive surgical management is

often needed. Non-dystrophic scoliosis requires
management similar to idiopathic scoliosis, with
close observation, bracing, and surgical fusion
when indicated.

Another skeletal manifestation seen in around
30% of NF1 patients is short stature. Children
with NF1 are often vitamin D deficient and can
have precocious or delayed puberty.

Cardiovascular

Patients with NF1 are at increased risk of cardio-
vascular abnormalities, including vasculopathy,
hypertension, and congenital heart defects.
Symptomatic vasculopathy is fairly uncommon,
but can involve large or small vessels and result
in stenosis, occlusion, aneurysm formation, or
arteriovenous fistulae. The most common vascu-
lar dysplasia is renal artery stenosis, often with
resultant hypertension. Renal angiography should
be considered in any child with NF1 who has per-
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sistently elevated blood pressure. In adults with
NF1, hypertension can also be caused by pheo-
chromocytoma or primary hypertension.
Cerebrovascular abnormalities can also be seen,
especially stenosis of the internal carotid arteries
and the middle or anterior cerebral arteries. This
can sometimes be accompanied by Moyamoya
disease and present with signs and symptoms of
stroke, hypoperfusion, or seizures.

Management Considerations

Due to the complex array of manifestations in
NF1, it is important that patients are evaluated
and managed at a center with familiarity and
expertise in neurofibromatosis. Effective care
requires a multidisciplinary approach that
includes genetics, neurology, neurosurgery, radi-
ology, ophthalmology, orthopedics, dermatology,
plastic surgery, neuropsychology, oncology, and
radiation oncology. Current recommendations
for screening include biannual physicals through
childhood. These exams should pay special atten-
tion to screening for hypertension, macrocephaly,
scoliosis, evidence of orthopedic abnormalities,
and new or changing cutaneous lesions. They
should also undergo yearly neurologic and oph-
thalmologic examinations. Close monitoring for
neuro-developmental problems is warranted and
a referral should be made for formal neuropsy-
chiatric evaluation if there are any concerns.
Routine screening with imaging is not indicated
and should only be performed for specific indica-
tions on history or exam. This includes focal neu-
rologic signs or symptoms, progressive or severe
headaches, visual changes, proptosis, precocious
or delayed puberty, new onset of seizures, and
plexiform neurofibromas of the neck or face.
Baseline imaging of neurofibromas is not neces-
sary, though MRI or PET scans should be
obtained if there is any concern for transforma-
tion to an MPNST. Additionally, because of the
high incidence of Vitamin D deficiency and
increased risk of osteopenia, daily Vitamin D
supplementation may be considered.
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Neurofibromatosis Type 2
Overview

NF2 is far less common than NF1 with a prevalence
of about 1:40,000. Unlike NF1, NF2 usually pres-
ents in young adults and is restricted almost entirely
to tumors of the central and peripheral nervous sys-
tems (see Table 7.2). The average age of symptom
onset in NF2 is around 20 years, while the average
age of diagnosis is about 28. Most people present
with hearing loss secondary to vestibular schwan-
nomas or with other symptoms caused by menin-
giomas or spinal schwannomas. Patients presenting
in childhood tend to present with signs or symp-
toms from tumors other than vestibular schwanno-
mas (cranial meningiomas or spinal tumors) and
tend to have a more severe phenotype.

The hallmark feature of NF2 is the development
of bilateral vestibular schwannomas, often leading
to deafness. Other features include meningiomas,
schwannomas of cranial, spinal, or peripheral
nerves, café-au-lait macules, lens opacities, and
peripheral neuropathy. NF2 is also inherited in an
autosomal dominant genetic pattern due to a muta-
tion encoding the protein merlin on the long arm of
chromosome 22 (22q11.2), which is thought to act
as a tumor suppressor. Like NF1, as many as 50 %
of individuals present with NF2 as the result of a
sporadic mutation. It also has nearly 100 % pene-
trance with high phenotypic variability.

Data on the morbidity and mortality in NF2 is
limited and studies are prone to sampling bias.
Most patients eventually lose hearing and a third
will have some degree of visual impairment.
Many develop facial weakness due to tumor
growth or complications of treatment and some
patients also develop weakness or sensory dys-
function secondary to myelopathy, neuropathy,
or brain tumor growth.

Diagnosis
The diagnosis of NF2 is made using a set diagnos-

tic guidelines based on specific clinical findings
(see Table 7.3).
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Table 7.2 Features of NF1 and NF2

NF1 NF2
Inheritance Autosomal dominant Autosomal dominant
Spontaneous mutations 50 % 50 %
Incidence 1:3000 1:40,000
Chromosome 17q11.2 22q12.2
Gene Product Neurofibromin Merlin

Typical presentation

Café-au-lait macules during infancy
or early childhood

Hearing loss or vestibular dysfunction in
young adulthood or cataracts

Nerve sheath tumors

Neurofibroma, plexiform
neurofibroma, MPNSTSs

Schwannoma

Intracranial tumors

Optic pathway gliomas, other
astrocytomas/gliomas

Vestibular schwannomas, meningiomas

Spinal tumors

Nodular plexiform neurofibromas
(roots)

Schwannomas (roots), ependymomas
(intramedullary)

Cutaneous features

Café-au-lait macules, axillary/inguinal
freckling, cutaneous neurofibromas,
subcutaneous neurofibromas

Cutaneous schwannomas

Cognitive LD and ADHD common, 1Q mildly Normal
decreased
Skeletal Scoliosis, short stature, None
pseudoarthrosis, sphenoid dysplasia
Ophthalmologic Lisch nodules, congenital glaucoma Juvenile subcapsular lenticular opacities,

cataracts, corneal scarring, retinal hamartomas

Other tumors

CML, pheochromocytoma

None

Other neuro manifestations

UBOs, macroencephaly

Neuropathy, areflexia

Other

Vascular abnormalities, GI bleeding,
constipation

MPNST malignant peripheral nerve sheath tumor, LD learning disability, ADHD attention deficit and hyperactivity
disorder, CML chronic myelogenous leukemia, UBOs unidentified bright objects
From Yohay K. Neurofibromatosis types 1 and 2. Neurologist 2006; 12(2):86-93

Table 7.3 Diagnostic criteria for neurofibromatosis type 2

NF2 can be diagnosed in individuals with one of the following:

1. Bilateral vestibular schwannomas

OR

2. First-degree relative (parent, sibling, child) with NF2 AND

(a) A unilateral vestibular schwannoma before age 30 OR

(b) Any 2 of the following: meningioma, schwannoma, glioma, neurofibroma, posterior subcapsular lenticular

opacity

Presumptive or probable NF2 is diagnosed in individuals with the following:

1. Unilateral vestibular schwannomas before age 30 AND at least 1 of the following: meningioma, schwannoma,
glioma, posterior subcapsular lenticular opacity

OR

2. Multiple meningiomas (2 or more) AND unilateral vestibular schwannoma before the age of 30 OR 1 of the
following: schwannoma, glioma, posterior subcapsular lenticular opacity

Current testing of lymphocyte DNA from
non-founder (familial) NF2 patients is about 92 %
sensitive, but only about 70 % sensitive in founder
(sporadic) NF2 patients. The lack of sensitivity in

nonfamilial cases is likely due to the high preva-
lence of genetic mosaicism. As such, a positive
genetic test can be helpful in confirming the diag-
nosis, screening family members, and possibly
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Fig.7.5 Bilateral vestibular schwannomas in a patient with NF2 shown on MRI in axial (a) and coronal (b) views

for PGD. A negative test result does not rule out
NF?2 and the diagnosis must be made on the basis
of the above clinical diagnostic criteria.

Clinical Manifestations

Cutaneous

While café-au-lait macules can be seen in
30—-40% of people with NF2, they are usually
fewer in number compared to NF1. Additional
cutaneous findings in NF2 are usually associated
with underlying superficial schwannomas or
cutaneous schwannomas and, less commonly,
neurofibromas.

Schwannomas

Schwannomas are the cardinal feature of NF2.
They are benign, encapsulated tumors that arise
from Schwann cells of cranial nerves III-XII,
spinal nerves, or peripheral nerves. Malignant
transformation is rare for a schwannoma. While
they can arise from any cranial nerve, they most
commonly arise from the vestibular portion of
cranial nerve VIII and are referred to as vestibu-
lar schwannomas (VS). VS can be bilateral and
are present in essentially all individuals with NF2
They arise at the cerebellopontine angle and are
typically slow growing, causing gradual loss of

hearing (see Fig. 7.5a, b). Balance and other cranial
nerve functions may become impaired and brain-
stem compression and obstructive hydrocephalus
can occur as well.

Schwannomas arising from the dorsal spinal
roots (spinal schwannomas) are present in more
than 80 % of patients with NF2. Spinal schwan-
nomas are typically small and asymptomatic,
though they can become large and cause compres-
sion of the spinal cord or adjacent organs. These
tumors are radiographically indistinguishable
from neurofibromas arising from spinal roots in
NF1 patients, frequently taking on the same
“dumbbell” appearance.

Peripheral schwannomas can arise from any
nerve, superficial or deep, and can cause pain or
impaired motor or sensory function. Superficial
peripheral schwannomas can manifest as subcu-
taneous nodules or as raised, well-circumscribed
cutaneous lesions, often with some associated
skin and hair changes. Though cutaneous
schwannomas are seen in up to half of NF2
patients, they are generally a relatively minor
component of the disorder.

Other Nervous System Tumors

Approximately half of patients with NF2 develop
meningiomas. They are typically slow growing
and can occur in the meninges of the brain, spine,
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or optic nerve. Many of these meningiomas are
asymptomatic, though pain and neurologic dys-
function may occur based on tumor size, location,
and extent of associated edema. Ependymomas
and other low-grade gliomas, including astrocyto-
mas, are also more prevalent in patients with NF2,
with an estimated incidence as high as one in three
patients. The vast majority of glial neoplasms seen
in NF2 patients are ependymomas. These are most
often intramedullary spinal or cauda equina tumors
but rarely can be intracranial.

Ophthalmologic

Visual impairment is common in the NF2 popu-
lation. Juvenile posterior subcapsular lenticular
opacities are common (60—80 %), though are not
always symptomatic. Retinal abnormalities, par-
ticularly hamartomas are also frequently seen.
Corneal injury may occur in patients with facial
weakness. Optic nerve and/or orbital meningio-
mas are also seen in some patients with NF2 and
can cause visual impairment.

Other Nervous System Manifestations
Patients with NF2 develop few neurologic mani-
festations other than the direct result of their
tumor burden. Patients with NF2 may develop a
peripheral neuropathy and hyporeflexia that is
not necessarily directly related to the growth of
schwannomas. Foot drop is one of the most
common findings.

Management Considerations

The initial evaluation of a person with NF2 should
include thorough neurologic and ophthalmologic
examinations, and audiologic testing, in addi-
tion to a gadolinium-enhanced MRI of the brain
with thin cuts through the internal auditory canals
for most patients. Individuals with any signs or
symptoms that are concerning for myelopathy
should also have a spinal MRI. Genetic counsel-
ing covering genetic and/or radiologic screening
for any at risk relatives should be provided.
Follow-up evaluation should be done yearly with
a thorough clinical/neurologic exam, audiologic
testing, and brain MRI. Serial spinal MRI is only
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needed for patients with known symptomatic or
large spinal tumors.

Treatment decisions for VS in NF2 should be
made on an individual basis, taking into consid-
eration degree of hearing loss, size and growth of
the tumor, contralateral hearing function, impact
on other cranial nerves and the brainstem. The
primary treatment for VS is surgical resection
and it carries a high risk of nerve injury, bleeding,
and tumor recurrence. VS in NF2 tend to be more
difficult to treat than sporadic VS because they
are often multifocal along the vestibular nerve
and can be associated with facial nerve schwan-
nomas. Small (less than 1.5 cm) VS can often be
resected without loss of hearing or other cranial
nerve function. However, larger tumors are usu-
ally monitored and resected or debulked only
with evidence of progression (clinically or radio-
graphically) due to the higher risk of functional
loss (hearing loss and facial weakness). Many
centers offer cochlear implantation and auditory
brainstem implants, as well as auditory rehabili-
tation with instruction in lip reading and signing.
Stereotactic radiosurgery may be used in some
cases; however, there have been mixed outcomes
and concern that people with NF2 have increased
risk of secondary malignancies following radia-
tion. There has been some recent interest in using
molecularly targeted therapies to treat people
with NF2. A retrospective analysis of ten NF2
patients treated with bevacizumab showed that
the majority of these patients showed radio-
graphic and symptomatic improvement, and
additional clinical trials are ongoing.

The treatment of other tumors in NF2
(peripheral/spinal schwannomas, ependymomas,
meningiomas) is limited to progressive or symp-
tomatic tumors. Treatment of these tumors also
includes surgical resection or debulking.

Tuberous Sclerosis Complex
Overview
Tuberous sclerosis complex (TSC) is an autoso-

mal dominant genetic disorder that affects multi-
ple organ systems and is primarily characterized



7 Neurocutaneous Disorders

81

by the development of benign neoplasms of the
brain, skin, and kidneys. The incidence of TSC
has been reported to be as high as 1 in 5800. TSC
is only inherited in 30 % of cases and results from
a spontaneous mutation in the remaining 70 %.
Two distinct genes have been identified as caus-
ative of TSC: TSC1 located on chromosome
9934 and TSC2 located on chromosome 16p33.3.
TSC1 encodes for a protein called hamartin while
TSC2 encodes for a protein called tuberin. These
two proteins interact to form a complex that has
been shown to be integral in multiple intracellu-
lar signaling pathways. TSC has near 100 % pen-
etrance but with wide phenotypic variability.
Patients with mutations in TSCI may have a
milder phenotype compared to those with muta-
tions in TSC2. Neurologic disease, particularly
subependymal giant cell tumors (SGCTs), status
epilepticus, and renal disease including renal cell
carcinoma and hemorrhage into angiomyolipo-
mas, are the most common causes of premature
death in TSC.

Diagnosis

TSC is generally diagnosed based on clinical
findings (see Table 7.4). While genetic testing is
available, it has a limited clinical utility due to
poor sensitivity.

Clinical Manifestations

Cutaneous
Cutaneous lesions are very common and often the
initial manifestation that leads to an eventual
diagnosis of TSC. The most common skin lesions
are hypomelanotic macules, previously known as
Ash Leaf lesions. Despite occurring in nearly all
individuals with TSC (up to 97 %), these hypomel-
anotic macules are not specific to TSC. They are
often present from birth and can increase in num-
ber with age. While they can appear anywhere on
the skin, they tend to be more commonly seen on
the trunk and buttocks.

Facial angiofibromas (previously termed
adenoma sebaceum) are pink or reddish papular

Table 7.4 Clinical criteria for diagnosing tuberous scle-
rosis complex

TSC can be diagnosed based on the following clinical
criteria:

1. To be diagnosed with definite TSC, a patient must
have 2 major features AND 2 minor features

2. To be diagnosed with probable TSC, a patient must
have 1 major feature AND 1 minor feature

3. To be diagnosed with possible TSC, a patient must
have 1 major feature OR >1 minor features

Major features:

* Facial angiofibromas or forehead plaque

¢ Nontraumatic ungual or periungual fibroma

* Hypomelanotic macules (3 or more)

* Shagreen patch (connective tissue nevus)

e Multiple retinal nodular hamartomas
e Cortical tuber*
* Subependymal nodule

e Subependymal giant cell astrocytoma

* Cardiac rhabdomyoma, single or multiple

e Lymphangiomyomatosis®

* Renal angiomyolipoma®

Minor features

e Multiple randomly distributed pits in dental
enamel

* Hamartomatous rectal polyps®

e Bone cysts!

* Cerebral white matter radial migration lines*

e Gingival fibromas

¢ Nonrenal hamartoma®

* Retinal achromic patch

e “Confetti” skin lesions

e Multiple renal cysts®

“When cerebral cortical dysplasia and cerebral white mat-
ter migration tracts occur together, they should be counted
as one rather than two features of tuberous sclerosis
®When both lymphangiomyomatosis and renal angiomyo-
lipomas are present, other features of tuberous sclerosis
should be present before a definite diagnosis is assigned
“Histologic confirmation is suggested

dRadiographic confirmation is sufficient

lesions involving the cheeks and naso-labial
folds, typically in a malar distribution and spar-
ing the upper lip. Up to 75 % of people with TSC
will have facial angiofibromas, often appearing
in childhood and becoming more prominent with
age. As many as 20 % of patients with TSC will
have forehead fibrous plaques, which are raised
brown or flesh-colored plaques comprised of
coalesced nodules.
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Fig.7.6 Shagreen patch in a patient with TSC

Shagreen patches are irregular areas of raised,
rough skin that has been described as having the
texture of an orange peel (see Fig. 7.6). About
half of people with TSC will have this finding,
usually becoming evident around puberty. The
most common location for a Shagreen patch is in
the lumbosacral region.

Periungual or subungual fibromas are pink or
flesh-colored nodules that grow in the finger or
toe nail beds in patients with TSC. They are seen
in about 20 % of patients with TSC and are more
commonly found in adolescents or adults.

CNS Tumors
Neurologic complications of TSC are very com-
mon and are one of the main causes of morbidity
and mortality. Cortical tubers are seen in up to
95 % of patients with TSC. They are composed of
disorganized neurons and dysmorphic giant
astrocytes. The typical six-layered lamination
pattern of neurons in the cortex is lost and the
bordering zone between gray and white matter
becomes indistinct. In patients with TSC, the
number of cortical tubers correlates with the
severity of seizures and cerebral dysfunction.

Individuals with TSC also commonly have
white matter lesions. These lesions may represent
areas of demyelination, dysmyelination, hypo-
myelination, and/or heterotopic neurons or glia
along cortical migration paths.

Subependymal nodules are present in the
majority of patients with TSC. They are hamarto-
matous growths comprised of dysplastic astro-

cytes and auroral cells located in the subependymal
region along the walls of the lateral ventricles.

Subependymal giant cell tumors (SGCTs,
formerly called subependymal giant cell astro-
cytomas or SEGAs) are low-grade glioneuronal
tumors seen in approximately 15 % of patients
with TSC. They tend to originate near the fora-
men of Monroe, and as a result, often cause
obstructive hydrocephalus and may require sur-
gical resection or medical therapy with
everolimus.

Other Nervous System Manifestations
Seizures are a very common cause of morbidity
in TSC. The incidence of epilepsy and seizures
probably exceeds 95 %. They typically begin dur-
ing infancy or early childhood, with the incidence
decreasing with increasing age. The seizures seen
in TSC can be generalized or partial in onset.
Infantile spasms are present in approximately 1/3
of patients with TSC.

Behavioral and cognitive impairments are
common in TSC with a majority of patients
showing some amount of intellectual impairment
and greater than 60% being diagnosed with
behavioral problems including autism spectrum
disorders, ADHD, or obsessive compulsive dis-
order. In TSC, the incidence of autism spectrum
disorders is likely greater than 25 % with a higher
incidence in patients with global intellectual
impairment compared to those with normal intel-
ligence. Roughly half of patients with TSC meet
diagnostic criteria for ADHD.

Ophthalmologic

Retinal abnormalities can be seen in patients with
TSC that are most often asymptomatic and only
rarely cause loss of vision. Retinal hamartomas
are seen in about 50% of patients with TSC.
Punched out areas of retinal depigmentation,
angiofibromas of the eyelid, strabismus, or colo-
bomas can also be seen.

Cardiac

The most common cardiac manifestation of TSC
is cardiac rhabdomyoma. These can be found in
1/2 to 2/3 of newborns with TSC. Although most
do not cause any significant medical problems
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and regress spontaneously with age, they can
cause symptoms of heart failure, arrhythmia, or
murmurs.

Renal

The most common renal complication of TSC is
the growth of angiomyolipomas which are seen in
up to 80% of patients. Angiomyolipomas are
benign tumors composed of immature smooth
muscle and fat cells and abnormal blood vessels.
They most often remain asymptomatic, despite
being multiple and bilateral in many cases.
Angiomyolipomas can cause renal failure or
hypertension by disruption of normal kidney tis-
sue or hemorrhage from aneurysm formation.
Hemorrhage can be a life-threatening complica-
tion seen more often in angiomyolipomas larger
than 4 cm and so they are often treated with embo-
lization. Renal cysts are also common in TSC, and
like angiomyolipomas can present bilaterally and
cause renal insufficiency or hypertension. A rela-
tionship between TSC and renal carcinoma has
been postulated but not yet clearly established.

Pulmonary

Lymphangioleiomyomatosis is characterized by
proliferation of atypical smooth muscle-like cells
in the lungs and progressive cystic destruction of
lung tissue. It presents with dyspnea, hemoptysis,
chest pain, chylothorax, and/or pneumothorax.
Lymphangioleiomyomatosis is a chronic, some-
times progressive illness most commonly seen in
young adult women with TSC.

Management Considerations

At diagnosis, an MRI of the brain with and with-
out gadolinium is indicated to evaluate for corti-
cal tubers, subependymal nodules, SGCTs, white
matter abnormalities, and hydrocephalus. For
children and adolescents diagnosed with TSC, a
follow-up MRI should be obtained every 1-3
years. In cases where an SGCT is identified, con-
sideration should be given to increasing monitor-
ing frequency.

Renal ultrasound is the initial study that
should be performed at diagnosis to evaluate for
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renal cysts and/or angiomyolipomas. Repeat
ultrasounds should be performed every 1-3 years,
with the frequency varying based on the presence
or absence of lesions. For larger lesions or con-
cern about malignancy, CT or MRI can be con-
sidered. Cardiac ultrasound to evaluate for
rhabdomyomas should be considered for infants
with TSC who have a heart murmur, arrhythmia,
or signs of heart failure.

Because TSC can have a very complex presen-
tation involving multiple organ systems, it is
important to ensure that patients have access to
multiple medical specialties, preferably in a mul-
tidisciplinary clinic with familiarity and expertise
in the care of patients with TSC. Coordinated
multidisciplinary care should include specialists
from genetics, neurology, neurosurgery, radiol-
ogy, ophthalmology, dermatology, plastic surgery,
neuropsychology, and oncology. In addition to the
radiographic screening already discussed, patients
with TSC should be followed with annual general,
neurologic, skin, and ophthalmologic examina-
tions, as well as academic and developmental
screening.

Specific treatment for TSC is dependent on
the particular manifestations in an individual
patient. Seizures can be one of the more chal-
lenging aspects to treat in TSC. The particular
therapy is dependent on multiple factors, includ-
ing seizure type, severity, age, and EEG findings.
For children with TSC and infantile spasms,
Vigabatrin is the treatment of choice, though
ACTH may be nearly as effective. Many individ-
uals will require multi-drug regimens and the
medication should be tailored to the specific type
of seizure present. For patients with medically
intractable seizures, the initiation of the keto-
genic diet, implantation of a vagal nerve stimula-
tor, or surgery may be indicated. Surgery is
increasingly becoming an option, particularly for
patients with an identifiable epileptogenic focus.

SGCTs causing focal neurologic deficits,
obstructive hydrocephalus, or growth on serial
imaging should be considered for treatment. For
many years, surgical resection or radiation was the
only available option. Radiation has fallen out of
favor due to the increased risk of secondary malig-
nancy in TSC (similar to other tumor predisposi-
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tion syndromes, like NF1 and NF2). Recently,
everolimus, an mTOR inhibitor, was approved as
medical therapy for SGCTs in TSC for whom sur-
gical resection is not desired. Other mTOR inhibi-
tors are currently being investigated.

Due to the risk of hemorrhage, it is recommended
that patients with angiomyolipomas larger than
3—4 cm be considered for embolization, or partial or
total nephrectomy. Initial studies also suggest that
mTOR inhibitors may decrease the size of angio-
myolipomas, and trials are in progress. Hormonal
manipulation, bronchodilator therapy, and alpha-
interferon are all used for the treatment of
Lymphangioleiomyomatosis with uncertain benefit.
Asymptomatic cardiac rhabdomyomas do not
require any treatment and will all undergo sponta-
neous regression. Rarely, surgical resection is
required in symptomatic infants.

Sturge-Weber Syndrome
Overview

Sturge-Weber Syndrome (SWS) is a congenital
neurocutaneous disorder that occurs in about 1 in
50,000 people that is characterized by several clin-
ical findings, including a “port-wine stain” of the
upper face or forehead, leptomeningeal angioma-
tosis, and vascular abnormalities of the eye. The
most common problems for patients with SWS are
seizures, glaucoma, hemiparesis, visual field defi-
cits, stroke-like episodes, headaches, and cogni-
tive or behavioral issues. SWS is a sporadic disease
without any well-established genetic or environ-
mental risk factors. Recently, it was shown that
SWS and port-wine stains are associated with a
somatic activating mutation in the GNAQ gene.
While port-wine stains are a hallmark feature of
SWS, they are one of the most common occurring
vascular malformations (around 3 in 1000) and
most children with a port-wine stain do not have
SWS. The long-term clinical outcome and progno-
sis for SWS varies greatly, as does the range of
severity of symptoms. In general, individuals with
more extensive involvement of the brain, bilateral
disease, higher seizure frequency, and larger areas
of leptomeningeal angiomatosis will have worse
outcomes.
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Diagnosis

The diagnosis of SWS must be confirmed radio-
graphically with evidence of leptomeningeal
angiomatosis on an MRI of the brain with gado-
linium. The presence of port-wine stains on the
upper face is not specific for SWS and the diag-
nosis cannot be made until leptomeningeal angi-
omatosis has been confirmed. There are currently
no standardized guidelines for testing asymptom-
atic children with port-wine stains. The risk of
significant neurologic or ocular findings in a
child with any port-win stain is approximately
8—-10%. However, the risk increases to almost
75 % if the port-wine stain involves the entire V1
distribution of the trigeminal nerve. Rarely,
patients will be diagnosed with SWS without a
port-wine stain (presence of leptomeningeal
angiomatosis on MRI). These cases tend to pres-
ent later in life and are often less severe. Currently,
there are no laboratory tests that are useful for
diagnosing SWS.

Clinical Manifestations

Cutaneous

Port-wine stains (or nevus flammeus) are red or
purple-colored blanching lesions that represent
deoxygenated blood in underlying dilated veins.
They can be present anywhere on the body, but
only port-wine stains presenting in the V1 and V2
dermatomal distribution of the trigeminal nerve
are associated with SWS. Involvement of the
upper or lower eyelid also increases the risk of
SWS. In SWS, the port-wine stain is usually uni-
lateral, but can be bilateral as well. Port-wine
stains are always present at birth, even though
many of the symptoms of SWS do not appear until
much later. Port-wine stains do not directly cause
any of the neurologic symptoms seen in SWS.

Nervous System

Leptomeningeal angiomatosis describes
capillary-venous malformations of the pia and
arachnoid mater. The presence of this finding on
MRI is essential to make the diagnosis of SWS.
It can occur in any area of the brain ipsilateral to
the port-wine stain and most often is present over
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the occipital area. It is seen best on T1-weighted
MRI imaging with gadolinium as enhancement
of the meninges. Associated findings on MRI
include atrophy of the ipsilateral brain, white
matter changes, and enlargement of the choroid
plexus. It is important to note that the brain find-
ings in SWS typically evolve and worsen over
time, and therefore, imaging studies can be nega-
tive early on.

Epilepsy is diagnosed at some point in up to
75% of people with SWS and unilateral port-
wine stain and up to 90 % of people with SWS
and bilateral port-wine stain. The seizures seen in
SWS are usually focal motor or complex partial
seizures, but generalized seizures can also occur.
Focal seizures are usually the earliest symptom
seen in SWS and can begin as early as infancy.
However, seizures may not present until later in
childhood or even adulthood in some cases.

Other symptoms commonly seen in infancy
include other features representing unilateral brain
dysfunction, including hemiparesis, gaze prefer-
ence, or early handedness. Fifty percent of patients
with SWS will at some point experience hemipare-
sis or a visual field deficit. People with SWS can
also have stroke-like symptoms with an acute onset
of functional deficits, which may slowly recover
and do not return to the previous baseline.

Headache is a common complaint (almost
50%) in individuals with SWS, especially
migraines. While the treatment of headaches in
SWS does not differ from the standard treatment
of headaches in children, there is some thought
that headaches in SWS may precede seizures or
stroke-like episodes. Therefore, aggressive treat-
ment and prevention is often recommended.

Cognitive and behavioral problems in SWS
include language delays, mood problems, anxi-
ety, hyperactivity, and inattention. It is important
to screen children with SWS for developmental
and behavioral issues, using formal neuropsy-
chological testing when indicated.

Ophthalmologic

Vascular malformations of the eye can be seen in
SWS, including choroid hemangiomas. The inci-
dence of glaucoma in SWS is reported as high as
70 %. It always involves the side of the port-wine
stain in unilateral disease, but can be unilateral or
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bilateral when seen in conjunction with bilateral
port-wine stains. It often presents in early child-
hood (60 %) or later in childhood or adulthood.
The presence of a port-wine stain involving the
upper and lower lid and the presence of episcleral
hemangioma are independently associated with a
higher risk for developing glaucoma.

Management Considerations

Any child with a port-wine stain of the upper face
(V1 or V2) should have an MRI of the brain with
contrast to look for leptomeningeal angiomato-
sis. They should also be referred to an ophthal-
mologist to screen for elevated intraocular
pressure or other ocular abnormalities.
Established patients with SWS should be fol-
lowed regularly by a neurologist and also an oph-
thalmologist. There is no known treatment for the
underlying cause of SWS, which is abnormal
vasculature and associated leptomeningeal angi-
omatosis. Therefore, treatment should be targeted
at treating specific manifestations of the disease.

Children with asymptomatic SWS or suspi-
cious port-wine stains should be counseled on the
signs and symptoms of seizures due to the high
risk of epilepsy. Because of this high risk, a long-
term anti-epileptic drug should be started with
the first seizure episode. Medications like carba-
mazepine or oxcarbazepine that are effective
treatments for partial seizures should be consid-
ered as first-line treatment. Other medications,
including topiramate, levetiracetam, phenobarbi-
tal, and valproate are also often used. Individuals
with SWS can develop status epilepticus and pre-
scribing rectal diazepam should be considered.
In cases of medically refractory epilepsy, respec-
tive brain surgery should be considered. Despite
significant morbidity associated with surgery,
there is some evidence that patients with SWS
can become seizure free after hemispherectomy.
Aspirin therapy has been used to treat SWS, as
one of the proposed mechanisms of injury is
venous stasis causing microthrombi and ischemia.
Low dose aspirin use may reduce the number of
seizures, though studies are lacking. Glaucoma
should be treated with topical medications first.
Surgical intervention with trabeculectomy is an
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option after failed medical treatment. Port-wine
stains are not thought to cause any symptoms in
SWS, but are often treated for cosmetic purposes.
While the lesions do not typically grow with age,
they can become thickened and more rough-
textured. Laser therapy can be used to reduce the
discoloration and make the lesion less noticeable.

Von Hippel-Lindau
Overview

Von Hippel-Lindau (VHL) is an inherited disease
occurring in about 1 in 36,000 people that is charac-
terized by neoplasms in several organ systems. The
neoplasms are caused by inactivation of the tumor
suppressor VHL located on chromosome 3p25.
Although the cancers seen in VHL most commonly
are discovered in adulthood, they can first manifest
in adolescence. VHL is an autosomal dominant dis-
order, but can be caused by a sporadic mutation in
20% of affected individuals. Clinical outcomes
vary widely in VHL and depend on the clinical pre-
sentation in each individual. The most common
cause of death is renal cell carcinoma. However,
significant morbidity can be seen from neurologic
impairment secondary to CNS hemangioblastomas
or visual impairment from retinal angiomas.

Diagnosis

While diagnosis of VHL may be suspected based
on the clinical presentation with certain neo-
plasms, the diagnosis can be made definitively
via molecular testing for the VHL gene. Any per-
son found to have one of the tumors characteris-
tic for VHL or any individual with an affected
parent should undergo testing. Genetic testing is
almost 100 % sensitive and specific for VHL. In
persons with no family history of VHL, the diag-
nosis can be made clinically based on having
either (a) two or more hemangioblastomas of the
CNS or (b) one retinal or brain hemangioblas-
toma in addition to any one of: pheochromocy-
toma, renal cell carcinoma, serous cystadenoma or
neuroendocrine tumor of the pancreas, papillary
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cystadenoma of the epididymis, or broad liga-
ment. With a family history of VHL, the diagno-
sis can be made clinically with any one of renal
cell carcinoma (before age 60), CNS hemangio-
blastoma, retinal angioma, pancreatic cysts, and
cystadenomas of the epididymis or broad liga-
ment. It is possible to test for a VHL mutation in
a fetus with amniocentesis or chorionic villus
sampling and PGD is available.

Clinical Manifestations

The cancers commonly seen in VHL include
hemangioblastomas of the brain or spinal cord
(40-70 %), clear cell renal cell carcinoma (70 %),
retinal angiomas (also called retinal hemangio-
blastomas) (60 %), serous cystadenomas (70 %) or
neuroendocrine tumors of the pancreas (15 %),
papillary cystadenomas of the epididymis (40 %),
endolymphatic sac tumors of the ear (15 %), and
pheochromocytomas (10 %). CNS hemangioblas-
toma is the most common tumor seen in VHL. They
are highly vascular, often multifocal along the cra-
niospinal axis. They can cause symptoms based on
mass effect, including headache, emesis, hyperre-
flexia, ataxia, dysmetria, or ataxia depending on
the specific location of the tumor.

Management Considerations

Currently, there are no formally assessed guide-
lines for screening asymptomatic patients with
VHL. Expert opinion suggests that individuals
with VHL should undergo annual screening
physical exams, urine screening with cytology
for renal cell carcinoma, renal ultrasound, oph-
thalmologic examination (including fluorescein
angiography), 24 h urine collection of vanillyl-
mandelic acid levels, and abdominal ultrasound.
Every 3 years, MRI of the brain and spine (up
until age 50, then every 5 years after) and abdom-
inal CT should be done as well.

Therapies for VHL should be directed at the
specific presentation and does not differ from the
treatments used for isolated instances of each
problem.
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Neurocutaneous Melanosis
Overview

Neurocutaneous melanosis (NM) is a rare spo-
radic disorder characterized by the presence of
large congenital nevi in addition to leptomeningeal
melanosis. NM is thought to be caused by an
abnormal differentiation of neural crest cells dur-
ing embryologic development leading to increased
numbers of melanocytes in the leptomeninges, in
addition to cutaneous melanosis. NM has a highly
variable presentation, and therefore, prognosis can
differ greatly between individuals.

Diagnosis

The diagnosis of NM is often made in infants and
can be made using clinical criteria (see Table 7.5).
This set of criteria helps distinguish NM from
malignant melanoma unrelated to NM which can
often metastasize to the CNS. Skin biopsy can be
done to confirm the diagnosis of cutaneous nevus
and also rule out malignant melanoma. MRI with
contrast can show CNS lesions consistent with
leptomeningeal melanosis.

Clinical Manifestations

Cutaneous

Congenital nevi are benign melanocytic lesions
that can be seen in as many as 2 % of newborns.
A congenital nevus is considered large or giant
when it measures greater than 20 cm in adults or

Table 7.5 Diagnostic criteria for neurocutaneous

melanosis

1. One large congenital nevus (20 cm or greater in
adults; 9 cm or greater on the head or 6 cm or
greater on the trunk of an infant) OR 3 smaller
congenital nevi, together with either
leptomeningeal melanosis or melanoma

2. No cutaneous melanoma except when examined
areas of meningeal lesions are histologically benign

3. No melanoma of the meninges except when
examined areas of the cutaneous lesions are
histologically benign
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9 cm on the head or 6 cm on the trunk of an
infant. Giant nevi are usually bilateral and most
frequently occur in a “bathing trunk™ or “gar-
ment” pattern over the lumbar and sacral areas.
While metastatic melanoma is a distinct entity
from NM, there is an increased risk of melanoma
in individuals with NM.

Nervous System

Leptomeningeal melanosis can often be asymp-
tomatic and is often only seen on imaging done as
a screen. Neurological manifestations are variable
and depend on the extent and location of CNS mel-
anosis. Neurologic manifestations will often arise
in the first year of life and are most commonly
increased intracranial pressure or hydrocephalus.
Children with NM can also have seizures. The
extent of cutaneous nevi does not seem to correlate
with the extent of CNS involvement.

Another common CNS abnormality seen in
approximately 10% of children with NM is
Dandy-Walker malformation (enlarged posterior
fossa, complete or partial absence of cerebellar
vermis, enlarged cystic fourth ventricle, and
hydrocephalus). Patients with NM and Dandy-
Walker malformation have a poor overall progno-
sis and often die during the first decade of life.

Management Considerations

Treatment of the cutaneous manifestations of
NM is pursued for both cosmetic reasons and
because of the high risk of malignant transforma-
tion. Some advocate for complete resection,
though this is controversial due to the extent of
surgical resection often required. Regular derma-
tologic assessments should be done as well.
Resection of cutaneous nevi does not affect the
risk of malignant transformation in the CNS.

Treatment of neurological manifestations in
NM is directed at specific causes. Surgical resec-
tion can alleviate symptoms depending on the size
and location of CNS melanosis. Also, ventriculo-
peritoneal shunt may be required for treatment of
hydrocephalus. If no symptoms are present, regu-
lar imaging is necessary to monitor for progres-
sion and malignant transformation.
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Incontinentia Pigmenti
Overview

Incontinentia pigmenti (IP) is an X-linked domi-
nant disorder caused by a mutation in the gene for
nuclear factor kappa B (NF-kB) essential modula-
tor. IP affects the skin, central nervous system,
teeth, eyes, and sometimes other organ systems.
IP has a highly variable clinical presentation and
is almost exclusively found in females as nearly
all males die in utero. It is important to note that
infants with IP often have many findings that sug-
gest non-accidental trauma, including retinal
hemorrhage, brain ischemia, and cutaneous find-
ings that can be interpreted as evidence of abuse.
It is important to ask about a family history of
other females with similar findings in infancy.

Diagnosis

The diagnosis of IP is suspected based on clinical
findings as well as family history. Nearly, all
patients with IP will have stage 3 skin lesions and
most will also have stage 1 and 2 findings (see
section below). These cutaneous findings in asso-
ciation with tooth, eye, and nervous system mani-
festations suggest the diagnosis of IP. Genetic
testing is available to confirm the diagnosis.

Clinical Manifestations

Cutaneous

Skin findings in IP are generally described in four
stages. Stage 1 is usually apparent in the first 2
weeks of life and is known as the vesiculobul-
lous, vesicular, or inflammatory stage. It consists
of erythematous vesicles or blisters, often in a
linear pattern on the limbs and trunk and sparing
the face. Stage 2 is the verrucous stage, which is
characterized by wart-like lesions replacing the
stage 1 vesicles or arising in new areas usually
starting around 2 months of life. Stage 3 is char-
acterized by brown or gray hyperpigmented areas
with a pattern of “whorls and streaks” following
Blaschko’s lines located on the body and limbs,
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especially in the groin, axillae, and nipples. Stage
3 typically begins between 3 and 6 months of age
and persists for many years. Stage 4 is the atro-
phic stage, during which mildly hypopigmented
and hairless patches of skin are seen, most often
on the posterior of the calves.

Nervous System

CNS abnormalities are not universally seen in IP,
but can account for significant morbidity.
Approximately 25% of people with IP will have
seizures, which is associated with a worse neuro-
logic outcome. In 10% of patients there will be
cerebral palsy and/or intellectual disability. Other
symptoms that have been reported include hemipa-
resis, cerebellar ataxia, microcephaly, and abnor-
malities seen on imaging, including heterotopias,
atrophy, ischemic processes, hemorrhagic necrosis,
and abnormalities of the corpus callosum.

Other Organ Systems

The teeth are affected in 70-90 % of people with
IP. Dental abnormalities can include delayed
dentition, missing or extra teeth, and conical or
peg shaped teeth. Ophthalmologic complications
are seen in about one third of people with
IP. These can include vascular retinopathy, reti-
nal detachment, optic atrophy, eye misalign-
ment, nystagmus, and microphthalmia. Ocular
manifestations are closely linked to CNS disease
in IP. The hair and nails of individuals with IP
are often affected and they can have alopecia and
ridging or pitting of the nails.

Management Considerations

There is no specific treatment for IP and therefore
treatment is directed by symptom presentation.
Skin findings typically do not require treatment,
but should be followed by a dermatologist.
Dressings should be applied to vesicular stage
lesions in order to prevent infection. Full eye
examination and close follow-up with an oph-
thalmologist are required to monitor of ocular
manifestations. Neurologic complications, such
as seizures, spasticity, and developmental delay,
should be treated with conventional methods.
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Hypomelanosis of Ito

Overview

Hypomelanosis of Ito (HI) describes the charac-
teristic skin and nervous system findings caused
by underlying genetic mosaicism and chimerism.
The typical skin findings in HI are usually pres-
ent at birth (50%) or become evident during
infancy. HI is not a distinct disease entity, but
rather represents a broad range of overlapping
clinical phenotypes and has an estimated inci-
dence of about 1 in 8000.

Diagnosis

The diagnosis of HI is based on clinical findings.
The diagnosis can be supported by finding chro-
mosomal alterations or mosaicism on a karyotype,
but this is typically not necessary.

Clinical Manifestations

Cutaneous

The characteristic skin findings in HI are uni-
lateral or bilateral hypopigmented areas often
described as whorls, streaks, and patches that
generally, but not always, follow the lines of
Blaschko. The lesions are more easily visual-
ized in darker skinned infants and can be made
more visible using ultraviolet light for light
skinned individuals. These lesions can be mis-
taken for stage 3 skin findings in IP. However,
HI lacks the preceding inflammatory skin
stages seen in IP.

Nervous System

Nervous system involvement is common and
estimated to occur in anywhere from 30 to 90 %
of patients with HI. Developmental delay and
mental retardation are the most common neuro-
logical complications. In addition, various types
of seizures can be present. Other neurologic man-
ifestations include gray and white matter changes
in MRI, macrocephaly, megalencephaly, hemi-
megalencephaly, craniofacial abnormalities, and
neuronal migration disorders.
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Other Organ Systems

Other findings in HI include musculoskeletal
abnormalities (short stature, scoliosis, abnormal
digit formation, and joint contractures), ocular
abnormalities of the retina, optic nerve, iris, lens,
and extraocular muscles, and abnormalities of the
hair, nails, and teeth. There are also reports of
cardiac and urogenital abnormalities in HI as
well as an association with some malignancies.

Management Considerations

HI has no cure and no specific treatment. Screening
imaging is not necessary for asymptomatic indi-
viduals, but should be pursued to evaluate for causes
of individual complaints, such as seizures, develop-
mental delay, or other focal neurologic deficits.
Treatments in HI should be directed at specific
manifestations of the disease on an individual basis.

Ataxia-Telangiectasia
Overview

Ataxia-telangiectasia (AT) is a rare autosomal reces-
sive disorder caused by mutations in the ATM gene
leading to chromosome instability, radiosensitivity,
immunodeficiency, and a predisposition to cancer.
The ATM gene encodes a protein that is involved in
recognizing DNA damage and initiating repair
mechanisms. It has an incidence of 1 in 40,000—
100,000 births. Children with AT are often normal at
birth and then begin to show signs of ataxia and
motor coordination problems by the age of 2 or 3. It
affects multiple organ systems including the nervous
system, skin and hair, eyes, immune system, muscu-
loskeletal system, and endocrine pathways. The life
expectancy for a person with AT is in the 20-30 year
range with the most common causes of mortality
being infection and malignancy.

Diagnosis

The diagnosis of AT is suspected based on clinical
presentation. In terms of laboratory testing,
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children with AT will have elevated levels of
serum alpha-fetoprotein in more than 95 % of
cases. While elevated alpha-fetoprotein is not
specific to AT, a molecular diagnosis made by
looking for absence of the ATM protein is more
than 99 % accurate. Neuroimaging with MRI
will often showing thinning of the molecular
layer of the cerebellum and cerebellar atrophy
by around age 10.

Clinical Manifestations

Cutaneous

Telangiectasias are chronic dilatations of
capillaries near the surface of the skin or mucous
membranes that lead to the appearance of dark red
blotches. They often manifest several years after
the onset of ataxia, typically between the ages of
3 and 6. They are most commonly found on the
bulbar conjunctiva, face, antecubital and popliteal
fossae, and knuckles, but can be seen anywhere.
Another cardinal feature of AT is progeric changes
to hair and skin, with graying hair and atrophy of
skin on the face making people with AT appear
prematurely aged.

Nervous System

Childhood onset ataxia and dysarthria is seen
in 100 % of children with AT. Approximately
90 % will also have diminished or absent deep
tendon reflexes, choreoathetosis or dystonia,
characteristic facies and posture, and drooling.
One third of children with AT will have appar-
ent cognitive arrest and many will have mental
retardation. People with AT are also frequently
described as having an equable disposition.
Later, neurologic progression includes further
loss of deep tendon reflexes, diminished sensa-
tion, neutral or up-going plantar response, and
eventually diffuse weakness, atrophy, and
fasciculations.

Other Organ Systems

Ocular symptoms are common in AT and include
jerky eye movements and oculomotor apraxia
(~85 %). Additionally, more than 60 % of children
will have clinical immunodeficiency with frequent
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sinopulmonary infections as a result. Various
malignancies, most often lymphoid, occur at an
increased frequency in AT, with one third of
patients developing a malignancy at some point.
There is also an increased sensitivity to radia-
tion in upwards of 90% of people with
AT. Endocrine and growth abnormalities are
commonly seen in AT as well.

Management Considerations

At this time, there is no known specific treatment or
cure for AT. Symptomatic and rehabilitative
treatment can be used to improve quality of life and
prolong life expectancy. Treatment approaches
should be aimed at specific disease manifestations.

Pediatricians’ Perspective

The majority of neurocutaneous disorders is
inherited in an autosomal dominant pattern or
arise de novo.

Genetic testing is available for most of these
disorders, although often not required for diagnosis
which is typically based on clinical criteria.

Management of patients with suspected or
confirmed neurocutaneous disorders requires a
team approach, including several subspecialists.
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Cutaneous Markers of Spinal

Dysraphism

Assem M. Abdel-Latif

Vignette A 5-year-old boy in your general
practice has been having occasional urinary
incontinence both at school and at home. He has
also been complaining of numbness in his feet for
the past few months to his father. He has no weak-
ness and normal reflexes on physical examina-
tion. Upon inspection of his skin, a very discreet
and thick patch of dark hair is noticed on the
lumbo-sacral spine near the midline. Mom con-
firms that it has always been present but the pro-
viders in your practice had reassured her that it
was nothing to be worried about. This patient has:

(a) Myelomeningocele

(b) Hypermelanosis

(c) Hypertrichosis and likely diastematomyelia
(d) Elevated testosterone

Answer: (c) Localized hypertrichosis is signifi-
cantly associated with the occult spinal dysraphic
state known as split cord malformations or diaste-
matomyelia. Given the new onset of symptomes, it
is likely that the boy is experiencing some symp-
toms attributable to tethering secondary to the split
cord malformation.
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Definition

Spinal dysraphism is a spectrum of diseases
characterized by incomplete fusion of the midline
mesenchymal, bony, or neural elements of the spine
which can be either occult (closed) or open [1-3].
As the skin and the neural structures share the same
ectodermal origin, anomalies across the spectrum
simply represent inappropriate dysjunction of the
two embryologic levels.

Epidemiology

The general incidence for meningoceles and
myelomeningoceles is approximately 1-2/1000
live births, regardless the ethnic and geographic
variability [4]. It is difficult to ascertain reliable
figures for occult dysraphism; yet 5-30 % was a
reported debatable rate [5] and there is a signifi-
cant female preponderance. There is clearly a
role that genetic and environmental factors play
in the development of spinal dysraphism since
geographic, racial, and socioeconomic differ-
ences have been revealed [6]. For example, a
high incidence has been reported in Northern
Ireland and South Wales and a higher incidence
in eastern than western North America. These
conditions are most prevalent among Hispanics,
intermediate in non-Hispanic Caucasians, and
lowest in blacks and Asians populations.
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Risk Factors

The discovery that relative folate deficiency
causes open neural tube defects is one of the most
important dietary discoveries in fetal-maternal
medicine. Mothers of affected children display
normal blood folic acid levels; however, they are
significantly lower than those of the mothers with
babies without neural tube defects. It has been
estimated that up to 70 % of nonsyndromic open
neural tube defects can be prevented by folate
supplementation [7]. Maternal diabetes is thought
to create a 20 times increased risk of neural tube
defects, and certain antiepileptics, especially car-
bamazepine and valproic acid, are recommended
to be avoided during fetal development due to the
risk of NTD.

Classification of Spinal
Dysraphism [8, 9]

e Type I Open spinal dysraphism; includes
myelomeningoceles and myeloceles

e Type II: Closed spinal dysraphism; includes
lipomyelomeningoceles, lipomyeloceles, poste-
rior meningoceles, and myelocystoceles

*  Type III: Occult spinal dysraphism without spi-
nal contents as a mass effect, but associated with
cutaneous markers in the lumbosacral region

Clinical Presentation

Clinical manifestations largely depend on the
location: about 70 % of the myelomeningoceles
are in the lumbar or lumbosacral region.
Meningoceles are often covered by intact skin.
Antenatal diagnosis of open neural tube defects
is often made through ultrasonography or MRI
and obviously upon birth within the delivery
room or nursery (Fig. 8.1). Neurologic deficits
are more frequent in children with myelomenin-
goceles as a result of damage to exposed neural
structures to the amniotic fluid. Other skeletal
physical findings that may be appreciated include
foot deformities, dislocated hips, or knee/hip
contractures. In cases of occult spinal dysraphism,
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the manifestations will vary according to the
malformation present, but quite frequently the
children are completely neurologically intact
without discernable deficit. Hydrocephalus is
associated with 85-90 % of cases of open neural
tube defects (associated with Chiari type II mal-
formations) even though it may not be evident at
birth. Rarely are closed defects associated with
hydrocephalus.

Cutaneous Manifestations

For the open neural tube defects (Fig. 8.1), the
lesion is readily visible whether it was covered by
intact skin or not. The challenge for primary care
providers occurs with the occult or hidden/closed
neural tube defects. Cutaneous manifestations
represent minor aberrations in the development
of surface ectoderm due to abnormalities in the
dorsal endomesenchymal tract [10—12]. We will
include the various skin manifestation of occult
tethered cord below for easy identification.

Tuft of hair (or localized hypertrichosis) some-
times referred to as a “faun tail” [13] (Fig. 8.2).

Skin dimples [14, 15] (Fig. 8.3)

These can be classified into simple
dimple/coccygeal pit, which are usually
<5 mm in diameter and are 2.5 cm or less from
the anus. They are localized just above the
gluteal furrow and usually not associated
with underlying dysraphism. Atypical dimples
on the other hand are usually >5 mm in diam-
eter and >2.5 cm from the anus (i.e., higher up
in the back) and are highly associated with
spinal dysraphism.

If you have to split the glutei to see the dimple,
then this is low-lying and less suspicious for
dysraphism. If it is readily visible on the back,
above the upper gluteal limit, then the dimple
is suspicious.

Asymmetric or malformed Gluteal cleft. These
are referred to as duplicated or asymmetric or
Y-shaped clefts or creases (Fig. 8.4).

Subcutaneous lipomas

Usually occur in combination of other masses,
e.g., hemangiomas/vascular malformations,
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Fig. 8.1 A 1-day-old infant diagnosed prenatally with  depicts split placode (arrow heads) and covered by
open neural tube defect and ventriculomegaly. The lesion  glistening layer of arachnoid. This appearance is typical
is located at the lumbosacral junction and a closer look  for open neural tube defects or spina bifida aperta

Fig.8.2 Localized
hypertrichosis or hair
tuft in the lumbosacral
area. Typical appearance
and considered highly
suggestive of underlying
spinal dysraphism,
especially split cord
malformations

Fig. 8.3 Typical/simple skin dimple seen by spreading be associated with an underlying dermal sinus track that
the glutei and notably close to the anal verge (a). An atyp- leads to intradural lipoma as seen in MRI (¢) (white
ical skin dimple seen higher up in the back (b). This can  arrowheads)
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hyrpertrichosis. There is a well-established Hemangiomas and capillary vascular

association with intra-dural lipomas and spinal malformations
cord tethering so that the finding warrants The use of nonuniform classification of the vascular
further work up (Fig. 8.5). skin lesions makes it difficult to draw conclu-

sions about sensitivity and specificity of these
midline lesions as markers of dysraphism.
Incidence ranges from 2.6 to 12% and are
thought to represent angioblastic tissue that
fails to unite formally with the developing
vasculature of the body [16].

They usually occur in combination with other
masses, e.g., subcutaneous lipoma or hypertri-
chosis. The isolated occurrence of vascular
malformations designated as flat capillary
hemangiomas is considered to have the lowest
association with underlying intradural pathol-
ogies (Fig. 8.6) [17, 18]. Reports are evolving
of retrospective [19] and prospective [14]
studies showing a higher and significant asso-
ciation with occult spinal dysraphism when
isolated flat capillary vascular malformation is
found in a usual lumbosacral location.

Tails or skin appendages

Tails are essentially vestigial remnants of the
primitive coccyx that are supposed to undergo
regression, while skin appendages may repre-

s> 9

3 sent sometimes atretic meningoceles [20], a
soft pedunculated skin tag or fibroma pendu-

Fig. 8.4 Asymmetric Y-shaped gluteal cleft that is mod- .
9 Y pec & lum [21] (Fig. 8.7).

erately associated with spinal dysraphism except if pres-

ent with other lesions

Fig.8.5 Subcutaneous
lipoma with typical
association with an
asymmetric/deviated
gluteal furrow. This
association is considered
highly suggestive of
underlying spinal
dysraphism
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Fig.8.6 Typical appearance of a cutaneous hemangioma.
This appearance along with other cutaneous vascular mal-
formation is increasingly recognized as a marker for
occult spinal dysraphism in some studies and reports

Fig. 8.7 Typical appearance of tail or vestigial append-
age. This is considered also a highly suggestive cutaneous
maker of an underlying spinal cord abnormality

The Predictive Value of the Skin
Lesions

For clinicians, deciding when to order further
imaging is predicated upon the simple question:
What is the likelihood that this lesion represents
a cutaneous manifestation of an underlying dys-
trophic state? While these lesions can never be
perfectly predictive, Table 8.1 gives a guideline
as to when various cutaneous manifestations
should lead the pediatrician towards considering
an imaging study under the correct clinical sce-
nario. In a large prospective study of cutaneous
markers of possible spinal dysraphism conducted
in tertiary dermatology centers, atypical dimples
were the most common skin manifestation of
occult spinal dysraphism with a 55 % predictive
value in accordance with previous reports [15].
Followed by lipomas and vascular anomalies are
also demonstrating increasing correlation with
spinal dysraphism [14]. Another retrospective
study [1] found the port-wine stain (or flat capil-
lary vascular malformation) and deviated gluteal
furrow (DGF) to be the most commonly occur-
ring skin markers either isolated or in combina-
tion, again followed by a subcutaneous lipoma.
In sum, the results suggest that the occurrence of
two or more lesions (especially with lipoma
being one of them) was the strongest predictor of
occult dysraphism, still in accordance with the
earlier [22, 23] and later published literature [14].
Yet isolated vascular lesions in that study were
not indicative of underlying spinal pathology.

Table 8.1 Risk of association of skin lesion

Risk/likelihood of
Cutaneous marker dysraphism
Simple dimple Very low
Blue spot/nevus Very low
Flat vascular malformation/ Very low

port-wine stain

Atypical dimple Moderate risk
Deviated gluteal furrow Moderate risk
Subcutaneous lipoma Moderate to high risk
Hypertrichosis High risk (split cord)
Dermal sinus track, tail High risk

Two lesions or more Confirmed risk
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As for the dermal sinus tracks, significant
association with spinal dysraphism has been
described in retrospective studies reviewing oper-
ated patients for dermal sinuses [24, 25].
Association with neurologic deficit and the high
risk of intradural infections was also documented
which drives the recommendation for thorough
investigation upon noticing the cutaneous marks
in such patients. The high association can still be
explained by the retrospective nature of the study
and possible referral bias of the more complex
cases to that center.

Localized hypertrichosis has been reported to
be significantly associated with spinal dysraphism
with split cord malformations (or diastematomy-
elia) being the particular pathology [26, 27].

Deviated gluteal furrow found in isolation
wasn’t associated with dysraphism, although the
risk rises when it’s found in association with
other lesions.

Is Radiological Screening Warranted
in Presence of Skin Lesions?

Screening for typical skin dimples is not advis-
able especially if they are isolated [28], in con-
trast to the atypical dimples that should be
screened [1, 15, 22, 23].

Subcutaneous lipomas, isolated or in combi-
nation of other skin lesions, are suggestive and
thus need to be investigated.

One publication [1] has suggested a manage-
ment algorithm based on their results and divided
the patients into three groups:

Highly suggestive group, with =2 skin lesion or a
single suggestive lesion (lipoma, hypertricho-
sis, tail, dermal sinus tract, and more recently
vascular malformation) or 1 skin lesion with
evidence of spinal cord dysfunction (abnormal
arching of the foot, gait troubles, or urinary/
rectal problems). These patients should be
investigated with MRI regardless of the age.
Moderately suggestive group, with 1 skin
lesion (atypical dimple, unclassified hamar-
toma, and deviation of the gluteal furrow).
Those patients are investigated with MRI if

A.M. Abdel-Latif

>6 months of age or if <6 months and the ultra-
sound was suspicious. Low-risk group, with 1
skin lesion (Mongolian blue spot, nevus, and
simple dimple). Those patients are not screened
as long as they are not symptomatic.

Which Method to Use
for Screening?

The use of ultrasound in screening for spinal dys-
raphism is very helpful especially in children
younger than 6 months of age where the bony
density of the posterior spinal elements doesn’t
preclude adequate visualization. However, MRI
is the best method of detection of the underlying
spinal lesions cited in most published studies.
The availability, cost, and the need for sedation
may preclude its immediate use and many practi-
tioners rely on ultrasound as a screening test to
see if an MRI is warranted. In summary, in the
presence of lesions known to be highly associ-
ated with spinal dysraphism, multiple lesions,
skin lesions in upper cervical or thoracic spine,
suspicious findings on the ultrasonography, or
suspicion by the radiologist OR, in all children
older than 6 months of age, MRI is the screening
modality of choice. Otherwise ultrasonography
can be a good alternative with the understanding
that diagnostic accuracy may be undermined.

Concerted effort is being directed towards
addressing some of the issues of diagnostic screen-
ing as this remains a confusing topic for many pri-
mary care practitioners, particularly with respect to
vascular skin lesions [29]. Any concern on the part
of a pediatrician would be absolutely enough to
warrant a visit to the pediatric neurosurgeon and a
direct inspection of the region of concern and to
obtain a focused neurological examination.
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Tethered Cord

Maria Teresa Alvarado Torres

Vignette A 3-year-old boy who started walking
at 18 months was in your clinic for his 3-year rou-
tine visit. His parent suggested that he seemed
fine except when he became tired. As he tired, his
left leg started to drag slightly. His mother did not
notice that he complained of any pain after exer-
cising but the fatigue was reproducible. She felt
that the cosmetic appearance of his back looked
normal but upon closer inspection, a subtle glu-
teal asymmetry was detected. Neurologically the
child was completely normal except for decreased
proprioception and light touch on the left.

(a) Order an ultrasound of the lumbar spine
(b) Order a CT of the lumbar spine

(c) Order an MRI of the lumbar spine

(d) No imaging is necessary

Answer (c). On the MRI, a fatty filum terminale
(tethered cord) was found distal to the spinal cord
with a low conus medullaris. Urodynamics were
suggestive of incomplete emptying and EMGs
showed subtle asymmetry in distal muscle
groups. The patient went to surgery to detheter
his spinal cord without complication.
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Introduction

As with other pathologies of the spinal cord,
tethered spinal cords (TSC) may be due to a con-
genital malformation or secondary to scar from a
infection or trauma. Broadly, tethered cord is
defined as an abnormal attachment of the spinal
cord to the tissues that surround it, and usually is
associated with a low conus medullaris and a thick-
ened filum terminale. In severe cases, it is associated
with conditions including lipomyelomeningoceles,
meningoceles, myelomeningoceles, diastematomy-
elia, and other dysraphic conditions. TSC may
occur as a consequence after reparative surgery for
spina bifida aperta, trauma, infections, or any con-
dition that may cause arachnoiditis. It is important
to differentiate between the radiological diagnosis
and the clinical syndrome; many patients have
radiographic tethered cord without any clinical
manifestations; TSC may can be an incidental
radiographic finding [1, 4].

The clinical manifestations of TSC are vari-
able; however symptoms when linked to the
imaging should be directly attributable to the
location of the neural structures involved. Most
tethered cords are physically tethered in the lum-
bosacral region, which makes some combination
of lumbosacral pain, bowel and bladder dysfunc-
tion, and motor or sensory changes in the legs the
most common constellation of symptoms upon
presentation [1-4]. Surgery is the treatment of
choice in symptomatic patients.
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History

One of the first reports of TSC in the literature
was made by Johnson in 1857. He performed
surgery on a child with progressive weakness in
the lower extremities, and discovered a lipoma
in the lumbar region associated with an abnor-
mal lower and frankly tethered cord [5].
Similarly, Jones reported a surgery where he
untethered the spinal cord in a patient with lower
limb atrophy, difficulty in micturition, and back
pain, who after surgery demonstrated improve-
ment in motor and urinary symptoms [6]. Since
the mid-twentieth century TSC has been defini-
tively established as the major link between the
anatomy and the symptoms in many congenital
pathologies including diastematomyelia, spinal
lipomas, thickened filum terminale, lipomyelo-
meningoceles, meningoceles, myelomeningo-
celes, and dermal sinus tracts. Fuchs introduced
the term myelodysplasia to refer to patients with
deep tendon reflexes and sensorial alterations
associated with foot deformities who also had
spina bifida occulta [1, 4-6, 8, 9]. In 1953
Garceau described a neurological syndrome
associated with spinal deformity that he called
filum terminale syndrome [26]. It was not long
before the relationship between activities and the
exacerbation of symptoms was established [7],
the mechanism that fully explains TSC symp-
toms as a result of tension throughout the spinal
cord: caudal cord ischemia resulting from
mechanical tension [10-12].

Pathophysiology

At the level of the conus medularis, the spinal
cord is attached to the filum terminale, which is a
pia mater band that extends to the lower level of
the spinal canal. Normally, the length of this band
is enough to allow movements without producing
any tension over the length of the spinal cord.
In addition, the spinal roots are free inside the
spinal canal and are not tethered to any structure
in the intra- or extraforaminal space. When the
filum terminale or the nerve roots are attached or
tethered to some structure, range of motion is
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reduced and an increase occurs in the mechanical
tension applied on the nervous structures [1, 13, 14].
It has been shown that this traction associated
with movement causes disturbances in blood
flow and oxidative metabolism that can produce
ischemia and worsening neurologic function
[10—12]. This is thought to explain why the release
of the filum and roots produces significant
improvement of symptoms. In addition to this
traction, we also know that in some patients an
intrinsic defect in the spinal cord or spinal nerves
may produce an alteration in nerve transmission
that cannot be remedied by surgery [1, 15].

Thickened Filum or Fatty Filum
Terminale

The filum terminale and the lower spinal roots are
formed from the caudal eminence around the 24th
day (secondary neurulation) of gestation. In this
process, the neural tube canal is formed at the level
of S2. Any disturbance during secondary neurula-
tion may cause a tethered cord below this level [16,
17]. On the other hand at postovulatory days 43-48,
the conus medullaris starts losing its thickness and
begins its ascension within the canal, a process that
is completed around postmenstrual 40 weeks [18].
Normally at the end of pregnancy the position of the
conus is at level of L1-2 [19]. A caudally displaced
conus medullaris (at L3 or below) should be consid-
ered for evaluation of tethered cord syndrome. The
thick filum terminale is a condition considered as
the simplest form of tethered cord, a filum terminale
of 2 or more millimeter is considered like abnor-
mally thick [2], and in some patients it is intimately
associated with fatty infiltration of the ligament and
is therefore referred to as a fatty filum terminale
[20]. Other forms of lipomatous accumulations are
lipomyelomeningocele and intradural lipoma,
the first one related with defects in the lumbosacral
fascia and lamina and the second one without cuta-
neous or bone abnormities and more frequently
located within the thoracic spine [24].

Other pathologies derived as a result of
abnormal gastrulation or primary and secondary
neurulation include conditions with incomplete
formation of caudal elements such as split cord
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malformations including diastematomyelia and
diplomyelia [21, 24], dermal sinus which is a
track coursing from the skin to the dura, subarach-
noid space or to the spinal cord, and the open spi-
nal dysraphisms already discussed.

Clinical Presentation and Diagnosis

An important percentage of patients with TCS may
have skin stigmata (see Chap. 8) raising the suspi-
cion of a closed spinal dysraphism and tethered
cord. Those findings are localized in the midline,
can be cutaneous lipomas, tails, dermal sinuses,
atypical dimples, deviations of gluteal crease, ham-
artomas, hemangiomas, port-wine stains, hypertri-
chosis, and pigmentary nevus, among others [22].
Some studies support a higher risk of TSC with the
presence of more than one of those [23].

Besides skin stigmata, it is necessary to be
aware that depending on the level of the tethered
cord as well as the grade of tension on neural ele-
ments, the underlying etiology, and age of patient,
the clinical presentation may be different. Simple
reflex abnormities or foot atrophy can be the first
manifestation of this condition in infants. Each
alteration or asymmetry in the motor or sensory
examination should be noted in your examina-
tion. In older children disturbances of gait and
sphincter control may be a red flag. In patients
older than 12 years the most frequent symptom is
leg or back pain exacerbated with flexion and
exercise, and in young adults the most typical
presentations are pain and motor disturbances
along with sensory dysfunction.

In adults the clinical presentation is similar to
adolescents; the main symptoms are pain and
bladder dysfunction exacerbated with movement.
Spine deformations are also common and can
worsen the pain. In patients with a known history
of spina bifida the diagnosis of TSC may only be
arrived after years of sexual dysfunction [27],
mild weakness, or subtle urological symptoms. In
some cases, the clinical presentation may occur
after mild trauma [27-29]. There may also be
orthopedic and urologic abnormalities that are
part of the tethered cord syndrome; some authors
have suggested the name of neuro-uro-orthopedic
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syndrome. Disturbances in bladder and bowel
control can be explained by the compromise of
the sacral roots that innervate these organ systems.
Among the urinary disturbances are uncoordi-
nated bladder or sphincter function, or incomplete
bladder emptying. The discovery of the urologic
symptoms is challenging particularly in infants
who may not yet be potty-trained and can present
with mild bladder dysfunction. In older children
urinary incontinence is more obvious [25].

One of the most common alterations of the uri-
nary function is detrusor hyperreflexia but other
disturbances like decreases in bladder compliance,
dyssynergia, and decreased sensation can be
found. In order to rule out any additional urologic
compromise, urodynamic tests are generally
required particularly to assess intra-bladder pres-
sure, leak point pressure, compliance, contrac-
tions, electromyelogram activity, and sensation.
Depending on the affected spinal level, the uro-
logic outcomes can be variable after detethering
procedures. There are some studies that report suc-
cess rates between 29 and 75 % [29, 30].

Imaging

While MRI is the most useful and widely utilized
radiological exam for surgical planning and diag-
nosis of this pathology, there are additional
exams that can be useful for screening specially
in the youngest children. Ultrasonography can
show the level of the conus medullaris and can
identify fat or other obvious abnormalities sug-
gestive of dysraphism [31]. Lack of motion of the
cord can also be visualized by a trained
ultrasonographer or radiologist. Plain film radi-
ography is used to see bone abnormalities that
can be associated with tethered cord. Open poste-
rior arches, defects in lamina, vertebral bodies,
disc spaces, or pedicles such as widening of the
spinal canal evidenced by increased interpedun-
cular distance or scalloping would necessitate
additional studies in order to rule out spinal cord
abnormalities and TSC. Radiographs may also be
useful to identify the spinal curvature to measure
the degree of kyphosis, lordosis, and scoliosis of
the spinal column [21]. CT obviously has a much


http://dx.doi.org/10.1007/978-1-4939-3807-0_8

104

higher resolution than plain radiographs and
allows more detailed views of bony abnormali-
ties that may be found with tethered cord but also
presents a significantly increased exposure to
ionizing radiation. CT myelography can be use-
ful when an MRI is unobtainable, and may show
a thickened filum, fat, and the relation between
lipomas, subarchnoid space, and nervous struc-
tures. Despite all these options, MRI remains the
gold standard. MRI beautifully demonstrates
associated pathologies and abnormalities besides
the level and morphology of conus medullaris.
MRI also allows the identification of other related
conditions such as anorectal malformations.
Supine and prone MRI can demonstrate lack of
motion of the spinal cord, which is suggestive of
tethered cord. Some studies have tried to com-
pare the efficacy between prone and supine posi-
tioned MRIs to demonstrate the presence or
absence of movement of the conus medullaris.
Supine MRI can show the level of the conus as
well as the filum and fat but it is not always enough
to define movement within the spinal canal. In
some patients supine imaging can be normal but
prone imaging can show a loss of movement sug-
gestive of TSC [32]. Egelhoff and colleagues
found that the conus level had the highest diagnos-
tic accuracy with a sensitivity of 69—77 % with a
specificity of 94 %, a positive predictive value of
82-83%, and a negative predictive value of
89-92%; however prone and cine MRI did not
increase the accuracy of the supine imaging. We
do not routinely advocate for this type of imaging.
Fetal MRI may detect complex anomalies of neu-
ral tube but can have low specificity [33].

Pediatrician’s Perspective

1. Most tethered cords are physically tethered in
the lumbosacral region, which makes some
combination of lumbosacral pain, bowel and
bladder dysfunction, and motor or sensory
changes in the legs the most common constel-
lation of symptoms upon presentation.

2. Midline findings such as cutaneous lipomas,
tails, dermal sinuses, atypical dimples, devia-
tions of gluteal crease, hemangiomas, and
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hypertrichosis should make you wary of iden-
tifying signs and symptoms of TSC. More
than one of these signs is very suggestive.

3. There may also be orthopedic and urologic
abnormalities that are part of the tethered cord
syndrome. Urologic and orthopedic care are
essential to the preoperative evaluation of
TCS and part of postoperative monitoring.

4. MRI is the most useful and widely utilized

radiological exam for surgical planning and
diagnosis of this pathology.
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Lumps and Bumps: Scalp and Skull

Lesions

10

Nelson Moussazadeh and Matei A. Banu

Vignette A 2-year-old boy who you have followed
in your practice since birth has had 2 weeks of sub-
tle enlargement of a 1 cm round mass at the nasion.
His parents were concerned because it seemed to
get larger the previous night when he was crying and
this morning a large dark hair extruded from a pore
in the center. He had unexplained bacterial men-
ingitis when he was 7 months old. This child has:

(a) An infected sebaceous cyst

(b) An encephocoele

(¢) A dermoid cyst with dermal sinus tract
(d) A skull fracture with leptomeningeal cyst

Answer: (c) Dermoid cysts are commonly
located along the midline, at the glabella, anterior
fontanelle, nasion, and vertex. Dermoid cysts and
tracts, containing a wider variety of dermal com-
ponents than epidermoid counterparts, mostly
present to clinical attention in infancy and early
childhood and intracranial extension has been
reported in approximately 36 % of cases, with
intradural extension in 16 %.

Scalp and skull lesions are manifestations of a
wide variety of processes and pathologies, with a
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corresponding variance in treatment and progno-
sis. When encountered in children, these lesions
should be evaluated with an understanding of
their potential significance in this unique demo-
graphic group, and with a low threshold for spe-
cialty referral and potential imaging as
appropriate. While most frequently benign, many
lesions are nonetheless of sufficient cosmetic
concern or are diagnostically ambiguous; pediat-
ric neurosurgeons are uniquely qualified and
equipped for the evaluation and management of
these lesions, for craniofacial reconstruction as
needed with the assistance of colleagues with
expertise in plastic surgery, dermatology, or
otolaryngology, and for further referral for any
adjuvant treatment modalities.

Clinical Presentation
and Evaluation

While visual and tactile features of masses may
be similar across disparate etiologies (Table 10.1),
historical and clinical features of scalp and skull
lesions frequently inform their ultimate diagno-
ses to a large degree. At the most extreme end of
the spectrum, congenital lesions including neural
tube defects such as meningocele/meningoen-
cephalocele are clearly apparent at birth. Other
congenital processes such as aplasia cutis and
dermoid tracts are noticed in the earliest weeks of
life once birth-related scalp edema has subsided.
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Table 10.1 Differential diagnosis of scalp and skull
lesions in children

Pathologic category Disorders

Congenital Aplasia cutis

Atretic encephalocele

Dermoid/epidermoid cyst

Enlarged biparietal foramina

Sinus pericranii

Traumatic Caput succedaneum

Cephalohematoma

Growing skull fracture
(leptomeningeal cyst)

Vascular Hemangioma

Sinus pericranii

Arteriovenous fistula/cirsoid
aneurysm

Neoplastic—benign Aneurysmal bone cyst

Fibrous dysplasia

Giant cell tumor

Infantile myofibroma

Neurofibroma

Osteoblastoma

Osteoid osteoma

Osteoma

Ossifying fibroma

Neoplastic—malignant | Osteogenic sarcoma

Ewing’s sarcoma

Chordoma, chondrosarcoma

Metastases including
neuroblastoma

Inflammatory Cranial fasciitis

Necrobiotic nodule

Langerhans cell histiocytosis

Lymphadenopathy

Neurologic examination, while essential to the
evaluation of any patient with a suspected intra-
cranial process, is both difficult and poorly sensi-
tive in this age group; meticulous fontanel
examination and trending of head circumference
remains critical. Among older infants and chil-
dren, tenderness or pain is not specific for any
particular pathology.

For all pediatric patients with suspected
neurologic pathology, particular emphasis should
be placed on family history (e.g., for neurocuta-
neous disorders), and age-appropriate neurologic
symptoms including seizures, divergent macro-

cephaly, and endocrinopathies (e.g., diabetes
insipidus, precocious puberty) should be ruled
out. Clinical examinations should include head
circumference and fontanel palpation (in those
younger than 2 years of age) and include cutane-
ous, systemic and inflammatory evaluations.
Examination of the scalp and skull lesions them-
selves should note superficial integrity, location
relative to midline, coloration, and appreciation
for potential venous sinus or other vascular
involvement.

Imaging

Radiographic evaluation of scalp and particularly
skull lesions is frequently helpful. Fine-cut CT,
MRI or MR angiography/venography can aid in
the differential diagnosis. In some instances, how-
ever, (e.g., dermoid cysts), radiology may not be
needed. Plain radiographs often suffice for scalp
and skull lesions in combination with a thorough
physical examination, while avoiding the need for
the radiation exposure associated with CT; how-
ever these or MR imaging are frequently neces-
sary for narrowing of the differential or surgical
planning. Useful adjuncts include ultrasound in
patients with open fontanels and invasive angiog-
raphy in cases of vascular pathology.

Scalp Lesions

In the first year of life, the most common
encountered processes are congenital, develop-
mental, and traumatic perinatal anomalies.
These include atretic cephaloceles, cephalohe-
matomas, dermoid cysts, hemangiomas, and
sinus pericranii. In toddlers and children under
5-10 years of age, dermoids and posttraumatic
masses are frequent. In older children, neurofi-
bromas and occasional angiomas enter the dif-
ferential diagnosis [1].

Surgery is frequently required for scalp lesions,
either for cosmesis, neurological decompression,
pathological diagnosis or to prevent hemorrhagic
or hyperemic sequelae of wvascular lesions.
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Fig.10.1 Dermoids: Anterior fontanel dermoid on coronal T2-weighted MRI (left) and periorbital dermoid on coronal-

reformat computed tomography scan (right)

Certain lesions are extensive and can erode into
the calvarium, necessitating complex reconstruc-
tion techniques and meticulous perioperative
planning.

Congenital Lesions

The most common congenital scalp lesions
encountered in the pediatric patient are encepha-
loceles, aplasia cutis congenita, and dermoid or
epidermoid cysts. The most frequent location for
each of these lesions is the midline, and generally
in the anterior face and scalp from the naso-
maxillary complex to the vertex. Some of these
lesions are associated with intracranial compo-
nents or syndromic disorders and thus require a
thorough diagnostic workup.

Dermoid and Epidermoid Cysts

Dermoid and epidermoid cysts are the most
common scalp lesions in the pediatric popula-
tion, comprising over 20 % of all scalp lesions
[2]. Both are subcutancous thin-walled sacs
lined with stratified squamous epithelium,
formed by entrapment of ectodermal elements
during embryologic development partitioning
ectodermal inclusion cysts in areas of suture clo-
sure, neural tube closure and division of cerebral
hemispheres [3, 4]. They are thus commonly

located along the midline, such as glabella, ante-
rior fontanelle, nasion, and vertex, whereas epi-
dermoid cysts are located more off-midline
(Fig. 10.1). Both are more commonly located in
the anterior scalp (e.g., in the periorbital area,
over the anterior fontanelle, or frontotemporal
region) than the posterior parietal and occipital
regions [4]. Dermoid cysts and tracts, containing
a wider variety of dermal components than epi-
dermoid counterparts, mostly present to clinical
attention in infancy and early childhood while
epidermoid cysts more frequently do not become
symptomatic until adolescence or adulthood;
there is no clear gender predilection [4].
Intracranial extension has been reported in
approximately 36% of cases, with intradural
extension in 16 % [5].

Dermoid and epidermoid cysts present as well-
circumscribed non-tender slowly growing masses
of with intact overlying skin. Growth occurs due
to epithelial desquamation and keratin accumula-
tion. Focal alopecia has also been described.
Embryologically, dermoid cysts contain both der-
mal and epidermal elements whereas epidermoid
cysts only contain epidermal elements. Although
they are commonly isolated to the skin and subcu-
taneous tissue, they may have intracranial exten-
sion with a dermal sinus, and may present with
meningitis.

Radiographically, dermoid cysts are nonen-
hancing soft-tissue masses that may result in
scalloping of the adjacent bone on CT, while
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Fig. 10.2 Occipital dermoid as demonstrated on axial
T2-weighted MRI with posterior fossa intracranial
extension

MRI may evaluate the presence of intracranial
extension. Epidermoid cysts are typically lytic on
CT, and T2 bright and diffusion restricting on
MRI; they can have a heterogeneous appearance
depending on the heterogeneity of their contents
[1]. In many cases the signal characteristics on
imaging alone can distinguish between these two
processes (with dermoid cysts often similar to fat
on CT/MRI and with epidermoid cysts with char-
acteristics more similar to simple fluid), this dis-
tinction frequently does not alter the decision of
how to manage these lesions [6].

While dermoid cysts are most commonly
painless and otherwise asymptomatic, surgical
removal is usually recommended given their
potential to enlarge and penetrate the skull
(Fig. 10.2). In cases of dermal sinus tract, the
feared complication of meningitis makes explo-
ration a necessity. Preoperative MRI scans are
frequently unnecessary but may be recommended
for surgical planning to rule out, for example,
sagittal sinus involvement. Most lesions can be
removed in a surgical procedure lasting less than
an hour. Recurrence has been reported both intra-
cranially and extracranially [7].

Encephaloceles and Atretic
cephaloceles

Cephaloceles are defects of the cranial vault and
leptomeninges (Fig. 10.3). Based on the type of
tissue herniating through the defect, cephaloceles
are classified as either meningoceles, if they
solely contain meninges and cerebrospinal fluid
or as encephaloceles, if brain tissue is also herni-
ated. Atretic encephaloceles, comprising approx-
imately 37.5-50% of encephaloceles contain a
small nodule of fibro-fatty neural rests that are
attached to the dura through a connective tissue
stalk [6, 8, 9]. Reported incidence of encephalo-
celes varies widely in the literature, from 1 in
every 40,000 live births to 7 % depending on the
geographical and demographic characteristics of
the studied population [10-13].

Cephaloceles occur either due to incomplete
closure of the calvarium, such as defective induc-
tion of bone formation or due to bone erosion
caused by an intracranial mass or cyst. The latter
is the mechanism for acquired encephaloceles.
The meningeal sac most commonly protrudes
with or without brain tissue in the occipital or
parietal regions (75 %), with only 15 % of cases
presenting with protrusions in the fronto-
ethmoidal area and 10 % in the skull base region,
specifically the naso-pharynx [13]. Moreover,
frontoethmoidal encephaloceles are more com-
mon in patients of southeastern Asian descent.

Occipital cephaloceles are more common in
girls [10]. While most are sporadic, some cases
are syndromic, for example as seen in Meckel
syndrome, and with Chiari III and Dandy-Walker
malformations as well as with severe callosal
abnormalities [10, 11]. For syndromic etiologies,
MKS1, TMEM67, TMEM216, RPGRIPIL, and
CEP290 aberrancies have been associated with
cephalocele formation [10].

MR and ultrasound are capable of evaluating
the extent of brain and CSF extrusion; ultrasound
has the advantage of allowing rapid prenatal or
postnatal visualization of the sac and its likely
contributory compartments, while MRI provides
the precise intracranial anatomic definition neces-
sary for the thorough work-up required for these
patients. Evaluating occipital encephaloceles for
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Fig.10.3 (a) Encephaloceles: Atretic parietal encephalo-
cele (left), and foramen cecum encephalocele (right) on
sagittal T1-weighted magnetic resonance imaging. (b)

cerebellar and venous sinus involvement is essen-
tial prior to surgery [14]. CT may be used to assist
with defining bony boundaries preoperatively.

The surgical management of cephaloceles
involves resection of the sac with ligature of the
base and closure of the defect, for example with
pericranial grafts, and is associated with good
cosmetic outcomes [15]. Careful dissection of the
herniated sac is of utmost importance, as the dura
is thin and very adherent to the bone in pediatric
patients. For skull base and fronto-ethmoidal
encephaloceles, endonasal endoscopic repair is a
viable option [16, 17]. Fronto-ethmoidal enceph-
aloceles frequently require complex combined
craniofacial approaches. Common complications
of the surgical procedure are CSF leaks, meningitis
and wound compromise.

The hair collar sign: A ring of dark, coarse long hair
around a midline scalp nodule is associated with atretic
encephalocele and warrants MR imaging

Aplasia Cutis Congenita of the Scalp

Aplasia cutis congenita (ACC) is a rare congenital
syndrome characterized by the focal absence of
cutaneous tissue, frequently affecting all layers
of the skin and adjacent tissue (Fig. 10.4) [18].
Furthermore, in 15-30 % of patients, defects of
the skull bone and/or dura can also occur, expos-
ing the brain and sagittal sinus and thereby
increasing the risk of infection, thrombosis and
hemorrhage [19]. Dural and skull defects can
also lead to associated encephaloceles, further
complicating the differential diagnosis. The most
common location is the vertex, accounting for
over 70% of cases [19]. The lesion is usually
solitary, although multiple lesions have also been
reported [20]. Its incidence is 1 in 10,000, with a
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Fig.10.4 Aplasia cutis congenita

slight female predominance (7:5) [19, 21].
Although the exact etiology is unknown, autoso-
mal dominant inheritance has been demonstrated
in 25 % of cases [4]. Associations with other syn-
dromes have also been described such as the
Adams-Oliver syndrome with absence of lower
extremities below calf region, absence of all upper
extremity digits, cutis marmorata telangiectatica,
cortical fissure, and/or bilateral clubfoot [22].
Untreated ACC can lead to meningitis, hemor-
rhage with exsanguination, sagittal sinus throm-
bosis, and seizures. Mortality rates in these cases
are as high as 20-50 %, and are higher in patients
with complex lesions affecting the bone and dura
[18, 23]. Management is guided by the extent of
the lesion, location and the affected structures.
Treatment of small lesions may consist of careful
wound dressing, regular wound inspection and
prophylactic antibiotics, followed by delayed scar
excision as needed. Newer dressing modalities,
such as Omiderm, Xeroform, Acticoat, and
Elasto-Gel, have decreased the need for cumber-
some frequent dressing changes. These dressing
techniques also decrease inflammation and infec-
tion therefore promoting wound healing. The pur-
pose of wound dressing is to maintain a moist
healing environment and prevent eschar forma-
tion [18]. Bacteriostatic dressings further decrease
the risk of infection and should be considered as

the treatment of choice. Conservative measures
have been proven beneficial even in large defects
though very frequently result in local alopecia.
Several reports suggest conservative management
to be the preferred method of choice in the neona-
tal period in order to avoid surgical complications
[18, 20]. Frequently, lesions involving the vertex
and therefore underlying the posterior fontanel
close spontaneously at 6-8 weeks, together with
the normal closure of the fontanel [18]. However,
for lesions exposing the dura or brain, prompt
early surgical management is imperative. Surgical
reconstruction techniques have varied from full-
thickness skin grafts to local scalp flaps, pericra-
nial flaps, autologous bone grafts, tissue
expansion, and free flaps. Local flaps can provide
immediate coverage of exposed neural structures
and therefore reduce the risk of infection.
Cranioplasty using the split-rib technique or using
autologous pericranium has been proven benefi-
cial in lesions involving the skull. In certain cases,
staged tissue expansion and skull reconstruction
might be necessary. In such cases, tissue expand-
ers are used to construct a well-vascularized
space for the cranioplasty. Graft failure and
necrosis are potential complications of the recon-
struction surgery along with sagittal sinus throm-
bosis, mostly due to abnormal vascular supply
and vascular anastomoses of the region.

Traumatic Lesions

Cephalohematoma, Caput
Succedaneum, Subgaleal Hematoma

In the newborn, a variety of birth trauma-related
lesions may be manifest in the scalp depending
on the compartment injured and occur in 1-2 %
of spontaneous vaginal deliveries and 3—4 % in
forceps assisted deliveries A full description of
the various manifestations of bleeding in and
around the skull layers is available in Chap. 3, but
a figure is included here summarizing the various
traumatic lesions as they are important to keep in
mind within the first few years of life when for-
mulating a differential diagnosis in a child with a
skull mass (Fig. 10.5) [24].
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Dural

Leptomeningeal cyst

Cephalohematoma

Subdural
hematoma

Fig. 10.5 Pediatric intra- and extracranial traumatic
masses. Note that caput succadaneum is superficial to the
galea, subgaleal hemorrhages remain superficial to the peri-
osteum, and that cephalohematomas are subperiosteal.
Epidural hemorrhages are typically related to laceration of
dural arteries (especially the middle meningeal artery) and

Vascular Lesions
Sinus Pericranii

Sinus pericranii is a rare slow-flow vascular
anomaly involving extracranial and intracranial
veins. It is a collection of congenital scalp veins
that communicate with intracranial venous sinuses
through numerous dilated diploic veins. Typically
congenital, cases of posttraumatic sinus pericranii
have also been reported [25]. It typically presents
as a soft, bulging but compressible mass of 1.5 cm
or smaller diameter over or paramedian to the sag-
ittal midline, mostly over the central or posterior
third of the superior sagittal sinus. Parietal (34 %),
occipital (23 %), and temporal (4 %) locations are
also possible [26]. The lesion enlarges with the
Valsalva maneuver, crying, neck flexion, or other
maneuvers increasing intracranial pressure and
reduces with elevation or direct pressure. It is
mostly asymptomatic and pulsations or bruits are
not observed [27]. Contrast-enhanced CT or MR
imaging demonstrates significant extracranial
venous flow and frequently can pinpoint the con-
necting venous channel; an evaluation of previse
venous anatomy are essential to rule out addi-
tional vascular abnormalities which may include

sinus

Subgaleal hematoma

Caput
succadaneum

Epidural
hematoma

are distinguished radiographically by their lentiform shape
and dural constraint, unlike subdural hemorrhages which
cross suture lines. Growing skull fractures or leptomenin-
geal cysts are rare and late masses caused by cystic cerebro-
spinal fluid dilatations and bony diastasis associated skull
fractures lacerating the dura in infants and toddlers

aneurysmal malformations of the internal veins,
cavernous hemangiomas, and venous angiomas.
CT typically also demonstrates scalloping of the
inner or outer table of the cranial vault owing to
erosion.

Surgical management is generally not required
unless the lesion causes discomfort, as the natural
history of these involves involution following
puberty, while thrombosis is also possible [28].
If resection is desired for cosmetic concerns, care-
ful resection of the vascular lesions with or with-
out preoperative embolization is curative, and
large bony defects can be repaired. Preoperative
vascular imaging is essential to rule out commu-
nication with the superior sagittal sinus. It has
been suggested that the role of the vascular anom-
aly in normal venous drainage of the brain should
be carefully evaluated prior to resection [26].
Therefore, a rare complication is thrombosis of
the sagittal sinus and should be avoided.

Hemangiomas

Scalp hemangiomas are relatively common
benign endothelial proliferations that rapidly
increase in size in the first years of life and gradu-
ally involute in late childhood or after puberty.
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They are seen in some 1-2 % of infants (3:1
female:male ratio and with 60 % in the head and
neck), and are associated with prematurity and a
variety of syndromes [13, 29]. Depending on the
depth of vascular proliferation, the hemangioma
appears either as a bright red maculopapular
lesion if superficial, or blue if deep. These may
involve the skull or intracranial compartment pri-
marily or by erosion, while primary calvarial
hemangiomas are most commonly seen exter-
nally given the relatively thin scalp of children
[30]. Multiple in 15 % of cases, hemangiomas are
usually asymptomatic, classically compress with
dependency or external pressure given their low
intrinsic pressure, and rarely bleed or ulcerate
[31]. Rare cases of infection and painful thrombo-
sis have been reported [32]. Depending on loca-
tion, hemangiomas can also lead to facial paralysis
and hearing loss via compression of the associ-
ated peripheral nerves or external ear structures.
When located within the calvarial bone, heman-
giomas can lead to headaches, scalp pain, and
palpable masses.

Hemangiomas of the scalp are generally
benign with involution and/or complete regres-
sion by 10 years and rarely require treatment.
Prognosis is excellent even without therapy [32].
However, giant hemangiomas, rarely reported in
the literature, are more prone to complications
such as high-output heart failure, or thrombocy-
topenia with associated hemorrhagic complica-
tions as part of the Kasabach Merritt syndrome,
and should therefore be closely monitored [33].
Intralesional or systemic steroids, embolization,
interferon alfa-2a, or cryosurgery as well as sur-
gical resection are part of the therapeutic arma-
mentarium for these lesions. Location and depth
of the hemangioma as well as the potential for
complications are indications for aggressive sur-
gical management. Esthetically incapacitating
lesions, lesions that have recurrent hemorrhage
or ulcerations along with giant hemangiomas
require prompt surgical intervention. Most lesion
regress by late childhood and are more adequately
managed with conservative measures [32].

The port-wine stain is the most common
syndromic face and scalp hemangioma and is
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associated with Sturge-Weber syndrome. This
“port-wine” stain is a pink or red macule located
on the forehead, face and nuchal area of new-
borns, and is associated with a 5 % rate of under-
lying intracranial malformations. Similarly,
diffuse hemangiomas demand further workup for
the PHACES syndrome (posterior fossa malfor-
mations, hemangiomas, arterial anomalies, coarc-
tation of the aorta, eye anomalies, sternal cleftin,
or supraumbilical raphe). Peri-orbital hemangio-
mas require imagistic workup in order to assess
intracranial extension. MR imaging is sufficient
to assess intracranial extension and to rule out
potential intracranial malformations. Typical MRI
findings include homogenous T2 brightness with
associated small flow voids [13].

AVMs and Venous Malformations
of the Scalp

Arterio-venous malformations are rare congeni-
tal or posttraumatic aberrant vascular lesions that
are have been encountered in the scalp as pulsa-
tile masses with palpable thrills in infants with
high-output cardiac physiology [34]. These chil-
dren also have dilated scalp, facial and neck veins
owing to the venous hypertension related to their
malformation. These lesions typically are pro-
gressive and are diagnosed on MRI in the setting
of a tangle of flow voids. Angiography is an
important diagnostic tool in AVMs, and should
be considered prior to treatment especially given
the potential existence of associated aneurysms
or of communication with large dural sinuses
which are relevant surgically [35]. Treatment
generally consists of embolization or surgical
resection of the nidus or and may require a com-
bination of these techniques. Preoperative embo-
lization should be considered if excessive blood
loss is possible and may pose a risk, especially in
infants and young children. Potential postoperative
complications are scalp necrosis and venous
thrombosis due to communications of the vascular
malformation with the normal scalp circulation.

In contrast, venous malformations are con-
genital dysmorphic venous lesions that occur in
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the head and neck area in up to 40 % of cases, and
are not associated with high pressure or high
flow. They are grossly bluish and nonpulsatile; on
MRI they are typically T2-bright with septations
and heterogenous enhancement, do not demon-
strate flow voids, and commonly have associated
small venous calcifications (phleboliths) [13].
Venous malformations are typically treated with
sclerotherapy.

Subcutaneous Nodules

Necrobiotic Granulomas
and Subcutaneous Granuloma
Annulare

Subcutaneous necrobiotic granulomas are painless
immobile scalp masses that are usually fixed to
the fascia. While their precise cause is unknown,
they are thought to be primarily inflammatory
lesions given microscopic findings of necrosis
and chronic inflammatory changes with palisad-
ing histiocytes and giant cells in the upper dermis.
Given that lesion(s) of varying sizes are found
commonly on the frontal and occipital scalp,
regions which are most commonly exposed to
minor trauma, posttraumatic etiologies have been
proposed [36]. While asymptomatic nodules
have significant histopathological similarities to
rheumatoid nodules, given that isolated necrobi-
otic granulomas are not associated with systemic
rheumatic symptoms they are considered a sepa-
rate benign entity [37].

Different clinical patterns have been described,
ranging from asymptomatic nodules to groups
superficial flesh-colored papules to large areas of
scarring alopecia with ulcerations. Biopsy is typi-
cally advocated for diagnosis (with the exception
of known juvenile rheumatoid arthritis), while
surgical excision is usually otherwise not required
given their propensity for spontaneous resolution
without complication [36].

Subcutaneous granuloma annulare (SGA) is a
rare, related disorder of unclear etiology with deep
dermal nodules that may adhere to the periosteum.
Various treatment modalities have been attempted
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thus far with poor efficacy including topical corti-
costeroids, potassium iodide, dapsone, niacina-
mide, chlorambucil, and isotretinoin. Surgical
excision has been shown to have a poor efficiency
as well, with high rates of recurrence [38].

Neurofibromas

Neurofibromas are locally aggressive benign
nerve sheath tumors of neuroectodermal origin
that are most commonly associated with neurofi-
bromatosis type I (NF1; 1:3000 incidence at birth)
in up to 10 % of patients [39]. They are the most
common tumors of the peripheral nerve sheath
and represent 5 % of all benign soft tissue tumors.
These tumors diffusely infiltrate the dermis and
subcutaneous tissue, and occasionally enter the
orbit or cranium, but normal structures are usually
spared [40]. Malignant transformation has been
reported and should be considered if pain or rapid
enlargement is described, and in NF1 patients
(who are most likely to develop the plexiform
subtype of this lesion) [40]. In isolated lesions a
complete NF1 work-up is thus required, as these
lesions may be the initial manifestation of the
disease. Localized neurofibromas are isolated,
flesh-colored dome shaped or pedunculated pap-
ules, displaying a characteristic buttonhole sign
[39]. Plexiform neurofibromas on the other hand
involve multiple nerve branches and have a worm-
like feel upon palpation [39]. Diffuse neurofibro-
mas of the scalp have been reported as well and
involve extensive areas of alopecia [40]. These are
single lesions with a rapidly infiltrative growth
pattern. Ultrasound and MRI are well suited to
assess the size and neurovascular relations of
deep neck lesions. Lesions producing pain or
functional impairment require surgical excision.
These tumors frequently entail a rich vascular
supply and preoperative angiography and embo-
lization have been suggested to be beneficial in
reducing the risk of hemorrhage [39, 41].
Recurrence is possible even after gross total
resection. Due to the high recurrence rates and
potential for malignant transformation, close
follow-up is recommended.
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Infantile Myofibroma and Primary
Fibrosarcomas of the Scalp

Infantile myofibroma is a benign mesenchymal
proliferation and an indolent form of sarcoma. It
is one of the more common benign fibrous tumors
of infancy that can involve both the scalp and the
skull, and sometimes even the dura. Lesions are
usually solitary but if multiple lesions are present
it is termed infantile myofibromatosis. It presents
as an asymptomatic enlarging soft tissue mass of
various sizes, ranging from several millimeters to
several centimeters, in the neck or frontal scalp.
Pathologic diagnosis is important to exclude the
more aggressive form of spindle cell sarcoma and
avariety of more aggressive sarcomas [8]. Surgery
is typically advocated but in select patients obser-
vation may be warranted given their benign
behavior; they can, however, rapidly enlarge with
resultant compressive symptoms necessitating
surgical excision [42].

Fibrosarcomas of the scalp can develop after
local irradiation, burns and trauma, and are more
common in neurofibromatosis patients [43].
Approximately 5 % of all fibrosarcomas occur in
the head and neck area, the majority (25-40 %) in
children under 5 years of age [13]. There is a
slight male predominance (3:2 gender ratio).
These are highly vascular fibroblastic tumors
with large areas of hemorrhage and necrosis.
Gross total resection is the standard therapy for
such lesions and is frequently possible given their
rare intracranial extension. Fibrosarcomas have
been shown to be radiosensitive and radiation
therapy should be used for recurrences or
advanced cases [43]. On CT, fibrosarcomas are of
homogenous attenuation, enhance variably, and
demonstrate surrounding areas of bony remodel-
ing, and MRI may be useful preoperatively [28].

Cranial Fasciitis

This is a rare, non-neoplastic, firm, painless,
rapidly expanding mass limited to children
<6 years of age [44]. It is more common in males
and is usually found in the parietotemporal region
[44]. Etiology is unknown but it has been linked
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to previous craniotomies and other forms of head
trauma [45, 46] and may be a process originating
in the periosteum or galea with secondary skull
reaction. While cranial fasciitis has the potential
to rapidly expand to a large size with erosion
through the skull’s outer external table, intracra-
nial expansion is unusual. Symptoms may arise
due to local compression and infiltration of imma-
ture bone. Resection is required (and curative) in
such cases, while biopsy is important in all cases
given the clinical and radiographic similarities
with more aggressive processes including infan-
tile myofibromas and various other sarcomas and
histocytoma. X-rays frequently demonstrate a
single lytic skull defect with an associated soft-
tissue mass while MRI will demonstrate a T2
bright, non-contrast enhancing epicenter [44].

Skull Lesions

A similarly wide variety of skull processes present
in the pediatric population, ranging from congeni-
tal and developmental, neoplastic, inflammatory,
and infectious. In addition to the largely expansile
lesions described below, the spectrum of cranio-
synostoses, plagiocephaly, and parietal foramina
(covered in later chapters) may also result in
abnormal calvarial conformations. The most com-
mon lesions are presented below.

Langerhans Cell Histiocytosis

Langerhans cell histiocytosis (LCH) is a blanket
term for focal clonal proliferations of immature
dendritic cells thought to be neoplastic in origin.
The range of LCH disorders frequently involves
bone and most commonly the skull, but may range
from unisystem LCH (eosinophilic granuloma) to
the multifocal multisystem Letterer-Siwe disease.
An intermediate chronic multifocal form resulting
in diabetes insipidus (from hypothalamic/pituitary
involvement), calvarial and orbital involvement
with proptosis is described in older classifications
as Hand-Schiiller-Christian disease [47].
Eosinophilic granuloma (EG) of the skull
presents as a painful, enlarging swelling felt
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through the scalp, most frequently in children
aged 5—15. These lesions have a classic “punched-
out” appearance on X-rays reflecting their lack of
sclerotic margins (Fig. 10.6). Computed tomogra-
phy demonstrates the extent of diploic involve-
ment and, most commonly, only minimal
intracranial mass effect. EG less commonly affects
other organs including skin, lungs, and stomach.

Letterer-Siwe disease is an acute, fulminant
disease typically affecting infants and children
younger than 2 years of age, and commonly
results in seborrheic-like cutaneous eruptions on
the scalp and trunk, hepatosplenomegaly, lymph-
adenopathy, pulmonary lesions, and lytic osseous
lesions. Resultant infiltrative myelosuppression
contribute to the poor prognosis of this disease,
which has a reported 50 % rate of survival at
5 years even with chemotherapy [48].

Historical management paradigms for solitary
EG have focused on ruling out systemic involve-
ment given that some 20-30 % may be multifo-
cal. This is typically achieved via (X-ray) skeletal
survey; radionucleotide bone scan may be com-
plementary. The natural history of these lesions is
unclear, with some reports of spontaneous regres-
sion. However, the preponderance of literature
advocates for treatment via surgical curettage/

Fig. 10.6 Eosinophilic granuloma. Note the lesion’s
“punched-out” appearance reflecting a lack of a sclerotic
margin

117
resection with craniectomy; reconstruction
options include split-thickness cranioplasty

grafted from adjacent bone [49, 50]. As local and
distant recurrences have been reported in up to
30% of patients, respectively, these patients
should undergo radiographic surveillance post-
operatively [51].

Enlarged Parietal Foramina

Enlarged parietal foramina (EPF) is a condition
of symmetric biparietal skull depressions due to
defects of intramembranous ossification in the
bilateral parietal bones. Normally, the majority of
the skull, including the parietal bones, is ossified
by the fifth month of gestation [52]. Insufficient
ossification of the vascularized membranes
around the parietal notch leads to permanent
skull defects located near the intersection of the
sagittal and lambdoid sutures ranging from sev-
eral millimeters to several centimeters in size.
Importantly, these lesions should be distinguished
from the normal variant small (1-2 mm) parietal
foramina, which transmit parietal emissary veins
to the superior sagittal sinus (Fig. 10.7), and cra-
nium bifidum or the Catlin mark, an EPF variant
with a single large central parietal defect [53].
EPF has been reported in 1:15,000—1:50,000 live

Fig. 10.7 Normal parietal foramina. Axial CT through
the vertex demonstrating small persistent biparietal
foramina in an adult
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births [54], and is heritable in an autosomal dom-
inant fashion with incomplete penetrance and
associated with mutations in the MSX2 and
ALX4 genes; some 16% of cases are sporadic
[55]. Associations with craniofacial anomalies
such as cleft palate, myelomeningocele/encepha-
locele, and cortical/vascular malformations of the
posterior fossa have been reported. The size of
the EPF does not correlate with the risk of associ-
ated brain abnormalities.

Clinically, EPF are identified as flattened sym-
metric divots upon palpation, and may be associ-
ated with enlarged posterior fontanels. Associated
neurologic symptoms are rare in isolated EPF and
may include seizures; gratuitous palpation and
contact sports in patients with larger lesions should
be avoided given the risk of inducing intracranial
hypertension or direct injury [56]. On skull X-rays
they manifest as oval symmetric radiolucencies
resembling a pair of spectacles [52]. MR imaging
is helpful in ruling out associated cortical abnor-
malities especially in those with epilepsy, and CT
with three-dimensional reconstruction allows for
better bony anatomy delineation than X-rays; vas-
cular imaging is also frequently advocated to rule
out associated vascular malformations prior to any
surgical intervention [52]. Genetic counseling and
testing may play a role in suspected familial or
syndromic cases, including when there exists sus-
picion for the Potocki-Shaffer syndrome or ALX4-
related frontonasal dysplasia [52]. EPF is generally
treated conservatively, but large defects may
require operative management, which is typically
recommended at age 4: while progressive reduc-
tion of the defect has been described, spontaneous
closure is generally incomplete. Cranioplasty is
also frequently recommended for children with
associated seizure disorders. Closure is generally
achieved with autologous calvarial bone grafts or
synthetic materials such as mesh plating with
hydroxyapatite [57, 58].

Primary Bone Tumors
Primary bone tumors of the skull are all rare, and

include osteoblastoma, osteoma, and osteoid
osteoma. Osteoblastoma is the most common of
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these but remains rare in the calvarium account-
ing for some 3% of all osteoblastomas [59].
Typically presenting in the second decade of life
as enlarging painful masses, on X-rays these
lesions demonstrate osteolysis with surrounding
sclerosis. CT is variable but usually reflects an
expansile, non-enhancing intrinsic bone lesion
often involving the outer table and rarely eroding
the inner table, and may demonstrate calcifica-
tion. Treatment is surgical, as while most are
pathologically benign, lesions in older patients
have a higher likelihood of demonstrating fea-
tures of low-grade osteosarcoma.

Osteoid osteoma presents with pain masses;
classically this pain is worst at night and responsive
to aspirin. These demonstrate a lytic expansile
lesion with sclerotic margins radiographically with
a central calcified nidus of osteoid and woven bone
pathologically. Like osteoblastoma, these lesions
are more commonly encountered in the appendicu-
lar (especially lower extremity) skeleton and the
posterior elements of the lumbar spine. Osteoma is
exceedingly rare in the skull; it has been reported as
a benign expansion of mature cortical bone without
associated bony destruction and is hyperdense on
CT. While these may be observed in the absence of
symptoms or cosmetic deformity, or simply drilled
down, the natural history and recurrence rates of
these approaches is not clear. Osteomas are com-
monly resected with split-thickness cranioplasty
grafting from adjacent skull.

Intraosseous Hemangioma

The most common primary osseous mass of the
orbitozygomatic region is intraosseous (cavern-
ous) hemangioma (IOH), and has been reported
in children. These slowly-growing hamartoma-
tous lesions are proliferations of endothelial-
lined channels within normal bone. Typically
affecting females, IOH presents with proptosis,
extraocular disturbance/diplopia, or focal extraor-
bital bony swelling in the zygoma or frontal bone.
CT has a classic “sunburst” pattern. Preoperative
embolization has been advocated to reduce the
risk of significant intraoperative hemorrhage
given their vascularity.
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Aneurysmal Bone Cyst

Aneurysmal bone cysts (ABC) are painful
expanding non-neoplastic masses comprised of
blood-filled cysts encountered in the first two
decades of life, most often in long-bone metaph-
yses and in the cervicothoracic posterior ele-
ments. Predominantly encountered cranially in
the facial bones, these may result in cranial neu-
ropathies. Radiographically, ABCs are lytic, mul-
tiloculated expansile lesions of the inner and
outer calvarial tables reflecting hemorrhagic
products without proper blood vessels sur-
rounded by thinned rims of expanded cortical
bone. Treatment is surgical following emboliza-
tion to mitigate a significant risk of intraoperative
hemorrhage. Recurrence has been reported in the
appendicular literature, which can be treated with
radiotherapy. Given that a significant proportion
of ABC are secondary to primary bone tumors
(predominantly chondroblastoma, osteoblas-
toma, and giant cell tumor in the non-skull litera-
ture), an ABC diagnosis should prompt a close
pathologic examination for elements of these
tumors.

Fibrous Dysplasia

Fibrous dysplasia (FD) is a benign expansile pro-
cess in which medullary bone is replaced with
fibrosis. It presents as benign monostotic or poly-
ostotic forms, with craniofacial involvement in
up to half of cases. Presentation may include
pain, cosmetic calvarial deformity, cranial neu-
ropathies and potential pathologic fracture; in the
common setting of sphenoid involvement and
optic compression, visual loss and proptosis may
be seen. McCune-Albright syndrome describes
the constellation of polyostotic FD, hypersecre-
tory endocrinopathies (most commonly preco-
cious puberty), and unilateral café-au-lait spots.
CT demonstrates a ground-glass appearance.
Treatment for lesions only resulting in pain is
aimed at symptomatic relief, while those result-
ing in neurologic deficit may be aimed at preserv-
ing function.
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Metastases

Metastases should be routinely considered in the
differential for those with extracranial malignan-
cies, the most common solid form of which in
children is neuroblastoma. Radiographically,
osseous neuroblastoma metastases demonstrate
the classic periosteal “hair-on-end” appearance
on CT. Given the chemosensitivity of this dis-
ease, it frequently remains nonsurgical; however
staging (including via MRI) and vigilant surveil-
lance are required. Calvarial lymphoma has been
described and remains rare in the pediatric popu-
lation; like neuroblastoma, treatment is usually
nonsurgical and requires diligent systemic treat-
ment and follow-up.

Pediatrician’s Perspective

1. Dermoid and epidermoid cysts are the most
common scalp lesions in the pediatric popula-
tion, comprising over 20 % of all scalp lesions.
Think benign first.

2. Leaking cerebrospinal fluid, even if a pore or
tract cannot be identified, necessitates a referral
to a neurosurgeon who will evaluate for der-
mal sinus tract extending from skin to dura.
Midline structures from the tip of the nose to
the sacrum should be examined closely for
enlarged pore or aberrant hair. This is an urgent
consultation.

3. Hemangiomas of the scalp are generally benign
with involution and/or complete regression by
10 years and rarely require treatment.

4. Primary bone tumors of the skull are all rare, and
include osteoblastoma, osteoma, and osteoid
osteoma, but the classical presentation is night-
time or early morning pain responsive to aspi-
rin suggesting a biologic, or cortisol-sensitive,
etiology. X-ray or CT will demonstrate a lytic
expansile lesion with sclerotic margins.
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Intraventricular Hemorrhage
in the Premature Infant

Jeffrey M. Perlman

Case Vignette BE, a 1080 g, 26 weeks appro-
priate for gestational age, white male was born to
a 27-year-old primigravida mother following an
uncomplicated pregnancy except for premature
onset of labor. Upon arrival in Labor and Delivery,
the mother was fully dilated with the infant in the
breech position. An immediate Cesarean section
was performed. The infant was delivered flaccid
with a heart rate of 70 beats per minute.
Resuscitation included bag and mask ventilation
followed by intubation. The Apgar scores were 4
at 1 min and 7 at 5 min, respectively. The infant
was transferred to the neonatal intensive care unit
where his clinical course was consistent with
moderate-to-severe hyaline membrane disease
and he received a dose of surfactant replacement
therapy within the first 60 min of life. The venti-
lator support and oxygen requirements were low-
ered in response to improved pulmonary
compliance, Over the initial 24 h, the infant
continued to exhibit moderate costal retractions,
and the FiO, requirement gradually increased.
A second dose of surfactant was administered at
18 h of age. Over the course of the day, the
infant was noted to exhibit increasing irritability;
however, he received no medication for sedation.
Additional ancillary information revealed the
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following: the weight was now 970 g; the urine
output for the initial 24 h was 0.9 ml/kg/h; a
serum K* was 6.3 meq/l with a serum bicarbonate
of 20 meq/1. The hematocrit had fallen from 45 to
35%. A cranial ultrasound scan was obtained at
30 h of age, because of the irritability and fall in
hematocrit. The scan revealed a large amount of
blood in the germinal matrix region that had
extended into the left lateral ventricle, which was
dilated and filled with blood—consistent with a
grade 3 IVH. In addition there were increased
echogenicity within the left fronto-parietal white
matter (Fig. 11.1).

This case raises several important questions:

1. Why did this premature infant develop a sig-
nificant hemorrhage?

2. Could the bleeding have been prevented?

3. How should the infant be managed and evalu-
ated over the next several days to weeks?

Background

The overall incidence of PV-IVH has declined
over the past three decades; however the occur-
rence of severe hemorrhage remains substantial,
particularly in the tiniest of the very-low-birth-
weight population [1-3] (Table 11.1). Thus,
approximately 26 % of infants of a gestational
age between 23 and 25 weeks and 12 % between
26 and 27 weeks still develop the most severe
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forms of hemorrhage [3]. This is highly relevant
because as survival of infants born at the cutting
edge of viability continues to increase, severe
hemorrhage rates are likely to increase, and with
them long-term neurodevelopmental deficits.

Neuropathology

The primary lesion is bleeding from vessels
within the periventricular subependymal germi-
nal matrix located between the caudate nucleus
and thalamus at the level of the foramen of Monro
[2] (Fig. 11.2). The matrix is a transient gelati-
nous region that provides poor support for a
large, immature network of blood vessels primar-
ily supplied by Heubner’s artery, a branch of the
anterior cerebral artery [4]. The venous drainage
also appears to be important with regard to the
risk for bleeding. Thus the drainage includes the
terminal, choroidal, and thalamo-striate veins
that lead to the internal cerebral vein. The blood

Fig.11.1 Coronally oriented head ultrasound scan. Note
the blood in the left germinal matrix region, within the
frontal horn of the left lateral ventricle and within the left
fronto-parietal white matter

Table 11.1 Intraventricular hemorrhage

flow then makes a “U-turn” in the subependymal
region at the level of the foramen of Monro,
where most of hemorrhage originates [2]. This
creates the potential for obstruction of the venous
drainage resulting in venous distention with
obstruction of the terminal and medullary veins,
with subsequent rupture. The primary vascular
source of PV-IVH has not been clearly estab-
lished. Thus the initial descriptions suggested a
venous origin of hemorrhage [2] while subsequent
pathologic studies described it as emanating from
capillary or arterial vessels [4]. Based on studies
conducted over the years it is most likely, that
PV-IVH results from forces acting upon both the
arterial and venous circulations [1, 2].

Importance of the Germinal Matrix

The germinal matrix is an active site of active cel-
lular proliferation, and is a source of both neuronal
precursors early in gestation as well as glial ele-
ments that become oligodendroglia and astrocytes
in the third trimester [2]. The matrix involutes after
approximately 32 weeks and by term gestation,
this region is essentially absent. Destruction of the
matrix as a result of hemorrhage may result in
impairment of myelination, brain growth, and sub-
sequent cortical development [2].

Grading the Hemorrhage

The hemorrhage may be confined to the germinal
matrix region (grade 1 IVH) or it may extend and
rupture into the adjacent ventricular system
(grade II or III IVH) depending on the extent of
blood, or may extend into the adjacent white mat-
ter (termed a grade IV IVH or intraparenchymal

23 weeks 24 weeks 25 weeks 26 weeks 27 weeks 28 weeks
Gestational age | N=496 N=1223 N=1426 N=1530 N=1811 N=1967
Grade of IVH
Grade 3 15% 9% 8 % 5% 4% 6%
Grade 4 21 % 14 % 13% 7% 5% 9%

Adapted from Stoll BJ, Hansen NE, Bell EF, et al. Neonatal Outcomes of Extremely Premature Infants From the
NICHD Neonatal Research Network. Pediatrics 2010; 126: 443-456
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Fig.11.2 Pathologic
specimen from a
premature infant
demonstrating blood
within the germinal
matric, left lateral
ventricle, third and
fourth ventricles

echogenicity (IPE)) [2, 5, 6] (Fig. 11.1). The lat-
ter lesion, which is often unilateral, represents an
area of hemorrhagic necrosis of varying size
within periventricular white matter, dorsal and
lateral to the external angle of the lateral ventricle
[2,6,7].

Pathogenesis of IVH

In general terms, three factors appear to be central
to the genesis of hemorrhage. The first relates to
inherent vulnerability of the germinal matrix, with
immature vessels and poorly supportive gelatinous
matrix as described above [2]. The second relates
to the concept of a pressure passive circulation
often referred to as loss of autoregulation, and the
third relates to perturbations in cerebral blood
which are common in the sick premature infant.

Cerebral Autoregulation
and Pressure-Passive Circulation

Autoregulation is defined as a state whereby
CBF remains constant as cerebral perfusion
pressure varies over a certain range [8]. The
mean arterial pressure at which CBF decreases
during hypotension is termed the lower limit,
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and the arterial pressure at which CBF increases
is called the upper limit of autoregulation. In
newborn animals, the range of blood pressures
at which CBF remains constant is lower than in
adult animals [9, 10]. More importantly, in fetal
lambs, the resting blood pressure is only
slightly higher than the lower limit of the auto-
regulatory curve [10]. If a similar situation
exists in newborn infants, moderate hypoten-
sion could result in reduced CBF and create the
potential for ischemic brain injury. Evidence
has indicated that the autoregulatory response
remains intact in human neonates with mild
asphyxiation or who have minimal respiratory
distress [2]. By contrast seminal data of Lou
and colleagues [11] derived from 19 newborn
infants with varying degrees of respiratory dis-
tress studied in the first hours of life were the
first to indicate that CBF varied considerably
with spontaneous variations in blood pressure,
suggesting that autoregulation was, in fact,
lacking. Subsequent studies over the subse-
quent years utilizing different methods to assess
CBF or cerebral blood flow velocity including
Doppler, near-infrared spectroscopy, and xenon
have supported the concept of a pressure pas-
sive cerebral circulation in the sick infant; that
is, CBF varies directly with changes in sys-
temic blood pressure [12—15].
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To summarize, although intact cerebral
autoregulation has been documented in the pre-
mature infant, it appears to function within a
limited blood pressure range, and is likely to be
absent particularly in the sick hypotensive pre-
term infant [12—15]. This clinical state places
the developing brain at great risk for injury
during times of hypotension and or elevated
blood pressures.

Intravascular Perturbations

Evidence has pointed to a critical role for intra-
vascular factors and specifically perturbations in
ABP as a major mechanism of capillary rupture
and hemorrhage. First, the cerebral circulation of
the sick infant was considered pressure passive
(see above) [12-15]. Second, experimental stud-
ies indicated that germinal matrix hemorrhage
could be produced by systemic hypertension with
or without prior hypotension [16, 17]. Third,
infants with lower mean ABP in the first postna-
tal days and infants who received rapid volume
expansion to correct hypotension were more
likely to develop IVH [18-20].

In the original pathologic description of IVH,
elevations in venous pressure were proposed as
an important source of hemorrhage, based in part
on the previously described venous drainage of
germinal matrix and white matter [2]. Indeed
simultaneous increases in venous pressure were
observed in infants who exhibit variability in
ABP, such as with respiratory distress syndrome
(RDS) and associated complications, e.g., pneu-
mothorax or pulmonary interstitial emphysema,
or with mechanical or high-frequency ventilation
[21-23].

To summarize, the cumulative data suggested
that there is a significant contribution from both
arterial and venous perturbations to the devel-
opment of IVH. Over the years, studies have
indicated that these intravascular responses can
be modulated by additional factors, i.e., inflam-
mation associated with chorioamnionitis (nega-
tive influence) [24] or the administration of
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glucocorticoids to the mother (positive influ-
ence) [25, 26].

Periventricular White Matter Injury
(WMI) Associated with IVH

The cause of the WMI associated with hemor-
rhage still remains unclear. The original hypoth-
esis was that the intraparenchymal lesion
represented an “extension” of hemorrhage from
the germinal matrix or lateral ventricle into pre-
viously normal periventricular white matter.
However subsequent neuropathologic data indi-
cate that the intraparenchymal lesion represents
an area of hemorrhagic necrosis [2, 5, 7]. The
WMI appears to be closely linked to the adjacent
hemorrhage and two potential pathways have
been proposed to explain this intricate relation-
ship. The first suggests a direct relationship to the
hemorrhage based on several clinical observa-
tions. First, the WMI is always noted concurrent
with or following a large GM and/or IVH, and is
rarely if ever observed prior to the hemorrhage,
and second the WMI is always observed ipsilat-
eral to the side of the larger hemorrhage with
bilateral bleeding [1, 2]. This consistent
relationship between the GM and WMI may in
part be explained by the venous drainage of the
deep white matter as described previously. A sec-
ond explanation is that the WMI evolves de novo
and the IVH and WMI occur concurrently. Since
both the GM and the periventricular white matter
are border zone regions, the risk for ischemic
injury increases during periods of systemic hypo-
tension, particularly in the face of a pressure pas-
sive cerebral circulation [1, 2]. Hemorrhage in
these regions may then occur as a secondary phe-
nomenon i.e. reperfusion injury. In support of
this theory is the fairly consistent observation of
the simultaneous detection of PV-IVH and WMI
by cranial ultrasound imaging. Moreover ele-
vated hypoxanthine and uric acid levels, perhaps
as markers of reperfusion injury, have been
observed on the first postnatal day in infants who
subsequently developed WMI [27, 28].
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Fig. 11.3 Coronal sections demonstrating the large left-sided intraventricular hemorrhage with involvement of the
ipsilateral white matter (a); followed by cystic evolution and dilation of the lateral ventricles (b) and further dilation (c)

Case Continued

The infant continued to exhibit moderate respira-
tory distress and developed a left sided pneumo-
thorax requiring chest tube placement. The arterial
blood gases showed moderate hypercarbia (pCO,
55 to 58 mmHg and mild acidosis—pH 7.20—
7.26). The hematocrit continued to fall to 22 % on
DOL 4. A repeat cranial sonogram revealed more
prominent “echoes” within the left fronto-parietal
white matter, and the lateral ventricles were more
distended as a result of increased hemorrhage.
Serial sonograms over the first 6 weeks demon-
strated progressive enlargement of the lateral,
third, and fourth ventricles (Fig. 11.3).
Question

1. Why did the hemorrhage progress?
2. What is the cause of the progressive
ventriculomegaly?

Linking Systemic and Cerebral
Vascular Perturbations in Infants
with Respiratory Distress Syndrome
(RDS) to PV-IVH

Perturbations on the Arterial Side

Numerous studies established an association
between RDS its complications, i.e., pneumotho-
rax and IVH [22, 23]. The mechanisms linking
the two conditions appear to be mediated via sys-
temic perturbations including fluctuations or
rapid increases in blood pressure in large part
related to respiratory mechanics often precipi-
tated by the infant breathing out of synchrony
with the ventilator and/or in associations with
complications such as a pneumothorax [23, 29].
Simultaneous perturbations on the venous side
were noted with resultant increases in venous
pressure [21]. In a series of studies conducted in
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sick intubated and ventilated premature infants,
these striking systemic changes with parallel
changes in the cerebral circulation were associ-
ated with the subsequent development of IVH,
and could be prevented by eliminating the fluc-
tuations [23, 30]. Importantly over time, the
advent of newer ventilators that work in tandem
with the infants own respiratory efforts coupled
with the antenatal use of steroids perhaps by sta-
bilizing the germinal matrix vessels has made
this association less prominent [25, 26]. However
in a susceptible infant (no exposure to antenatal
steroids) close attention to fluctuations in blood
pressure should be a priority, and when present
should be minimized.

Perturbations in Venous Pressure

Fluctuations in venous pressure simultaneous
with the ABP perturbations in preterm infants
with RDS who developed PV-IVH have also been
observed [21]. The fluctuations or increases in
venous pressure can be exacerbated by the use of
higher mean airway pressures such as may be
observed with high-frequency oscillatory ventila-
tion, or pneumothorax. The potential importance
of these venous fluctuations in the genesis of
hemorrhage is intertwined with the venous drain-
age of the deep white matter and in particular the
peculiar U-shaped turn ending at the terminal
vein in the region of the germinal matrix.
Increases in venous pressure in this region raise
the likelihood of venous distension and resultant
obstruction of the terminal and medullary veins
resulting in a venous infarction.

Hypercarbia and Intraventricular
Hemorrhage

The potential contribution of hypercarbia has only
in recent years been clearly delineated in prema-
ture infants [31]. Thus in a study undertaken in the
first week of life in VLBW infants, increasing
PaCO, resulted in an increase in CBF and progres-
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sive impairment of cerebral autoregulation [31].
Hypercapnia defined by a maximum PaCO,
recorded during the first 3 days of life has also
been associated with severe IVH. In a retrospec-
tive cohort study of 574 VLBW infants, as the
maximum PaCO, increased from 40 to 100 mmHg,
the probability of severe IVH increased from 8 to
21 % [32]. In a single-center retrospective review
of 849 infants weighing <1250 g extremes in
PaCO,, both low and high, as well as fluctuations
in PaCO, during the first 4 days of life increased
the risk of severe IVH [33]. These cumulative
observations indicate that extremes in PaCO,
should be avoided during the period in which
infants are at high risk of IVH. This is highly rel-
evant since permissive hypercapnia has been
advocated as a ventilator strategy to minimize
barotrauma to the lungs of preterm infants, and
thus prevent the evolution to chronic lung disease
[34] (Fig. 11.4).

Surfactant Administration
and PV-IVH

The introduction of surfactant administration to
reduce the severity of RDS in the late 1980s was
the most important development in the
management of sick premature infants. Since sur-
factant reduced the severity of RDS as well as the
rate of pneumothorax, it was postulated that it
would also lead to a decrease in the rates of
IVH. However, this was not borne out in the
many surfactant trials [35]. This lack of effect has
been attributed to the impact of surfactant admin-
istration on fluctuations of CBF in sick preterm
infants who have pressure passive circulation and
the rapid changes of PaCO, and PaO, that may
subsequently lead to brain injury [36, 37].

Post-hemorrhagic Hydrocephalus
(PHH)

PHH complicates approximately 40-50 % of severe
IVH [2]. The progression of PHH may be rapid, i.e.,
days, and in such cases, it is usually associated with
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Respiratory Distress Syndrome

Complication Associations Ventilator
Pneumothorax PDA High mean airway pressure
PIE Hypotension
| |
| ) | — —
Fluctuating 1CBF tVenous pressure T1CBF
GM
Hemorrhage
| | Reperfusion
IVH Periventricular
Hemorrhagic

Fig. 11.4 Schematic representation depicting the association of vascular and venous perturbations in an infant with
respiratory distress syndrome and the relationship to subsequent intraventricular hemorrhage

raised intracranial pressure. The obstruction under
such circumstances appears to be secondary to an
impairment of cerebrospinal fluid absorption caused
by particulate clot usually demonstrated by ultra-
sound scan. This may be at the foramen of Monroe
or the aqueduct of Sylvius. Treatment is usually
immediate, via external drainage above the site of
obstruction. More commonly, a communicating
hydrocephalus evolves from 1 to 4 weeks following
the diagnosis of hemorrhage. The hydrocephalus is
commonly secondary to an obliterative arachnoidi-
tis distal to the outflow of the fourth ventricle. The
clinical criteria of evolving hydrocephalus, i.e., full
anterior fontanel and rapid head growth, do not
appear for days or weeks after ventricular dilation
has already been present. Possible explanations for
this discrepancy include the relative excess of water
in the centrum semiovale and the relatively large
subarachnoid space. Thus, serial scans are critical to
follow for the evolution of PHH.

Understanding the natural history of PHH is
important to consider when deciding upon man-
agement strategy. The natural tendency is to
immediately intervene. However, in most cases,
the ventricular dilation is under normal pressure
and slowly progresses [38]. In approximately

half the cases, the progression ceases usually
within the first month without intervention. In the
remaining 50 % the hydrocephalus is progressive
and under increased pressure, and intervention
becomes mandatory [38].

The management of PHH will depend on the
size of the infant, the amount of blood in the ven-
tricles, and the intracranial pressure. Many neuro-
surgeons prefer not to place a ventriculoperitoneal
shunt until the infant’s weight is at least >1500 g.
In the smallest premature infants, temporizing
diversion techniques to control ventricular size
have evolved and include the placement of an
external ventricular drain or subgaleal shunt,
serial lumbar punctures, and/or the use of drugs,
namely acetazolamide [38—40].

Clinical Manifestations
of Hemorrhage

The time to initial diagnosis hemorrhage has
shifted to a later onset in recent years [41]. Thus,
in the initial descriptions of PV-IVH, the majority
of cases, i.e., 90 %, evolved within the first 72 h of
postnatal life [42]. However, in a subsequent
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report, the onset of IVH was delayed beyond the
first week of life in a substantial number of cases
[41]. Thus, for neonates <28 weeks or less than
1000 g, IVH was diagnosed by days 3-5 in
approximately 80 % of infants, with the remaining
cases noted beyond the tenth postnatal day. This
changing pattern likely reflects the complexity of
disease in the tiniest infants and the extent of sup-
portive medical care, i.e., prolonged use of high-
frequency ventilation. Most cases (up to 70 %)
continue to remain clinically occult, and are only
detected by screening cranial ultrasound imaging
[2]. Those infants with severe IVH frequently
exhibit clinical signs including a bulging fontanel,
seizures, fall in hematocrit, hyperglycemia, meta-
bolic acidosis, and pulmonary hemorrhage.

Strategies to Prevent Severe IVH
General Considerations

Based on accumulating data over the years, several
fundamental factors should be considered when
assessing the risk for IVH. The development of
IVH appears to be strongly influenced in part by the
administration of antenatal glucocorticoids [25,
42-44] and/or the presence of histologic chorioam-
nionitis/fetal vasculitis [45] (Table 11.2). Postnatal
markers of infants at high risk for IVH include
extreme prematurity, i.e., <1000 g, male gender,
and intubated with RDS [1-3, 38]. For infants with
RDS, the risk for IVH is even greater when there
are associated perturbations in arterial and venous
pressures [29, 30]. The perturbations can be mini-
mized with careful ventilator management including
the use of synchronized mechanical or assist control

ventilation, sedation, or in more difficult cases with
paralysis [30]. By contrast the risk for severe IVH in
the non-intubated infant is low, i.e., <10 % [38].

Perinatal Glucocorticoid
Administration

The single most important “intervention” shown
to significantly reduce the development of IVH
has been a short course of antenatal glucocorti-
coid steroids administered to augment pulmonary
maturation [25, 42, 43]. An effect that is dose
dependent (Table 11.3). The relative risk (RR) for

Table 11.2 Dose-dependent effect of antenatal glucocor-
ticoids on total and severe intraventricular hemorrhage

Antenatal steroid doses ‘

None Partial Complete
Outcome n (%) n (%) n (%)
HMD 37 (79) 18 (58) 18 (39)
Surfactant 34 (72) 20 (64) 16 (35)
PDA 28 (60) 18 (58) 15 (33)
Total IVH* 27 (64) 16 (52) 11 (25)
IVH (3 or 4)* 18 (43) 8 (26) 511
Death 18 (38) 5(16) 6 (13)
CLD [8] 14 (48) 9 (35) 11 (28)
CLD or death 32 (68) 14 (45) 17 (37)
Steroids for 18 (38) 14 (45) 12 (26)
CLD
Intubation days |22 (10-32) |18 (4-31) |14 (1-22)

HMD hyaline membrane disease, PDA patent ductus arte-
riosus, /VH intraventricular hemorrhage, CLD chronic
lung disease

Adapted from Salhab W, Hyman L, Perlman JM. Partial
or Complete Antenatal Steroids Treatment and Neonatal
Outcome in Extremely Low Birth Weight Infants Less
Than or Equal to 1000 g: Is There a Dose Dependent
Effect? J Perinatol 2004; 23:668—672

Table 11.3 Short- and long-term neurologic outcome in infants who received indomethacin and infants who

received a placebo

Indomethacin Placebo group Adjusted odds
Outcome group (n=574) (%) (n=569) (%) ratio (95%CI) P value
Severe IVH 9 13 0.6 (0.4-0.9) 0.02
Cerebral palsy 12 12 1.1 (0.7-1.6) 0.64
Cognitive delay MDI <70 27 26 1.0 (0.8-1.4) 0.86

CI confidence interval, /VH intraventricular hemorrhage, MDI mental development index
Adapted from Schmidt B, Davis P, Moddemann D, Ohlsson A, Roberts RS, Saigal S, et al. Long-term effects of

indomethacin prophylaxis in extremely-low-birth-weight infants. N Engl J Med 2001;344(26): 196672
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severe IVH following any antenatal glucocorti-
coid exposure 0.54 (95 % CI10.43-0.69) [25]. In a
recent review the number of mothers needed to
treat with antenatal steroids to prevent one case
of IVH was 9 (95% confidence interval 6-19)
[46]. The mechanisms whereby glucocorticoids
reduce severe IVH remain unclear, but may relate
to less severe RDS, or higher resting ABP [25, 47].
The type of glucocorticoid also appears be
important with antenatal exposure of dexametha-
sone, but not betamethasone associated with an
increased risk of WMI in premature infants [48].

Postnatal Strategies

Postnatal medications used to prevent hemorrhage
have included phenobarbital [49, 50], vitamin E
[51], and indomethacin [52, 53]. While there was
initial enthusiasm for the use of the first two
medications, significantly different outcomes
have not been described. Noteworthy, in one large
randomized study, infants who received phenobar-
bital exhibited a higher incidence of severe IVH
when compared to controls [50]. The early postna-
tal administration of indomethacin has been asso-
ciated with a significant reduction in severe IVH;
however the neurocognitive deficits were compa-
rable between groups [53] (Table 11.3).

Outcomes

The infant with severe IVH is at highest risk for
adverse motor and cognitive deficits. This is
related in part to the extent of the white matter
involvement noted by cranial ultrasound imaging
or MRI [54]. Thus with a large IPE (>1 cm in
diameter) the outcome is invariably poor with
major motor and cognitive defects consistently
noted at follow-up [1, 2, 5, 6]. With smaller
lesions (<1 cm in diameter), the outcome is less
precise and a small percentage (approximately
20 %) may even have a normal outcome [2, 5].
However, as noted previously, the issue is more
complicated and even infants with a normal ultra-
sound scan as well as those with lesser grades of
hemorrhage are at risk for motor as well as cogni-
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tive deficits. Thus major neurologic disability
was noted in 5-10% of infants and a MDI<70
and in 25 % of cases infants with a normal cranial
sonograms and major neurologic disability noted
in 13 %, and a mental developmental index <70
noted in 45% of infants with lesser grades of
hemorrhage (grade 1 and 2) [55, 56]. However,
the comparable neurodevelopmental outcome for
infants with and without IVH in the indometha-
cin study (Table 11.3) clearly indicates that the
genesis of brain injury in the sick premature
infant is much more complex than can be deduced
from the neonatal neurosonographic appearance.

Future Directions

In recent years, white matter injury often in the
absence of IVH is the predominant finding
observed on MRI in very-low-birth-weight infants
[1,2]. Since antenatal glucocorticoids significantly
reduce IVH, the target population should be those
VLBW who deliver rapidly or emergently with
minimum intrapartum care. In addition close
attention to blood pressure should be a priority so
as to avoid hypotension and/or perturbations. It is
this group of infants who may derive benefit from
early indomethacin administration. Understanding
the mechanisms of white matter injury remains an
important avenue for future research.

Pediatrician’s Perspective

1. The management of children with very low
birth weights and resultant intraventricular
hemorrhage is almost entirely within the
domain of neonatal intensivists. However,
delayed appearance of hydrocephalus may
occur within the general pediatrician’s win-
dow of post-PICU surveillance.

2. Close surveillance of head circumference and
assessment of sutures and fontanel’s remain as
the single most important feature of the clini-
cal examination when concerned about IVH
and its immediate consequences.

3. Delayed consequences of IVH are quite varied.
Development of cerebral palsy for example,
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can occur many years after the child has been
discharged from NICU follow-up clinics and
becomes the responsibility of the pediatrician
to recognize and help triage.

. Referrals to neurosurgical care should occur

with divergent macrocephaly, splayed sutures,
bulging fontanels, irritability of uncertain eti-
ology, increased tone/spasticity, and asym-
metric neurologic examination. Often head
ultrasound is a simple and accessible route of
imaging these children to begin the process of
establishing an urgency to the referral.
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Vignette 1

An 18-month-old child who reached all mile-
stones appropriately in her first year is in your
office for her routine 18-month visit. Her head
circumference, which was always on the large
side, has not plateaued at the year point and she
continued to acquire milestones. Her fontanel
which was always previously open is now fused
and not palpable. Her father suggests to you that
she has been taking longer and longer naps and is
harder to arouse in the morning. The neurologic
exam is normal and she will not cooperate for a
fundoscopic exam in your office. You should
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(a) Send her for a formal neuro-ophthalmologic
examination

(b) Refer her for an evaluation at a pediatric neu-
rosurgeon’s office

(c) Begin a discussion about potentially imaging
her brain

(d) All of the above

Answer (d) The pediatric neurosurgeon often
considers an ophthalmologic evaluation to be the
single most accurate representation of a child’s
intracranial dynamics and thus will perform and
refer for fundoscopic examination with a very low
threshold, often before imaging. Due to the diffi-
culty in examining young, fussy children, pediat-
ric ophthalmologists and neuro-ophthalmologists
both play an important role in the comprehensive
assessment of children with suspected intracra-
nial pathology.

Assessment of Visual Function
Visual Acuity

The evaluation of visual function begins with a
measurement of visual acuity, the vital sign of
vision. Visual acuity should be tested separately
in each eye, and with the child’s glasses, if they
have any. Assessment may be conducted with
a wall chart at the appropriate distance or with
a near card. In both cases, it is helpful to place
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a pinhole in front of the tested eye if the patient
cannot reach 20/20, to reduce the effect of angled
light rays through the refractive elements of the
cornea and lens in a patient who does not have
the ideal glasses correction. Visual acuity may be
decreased by media opacities (cataracts or vitre-
ous hemorrhage, for example), conditions of the
fovea or central macula (such as macular edema,
detachment, or degeneration), optic neuropa-
thies and bilaeral disease of the occipital cortex.

Color Testing

In any child complaining of vision loss, color test-
ing is essential. While the neuro-ophthalmologist
will typically quantify color loss using a set of
standardized color plates, one may obtain good
information about the relative color sensitivity of
each eye by testing for red desaturation. A small
red object is shown to each eye individually. If
one eye has dyschromatopsia (decreased color
vision), the red object will generally look desatu-
rated or orange. Dyschromatopsia occurs in cases
of macular and optic nerve disease, but in cases
of the latter, it is typically more severe and out of
proportion to the degree of acuity loss.

Visual Field Testing

While formal testing of the peripheral and central
visual field may be done with an automated or
manual perimeter, much can be learned from a
simple bed-side confrontational examination. Each
eye should be tested individually, either by check-
ing when the patient sees a small red object moving
slowly in from the periphery, or by counting fingers
in each quadrant. Monocular central scotomas tend
to reflect macular or optic nerve disease, with
extension toward the physiologic blind spot in the
latter case, resulting in the cecocentral scotoma.

Pupillary Testing
Differentiating an optic nerve injury from other

ocular causes of vision loss can be difficult, even
with observation of the optic nerve head, since

D.M. West and M. Dinkin

retrobulbar lesions do not cause any changes in
the optic nerve head appearance for many weeks.
For this reason, evaluation of the pupils for a rela-
tive afferent pupillary defect (RAPD or Marcus
Gunn pupil) is essential. Light stimulation into
either eye will send a signal through the ipsilat-
eral optic nerve, through both optic tracts and
through a collection of fibers that peel off and
enter the dorsal midbrain where they synapse
with both the ipsilateral and contralateral (decus-
sating through the posterior commissure) pretec-
tal nuclei. Each pretectal nucleus synapses with
the corresponding Edinger-Westphal nucleus of
the oculomotor nucleus, which in turn sends
fibers through the third cranial nerve to the ciliary
ganglion and finally to the constrictor pupillae
governing pupillary constriction. In this way,
light into either eye will cause both pupils to con-
strict. If one optic nerve is damaged but still
intact, then light stimulation will still cause the
consensual pupillary response. However, if the
normal eye is stimulated first and then the light is
swung over to the eye with the optic neuropathy,
the ensuing level of stimulation of the pupillary
response will be less, leading to a resetting of the
pupils to a less constricted state. Both pupils will
thus dilate just as the practitioner shines the light
into the eye with the optic neuropathy. In addition
to reflecting optic neuropathies, the RAPD may
also be present in the setting of central retinal
artery occlusions (CRAO) and contralateral optic
tract injury (see below).

Funduscopy

Although ophthalmologists typically utilize the
slit lamp along with a 78 or 90 diopter lens to
visualize the fundus stereoscopically, one may
obtain a great deal of information using only a
small direct ophthalmoscope. With such a device,
one may screen for papilledema, which is bilat-
eral disc edema reflecting elevated intracranial
pressure, or cupping or pallor of the optic nerve
(reflecting chronic glaucomatous or
glaucomatous optic neuropathies, respectively).
Indeed, the presence of unilateral optic nerve pal-
lor may be the presenting sign of chronic neo-
plastic compression of the optic nerve. Some

non-
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macular conditions, including large retinal
detachments, hemorrhages, and pigmentary reti-
nopathy, may be detected using the simple direct
ophthalmoscope. The advent of the non-mydriatic
fundus camera, which allows detailed photogra-
phy of the fundus even in the absence of dilating
drops, may lead to increased sensitivity for optic
nerve and retinal disease in emergency rooms
and other clinical settings [1].

Efferent Testing

To understand a patient’s eye movements, one
begins looking at the motility of each eye. In
small children, an attractive object should be
used to earn the child’s attention so that an accu-
rate impression of their excursions can be made.
In some cases, even though there is little or no
limitation of motility, there remains a misalign-
ment of the two eyes, in which case it is termed a
tropia. Examples include an exotropia (eyes
deviated outward), esotropia (eyes deviated
inward), hypertropia (eye deviated above the
other eye), and hypotropia (eye deviated below
the other eye). If this misalignment only becomes
obvious on examination when one eye is no lon-
ger needed (i.e., it is covered by an occluder),
then it is termed a phoria. In such cases, it is use-
ful to perform a cross cover test, where each eye
is covered for a second and then the occluder is
switched to the other eye. When an eye is uncov-
ered, it will tend to move back to midline (to be
used again for vision) from where it was. Thus in
the case of a left hypertropia, the left eye would
move back down closer to fixation when it is
uncovered. The pediatric ophthalmologist or
neuro-ophthalmologist will place prisms of var-
ied strengths over an eye until the cross cover
movements are eradicated, and in this way, the
proper prism for home use can be determined.

Papilledema and Disorders
of Elevated Intracranial Pressure

Fundoscopy is the most important component of
the physical examination when increased intra-
cranial pressure (ICP) is suspected. Patients com-
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plaining of headache, transient or persistent
visual field loss, diplopia, pulsatile whooshing,
or presenting with focal neurologic findings
should always undergo a fundoscopic examina-
tion for visualization of the optic nerve head to
rule out papilledema. Papilledema refers to optic
disc swelling resulting from elevated ICP, and is
typically bilateral. When intracranial pressure is
transmitted to the optic nerve sheath, axoplasmic
flow is disrupted and water, protein, and cellular
waste products spill into the extracellular space
around the lamina cribosa, leading to optic disc
edema [2, 3]. On fundoscopic examination, the
margins of the optic nerve head appear blurred,
blood vessels on or around the disc may be
obscured, and there are often flame or splinter
hemorrhages and cotton wool spots (small
infarcts of the retinal nerve fiber layer that feeds
into the nerve) on or surrounding the disc [4]. In
equivocal cases, it is useful to look for spontane-
ous venous pulsations, which when present sug-
gest normal ICP, although with imperfect
specificity [5]. Papilledema has been classified
according to the Frisén scale, which is reviewed
in Fig. 12.1. A scale-based simply on severity of
papilledema may be more reproducible [6].

Any patient with papilledema is at risk for
vision loss and requires urgent evaluation. Often,
papilledema is a sign of dangerous intracranial
pathology that may require urgent neurosurgical
intervention. Therefore, patients with papill-
edema should undergo urgent imaging of the
brain and evaluation by an ophthalmologist or
neuro-ophthalmologist. If the patient has other
neurologic deficits associated with the papill-
edema, they should be referred to the emergency
department for emergent imaging and evaluation.
Those patients with mass lesions on neuroimag-
ing should undergo neurosurgical evaluation on
an urgent or emergent basis depending on loca-
tion of the lesion, relationship to surrounding
structures, and patient presentation.

Visual Function in Papilledema
Although most optic neuropathies lead to

decreased acuity and color vision, these func-
tions remain relatively spared in papilledema,
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GRADE 0

Normal. No halo or
vessel obscuration

GRADE |

C-shaped halo of blue
retinal nerve fiber
thickening (spares
temporally)

GRADE I

Full halo of blue retinal
nerve fiber thickening
(no temporal sparing)

GRADE il

Major vessel
obscuration at
borders. (arrows)

GRADE IV

Major vessel
obscuration on disc.
Note veins are present
but no arterioles.

GRADE V

All vessel lost on disc.

Fig.12.1 The Frisén scale illustrating increasing grades of papilledema
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as the maculopapillary bundle that carries cen-
tral acuity and color data from the center of the
retina, the fovea, remains relatively unharmed.
Instead, papilledema typically leads to periph-
eral visual field defects. The earliest defect
tends to be an enlargement of the physiologic
blind spot, a small scotoma located approxi-
mately 15° temporal to fixation, which reflects
the absence of the light-sensitive retinal cells
(the rods and cones) at the location of the optic
nerve head. Since papilledema results in sepa-
ration of the retinal layers, and therefore retinal
dysfunction in the region around the nerve
head, the blind spot is enlarged. The superior
disc is prone to edema in early papilledema,
which may explain why field defects in the
inferior nasal visual field also occur frequently
in papilledema.

While early papilledema typically spares cen-
tral vision, with time, peripheral field loss can
progress, resulting in severe tunnel vision, and
ultimately acuity and color vision can be lost. In
rare cases of fulminant papilledema, acuity and
color may be lost at presentation, signifying a
neuro-ophthalmic injury that regardless of cause
requires urgent reduction in ICP to try and pre-
vent permanent injury to the optic nerve and cen-
tral vision loss. Furthermore, some cases of
papilledema are accompanied by the tracking of
fluid to the fovea, in which case acuity is also
reduced at presentation [7].

Causes of Papilledema in Children
Intracranial hypertension from any cause may
result in papilledema. The differential diagno-
sis includes mass lesions, venous sinus throm-
bosis (VST), craniosynostosis (premature
closure of the skull sutures), aqueductal steno-
sis, and idiopathic intracranial hypertension.
The presence of papilledema indicates only
elevated ICP but there are no features of the
disc appearance that can differentiate one cause
from another. If papilledema is visualized,
imaging of the brain with a contrast-enhanced
MRI or CT scan is indicated to rule out a struc-
tural lesion or venous sinus thrombosis as the
etiology, and evaluation by a neurologist and
ophthalmologist is encouraged.

Aqueductal Stenosis

A common etiology of increased intracranial
pressure in children is aqueductal stenosis, which
refers to prevention of CSF outflow by a block-
age at the level of the cerebral aqueduct. It may
be associated with hydrocephalus, enlarged ven-
tricles above the obstruction, and or peri-
aqueductal edema within the midbrain.
Aqueductal stenosis can be treated effectively
with a ventriculoperitoneal shunt (VPS) allowing
CSF to be redirected to the peritoneal cavity and
relieving the pressure on the brain. Less com-
monly, a ventriculoatrial shunt is used.
Endoscopic third ventriculostomy (ETV) is now
the preferred treatment option [8] for pure aque-
ductal stenosis. ETV is a minimally invasive
technique which obviates the need for placement
of an indwelling shunt, minimizing risks includ-
ing shunt infection, blockage, and breakage.

Mass Lesions

Pediatric papilledema may be the first or only
sign of a mass lesion, such as a tumor, abscess, or
hemorrhage. In children, most brain tumors are
located in the posterior fossa, within the cerebel-
lum or brainstem, [9] placing children at high
risk for obstruction of the fourth ventricle and for
elevated ICP. These include pilocytic astrocyto-
mas, medulloblastomas, and brainstem gliomas.

Vignette 2

A 15-year-old boy presented to the emergency
department with fever, headache, neck pain,
and vomiting. Headaches were worse at night
and when lying flat. The patient also noted bin-
ocular horizontal diplopia, and altered respira-
tions. Neuro-ophthalmic examination revealed
that he was unable to fully abduct his right eye.
Intermittent episodes of apnea during sleep,
bradycardia, and hypertension were observed.
Dexamethasone and acetazolamide were started
in an attempt to reduce intracranial pressure.
MRI brain with and without gadolinium revealed
a heterogeneously enhancing mass arising dorsal
to the fourth ventricle with minimal surround-
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Fig. 12.2 Posterior fossa astrocytoma. (a) T1 weighted
MRI brain with and without gadolinium reveals a hetero-
geneously enhancing mass arising dorsal to the fourth
ventricle, partially obliterating the fourth ventricle. The

ing vasogenic edema, partially obliterating the
fourth ventricle, as seen in Fig. 12.2a. The tumor
was resected and pathology was consistent with
pilocytic astrocytoma, WHO grade I. Post-
operatively, an external ventricular drain was
placed and measured a mildly elevated intracra-
nial pressure to the low 20s. Despite the mildly
elevated pressures, the patient remained asymp-
tomatic so his drain was clamped. Three weeks
later, headaches, nausea, and vomiting recurred.
He was referred to neuro-ophthalmology where a
dilated fundoscopic examination revealed Frisén
grade I papilledema and a mild abduction deficit

patient’s exam revealed Frisén grade I papilledema (b).
Arrows identify a blue halo associated with retinal nerve
fiber layer thickening

in his left eye. The Frisén grade I papilledema is
pictured in Fig. 12.2b, where arrows identify a
blue halo associated with retinal nerve fiber layer
thickening. The patient was monitored conserva-
tively and 8 weeks later he was without headache,
and the abducens palsy resolved. The decision to
undergo shunt placement was deferred and he
continued to improve clinically.

As demonstrated above, papilledema is often
accompanied by headache, nausea, or vomiting,
and may be accompanied by other signs of ele-
vated ICP including abducens palsies. The abdu-
cens or sixth cranial nerve is particularly
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Fig.12.3 Papilledema and visual field loss in the setting of
IIH and venous sinus thrombosis. (a) Humphrey visual
fields demonstrate severely restricted fields, bilaterally. (b)
Fundus photos illustrate Frisén grade 5 papilledema with
loss of vasculature on the disc. (¢) Sagittal MRI brain reveals

vulnerable to injury by elevated ICP as it must
ascend along the clivus bone before coursing
above the clinoid process to enter Dorello’s canal
and the cavernous sinus. With elevations in ICP,
downward movement of the brainstem stretches
the abducens nerve which is then compressed
against the clinoid process. In this setting, the
abducens palsy is a false localizing sign and may
point the practitioner erroneously to the brain-
stem. This particular patient showed signs of
Cushing’s triad of hypertension, bradycardia, and
apnea, indicating a neurologic and neurosurgical
emergency as it suggests imminent herniation.

MRI Findings Associated
with Papilledema

While the funduscopic examination remains the
gold standard to diagnosing papilledema, there
are several associated MRI findings that may help

signs indicative of elevated ICP. Yellow arrows illustrate the
empty sella (S) as well as the downward tonsillar herniation
(T) found in conjunction with elevated intracranial pressure.
(d) Axial MRI with and without gadolinium with arrows
identifying the thrombus in the superior sagittal sinus

confirm the finding or even indicate that a fundu-
scopic examination is necessary. Radiographic
papilledema is defined as flattening of the poste-
rior sclera and enlargement of the perineural sub-
arachnoid space, best seen on coronal T2 orbital
MRI [10]. Increased ICP may also compress the
pituitary gland inferiorly, leading to the appear-
ance of an empty sella, and in some cases, the
cerebellar tonsils may herniate a few millimeters
below the foramen magnum. Figure 12.3c illus-
trates MRI findings typically found in association
with papilledema.

Idiopathic Intracranial Hypertension

Idiopathic intracranial hypertension (IIH), pre-
viously called pseudotumor cerebri, is a disease
of elevated ICP in the absence of any structural
cause that typically presents in obese woman of
childbearing age. It is of particular importance
to the neurosurgeon since severe cases may be
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treated with neurosurgical procedures. Children
with ITH are often not obese. Typical present-
ing symptoms include a positional headache
worse when supine and in the morning, neck
pain, horizontal diplopia from abducens nerve
palsies, nausea, retrobulbar pain, pulsatile tin-
nitus, and visual loss when more severe [11].
Ophthalmologic examination usually reveals
papilledema, and in many cases, an abducens
nerve palsy. Visual field testing will usually
reveal some degree of visual field constriction,
typically an enlarged blind spot or inferior nasal
defect. It is diagnosed only after excluding all
other etiologies of increased intracranial pres-
sure, such as mass lesions, aqueductal stenosis,
and venous sinus thrombosis [10]. The modified
Dandy criteria require the absence of localiz-
ing neurological findings (excluding abducens
nerve palsies) and an elevated opening pressure
in the absence of alternate causes on MRI [12].
Patients generally feel a dramatic but temporary
relief of their headache after a large volume lum-
bar puncture.

As its name suggests, the etiology of IIH
remains unclear, but its association with obesity
in women suggests that weight-related elevation
in intrathoracic venous pressure may play a role
or that increased estrogen conversion by adipose
tissue may lead to changes in the competence of
the arachnoid granulations that absorb the CSF
[13—15]. There is increasing evidence of a high
frequency of non-thrombotic stenosis at the level
of the transverse sinus-sigmoid sinus junction in
patients with IIH. Whether this stenosis is a
primary cause of IIH or is simply a consequence
of secondary venous compression remains con-
troversial [16].

Treatment of IIH

Management of these patients depends on the
severity of symptoms, and most importantly, the
degree of visual loss. Patients with spared vision,
or with only mild deficits, can be managed medi-
cally with acetazolamide, topiramate, or furose-
mide in combination with an emphasis on weight
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loss. However, those patients who do not respond
to medical therapy and those who have more
severe disease sometimes need surgical interven-
tion [11] to address vision-threatening increased
ICP. Conventional options in such cases include
the placement of a ventriculoperitoneal or lum-
boperitoneal shunt, optic nerve fenestration, or
repeated lumbar punctures if surgical treatment is
unavailable [10] or deemed too risky due to
comorbidities. The high frequency of venous
sinus stenosis in patients with ITH has resulted in
the practice of stent placement within the venous
sinus in some centers when conventional venog-
raphy confirms the stenosis and shows an abnor-
mally high pressure gradient across the stenosis.
Retrospective series indicate improvement in ITH
symptoms and papilledema in a majority of
patients, and appear to remain patent for over 2
years [17] but prospective trials are lacking and
this remains an experimental procedure [17, 18].
Experience in the pediatric population in particu-
lar remains quite limited.

Venous Sinus Thrombosis

Venous sinus thrombosis (VST) is relatively rare
in children, but may present with a syndrome of
elevated ICP mimicking IIH. Important
precipitants in children include meningitis,
genetic thrombophilias, the use of oral contracep-
tion in teenagers, and prior manipulation of the
venous sinuses. Patients with papilledema should
always be evaluated for venous sinus thrombosis
as it is a treatable condition with potentially
severe effects on the brain and visual system.

Vignette 3

A 16-year-old young woman with increased
body mass index presented to her local emer-
gency department with severe holocephalic
headaches that would wake her up from sleep.
Head CT was unremarkable and she was dis-
charged home. She presented to the ER 3 weeks
later when blurry vision developed and she was
evaluated by neuro-ophthalmology. Examination
revealed visual acuity of 20/200 in the right eye
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and only the ability to count fingers in the left
eye. She was unable to see any color plates and
had severely restricted fields bilaterally (Fig.
12.3a), as well as Frisén grade 5 papilledema
bilaterally. Figure 12.3b illustrates the Frisén
grade 5 papilledema with loss of vasculature on
the disc. An MRI of her brain revealed a partial
empty sella and radiographic papilledema while
MR venogram (MRV) ruled out VST. The
patient’s MRI is shown in Fig. 12.3c, with yel-
low arrows illustrating the empty sella (S) as
well as the downward tonsillar herniation (T)
found in conjunction with elevated intracranial
pressure. Lumbar puncture showed normal con-
tents but an opening pressure >55 cm H,0. She
was diagnosed with fulminant IIH and because
of the profound vision loss, underwent VP shunt
placement and treatment with acetazolamide. At
discharge her vision had improved to 20/30 OD
and 20/400 OS. One month later, severe head-
ache and vomiting recurred. Examination
revealed no improvement in visual fields or pap-
illedema. MRV showed extensive thrombus of
the superior sagittal sinus and bilateral trans-
verse sinuses. In Fig. 12.3d, arrows identify
thrombus in the superior sagittal sinus. She was
started on therapeutic enoxaparin. Out of con-
cern for infection, she underwent a repeat lum-
bar puncture which remained notable for
elevated ICP, and cultures grew staphylococcus
epidermidis. She was treated with antibiotics
and her shunt was externalized and eventually
revised. Despite improvement in headaches, a
follow-up exam showed no visual improvement
and the development of optic nerve atrophy. An
optic nerve fenestration was performed on her
right eye with improvement in her papilledema
and some improvement in her visual field on the
right. She subsequently underwent optic nerve
sheath fenestration to the left eye.

This case demonstrates the potential of IIH to
cause severe visual loss in critical cases, and the
importance of early surgical intervention when
acuity or serious visual field loss is present.
Although the patient was left with significant
acuity loss in her left eye, the placement of a VPS

145

upon presentation may have avoided a similar
fate to the right eye. Also highlighted is the
potential for papilledema in cases of VST, as dis-
cussed above. This case is unique in that a VST
appeared to supervene in a case of IIH. It remains
unclear whether the VST was present all along
but missed by the initial MRV or whether a sec-
ondary infection led to a septic VST. In any case
of ITH where papilledema does not improve with
placement of a VPS, the shunt should be interro-
gated and replaced if necessary, and repeat
venous imaging should be considered to rule out
an occult VST.

Craniosynostosis

Craniosynostosis refers to the aberrant fusion of
cranial bones with loss of the normal sutures.
This occasionally results in a small cranial vault.
The etiologies for this are reviewed in detail in
Chap. 6. In addition to varied types of cranial
morphological complications already discussed
in Chap. 6, craniosynostosis may also result in
elevated ICP and thus papilledema. Any child
with a history of rickets and papilledema should
be investigated for hypophosphatemic rickets,
which can lead to craniosynostosis due to abnor-
mal suture formation [19]. Studies have shown
that craniofacial surgery for craniosynostosis
reduces preoperative papilledema [20].

Unilateral Papillitis

It should be noted that disc swelling may also
be found in cases of inflammation, whether
from autoimmune disease or infection, and more
rarely, neoplastic infiltration. In such cases, there
is typically acuity and color vision loss and the
disc edema is often unilateral, helping to differ-
entiate them from papilledema. Optic neuritis,
a demyelinating inflammatory condition of the
optic nerve, may cause disc edema in a minority
of cases, but disc hemorrhages and cotton wool
spots are absent, and the presentation is frequently
associated with pain with eye movements.
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Visual Field Defects

The early identification of visual field deficits can
help the practitioner properly localize lesions of
the central nervous system that may be amenable
to neurosurgical resection. In many cases, timely
management may help prevent further visual field
loss or even reverse existing deficits. Monocular
visual field defects suggest a lesion of the optic
nerve or retina or a media opacity within the ocu-
lar structures. There are several patterns of visual
field loss that suggest an optic neuropathy as the
cause. First, a cecocentral scotoma, which
stretches from the central region to the physio-
logic blind spot, tends to occur in cases where
acuity is decreased, and reflects dysfunction of
the highly metabolic fibers of the maculopapillary
bundle which links the optic nerve to the fovea,
the central region of the macula containing the
highest density of cones. This is differentiated
from the central scotoma of maculopathies that
may have an irregular border. Ischemic causes of
optic neuropathies typically cause altitudinal
defects, meaning that either the superior half or
inferior half of the visual field is lost. Arcuate sco-
tomas are most often linked with glaucoma, but
may occur in any optic neuropathy, and reflect
injury to fibers temporal to the optic nerve that
must arc around the fovea and maculopapillary
bundle to reach the optic nerve head.

Chiasmal lesions tend to cause bitemporal
hemianopsias, due to disruption of the nasal
fibers as they cross within its body. Pituitary
compression of the chiasm tends to cause a supe-
rior bitemporal hemianopsia early on, since the
compression is from below, while superior
tumors compressing the superior aspect of the
chiasm (such as craniopharyngiomas) typically
cause inferior bitemporal hemianopsias at first.

Retrochiasmatic lesions lead to contralateral
homonymous (same side in both eyes), hemi-
anopsias, or quadrantanopsias. This includes
lesions of the optic tract, lateral geniculate
nucleus of the thalamus, optic radiations of the
parietal lobe (leading to an inferior homonymous
field defect), Meyer’s loop of the temporal lobe
(leading to a superior homonymous defect), and
occipital lobe.
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Vignette 4

A 9-year-old girl presented with ataxia and was
noted to have left-sided hemi-atrophy. MRI
revealed a right thalamic and midbrain tumor,
pictured in Fig. 12.4a with arrows illustrating
compression of the optic tract (OT) and the fourth
cranial nerve (IV). Biopsy was consistent with a
WHO grade I juvenile pilocytic astrocytoma
(JPA). Neuro-ophthalmology was consulted
because of vertical diplopia. On examination, she
was found to have an incongruous left inferior
quadrantanopia, pictured on humphrey visual
fields in Fig. 12.4b, as well as a left relative affer-
ent pupillary defect. Motility examination
revealed a right hypertropia that was worse in left
gaze and right head tilt, consistent with left fourth
nerve palsy. Dilated funduscopy revealed tempo-
ral pallor of the right optic nerve and bowtie atro-
phy of the left. The bowtie atrophy is illustrated
in Fig. 12.4c with arrows identifying the atro-
phied fibers.

This case demonstrates several important
neuro-ophthalmological examination findings. A
left inferior quadrantanopia could reflect either a
right superior occipital lobe lesion, a right pari-
etal lobe lesion or right optic tract lesion, but
multiple findings confirmed that the field loss
localized to the optic tract. First, as can be seen in
A, the defects are incongruous, meaning that the
exact shape is different in the right and left eyes.
This is more common in optic tract lesions since
the fibers from the two eyes have not completely
intermingled yet, although this point has been
debated [21]. Second, cortical lesions causing a
homonymous field defect would not cause any
optic atrophy over time, since the nerve fibers of
the optic nerve continue through the optic chiasm
and tracts to synapse in the thalamus, but do not
continue into the cortex. The type of atrophy seen
in the eye contralateral to the lesion is in fact
classic for optic tract lesions in that the temporal
and nasal sides are pale, but the superior and infe-
rior aspects of the nerve are relatively spared.
This finding, referred to as “bowtie” or “band”
atrophy, results from the fact that the retinal
fibers destined to become part of the contralateral
optic tract enter the optic nerve head from the
nasal and temporal sides. As they atrophy, the
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Fig. 12.4 Compression of optic tract and fourth cranial
nerve. (a) T1 weighted axial MRI reveal a right thalamic
and midbrain tumor with arrows illustrating compression
of the optic tract (OT) and the fourth cranial nerve (IV).

corresponding parts of the disc become pale.
Finally, the presence of left-sided RAPD implies
a right optic tract lesion in the setting of the left
homonymous defect. This finding occurs because
of a slightly uneven splitting of each optic nerve
at the chiasm so that the right optic tract actually
contains more left optic nerve fibers than right.
Its injury therefore will have a similar effect as a
left optic nerve injury on the pupillary response.

Whenever anew homonymous visual field def-
icit is detected on examination, the patient should
undergo urgent imaging with an MRI brain, and
possibly an MR angiogram if this is unrevealing.
Often, a mass lesion will be discovered which
may require neurosurgical intervention.

Please see Fig. 12.5 for a review of pattern of
field defects.

Vignette 5

A 13-year-old boy with a history of Wolff-
Parkinson-White syndrome treated with catheter
ablation and amblyopia OD was noted by his

(b) Humphrey visual fields demonstrate an incongruous
left inferior quandrantanopia. (¢) Fundus photography
illustrates bowtie atrophy with arrows identifying the
atrophied fibers

pediatrician to have growth deceleration. Growth
hormone stimulation testing was consistent with
growth hormone deficiency. Gadolinium-
enhanced brain MRI revealed a suprasellar mass
involving the optic chiasm and hypothalamus,
extending along the right optic nerve and into the
right optic foramen, most consistent with a hypo-
thalamic/chiasmatic glioma. In Fig. 12.6c, a sag-
ittal contrast-enhanced MRI shows the suprasellar
mass lesion. Figure 12.6d demonstrates coronal
cuts of the sella, illustrating compression of the
right optic nerve. He was referred to neuro-
ophthalmology where formal visual field testing
revealed a bitemporal hemianopsia, as seen in
Fig. 12.6a. Funduscopic examination revealed
optic nerve pallor and temporal atrophy bilater-
ally as visualized in Fig. 12.6b. He continues to
be observed with serial MRIs and visual field
testing and over the course of 1 year has shown
no progression of his disease.

While most suprasellar tumors causing chias-
mal compression are amenable to neurosurgical
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Site of Visual Pathway Injury

Left visual image Right visual image Left visual image

.

Left cortex

Fig. 12.5 Review of the afferent visual pathways and
field defects corresponding to injury at each level. Red
lines represent the pathways carrying right visual field
information to the left occipital cortex and blue lines
represent pathways carrying left visual field information
to the right visual cortex. Dashed lines represent light
rays landing on the retina. Thick black lines represent
sites of injury corresponding to the visual field loss
shown on the right. (A) Retinal disease affecting the
macula tends to cause central scotomas, often in a geo-
graphic pattern, as seen in the right eye’s field, while
peripheral retinal disease such as retinitis pigmentosa,
typically causes a ring scotoma as seen in the left eye.
(B) Optic neuropathies may cause altitudinal defects
(seen in the left eye’s field) or cecocentral scotomas
which are ovoid areas of blindness encompassing central
fixation (plus sign) and the physiologic blind spot (this
cecocentral scotoma is shown in gray to allow visualiza-
tion of the physiological blind spot). (C) Disease of the
optic chiasm typically causes a bitemporal hemianopsia.
(D) Optic tract injury causes a contralateral homony-
mous hemianopsia, classically incongruous, meaning
that the exact shape of the field defect is different in each

Right visual image
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eye. (E) A stroke to the lateral geniculate nucleus causes
a contralateral sectoranopia, leading to loss either of the
contralateral central third (posterior choroidal artery
infarct, not shown) or the contralateral upper and lower
thirds sparing the central third (anterior choroidal artery
infarct, shown here). (F) Damage to Meyer’s loop,
which travels in the temporal lobe, leads to a contralat-
eral homonymous superior quadrantanopia. (G) Damage
to the optic radiation, which travels in the parietal lobe,
causes a contralateral homonymous inferior quadran-
tanopia. (H) Occipital lobe injury causes a contralateral
homonymous hemianopsia which is typically congruous
(meaning that the exact shape of the field loss is equal in
each eye). In cases of occipital lobe stroke due to poste-
rior cerebral artery occlusion, there may be “macular
sparing” as shown here, due to redundant perfusion of
the occipital pole by branches of the middle cerebral
artery. If the anterior extent of the occipital cortex is
spared, then there may be a spared temporal crescent in
the eye ipsilateral to the field loss, as shown here, reflect-
ing a region of cortex which receives monocular visual
information from a crescent of vision seen only by the
contralateral eye
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Fig. 12.6 Visual field loss and optic atrophy from optic
chiasm glioma. (a) Humphrey visual field testing demon-
strates bitemporal hemianopsia. (b) Fundoscopic exami-
nation reveals optic nerve pallor and temporal atrophy

resection and should be referred for neurosurgical
evaluation, it is crucial that optic chiasmal glio-
mas are recognized to avoid ill-advised attempts
at potentially vision-threatening resection. Often,
limited biopsies or tumor-associated cyst fenes-
trations can be offered to aid in oncologic deci-
sion making and optic apparatus decompression
can be preformed when appropriate.

bilaterally. (¢) Sagittal contrast-enhanced MRI illustrates
a suprasellar contrast enhancing mass lesion. (d) Coronal
MRI cuts of the sella illustrate compression of the right
optic nerve

Dorsal Midbrain (Parinaud)
Syndrome

Vignette 6

A 6-month-old boy was noted by his pediatrician
to have increasing head circumference from the
seventieth to 95th percentile over a short period
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of time. On examination, there was increased
head circumference with frontal bossing and a
full, pulsatile fontanel. CT scan of the head
revealed external hydrocephalus with only mildly
dilated ventricles. He was referred to neuro-
ophthalmology from a neurosurgeon to assess for
papilledema. Neuro-ophthalmological examina-
tion revealed only mild bluish changes around
the right optic nerve and mild nasal elevation of
the left optic nerve, consistent with Frisén grade I
papilledema. In addition, there was impaired
upgaze and lid retraction in the right more than
left. He had close interval follow-up for a year
and a half with stable fundus examination, and
resolution of lid retraction. He did not need surgi-
cal intervention.

As demonstrated above, young children who
have not yet experienced fusion of their cranial
sutures may not develop significant papilledema.
Instead, they may develop macrocephaly as their
predominant sign of an underlying pathologic
intracranial process, emphasizing the importance
of serial head circumference measurements. In
some cases, as demonstrated, patients with ele-
vated ICP due to ventricular outflow obstruction
may present with some or all of the features of a
dorsal midbrain (or Parinaud) syndrome, reflect-
ing the flow of high-pressured CSF into the dor-
sal mesencephalon surrounding the aqueduct.
The four primary findings of this syndrome all
affect the neuro-ophthalmological examination:

e Light-Pupil Dissociation: The bulk of fibers of
the optic tract carry visual information from
the contralateral visual field to the ipsilateral
thalamus, which relays the information to the
occipital cortex. However, some fibers peel off
the optic tract and head to the dorsal midbrain
where they synapse in the pretectal nucleus.
This nucleus sends axons to the ipsilateral
Edinger-Westphal (EW) subnucleus of the
oculomotor (third cranial nerve) nucleus, and
the contralateral EW by way of the posterior
commissure, a band of fibers that cross the
dorsal midbrain right behind the aqueduct.
From each EW, a message is sent to the ipsi-
lateral constrictor pupillary to govern pupil-
lary constriction in the presence of light [22,
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23]. Compression of the posterior commissure
by a mass lesion or aqueductal fluid results in
damage to this process and pupillary constric-
tion due to light is dampened. Constriction of
the pupils due to a near stimulus (accommoda-
tion) is spared, as its pathway is governed by a
greater number of fibers whose input comes
from higher cortical areas. Thus, the term
light-near dissociation is used.

e Upgaze paresis: This results from dysfunction
of the rostral interstitial nucleus of the medial
longitudinal fasciculus (riMLF) and intersti-
tial nucleus of Cajal (INC), both of which are
involved in vertical eye movements, or their
outputs through the posterior commissure [24].

o Convergence-retraction “nystagmus”: In the
presence of upgaze paresis, attempts at upgaze
may instead result in a compensatory activa-
tion of alternate extraocular muscles, resulting
in repeated retraction of the globes into the
orbit. A simultaneous adduction of each eye
with the retraction may reflect the relative
strength of the medial recti muscles.

o Lid retraction (Collier’s sign): The central
caudal subnucleus (CCS) of the oculomotor
nucleus governs lid elevation bilaterally. It is
tonically activated during wake periods but
receives inhibitory input from the contralat-
eral nucleus of the posterior commissure to
allow intermittent blinking to protect the cor-
nea. This input, predictably, travels through
the posterior commissure so that compression
of the commissure may result in a disinhibited
CCS, and over-activation of the levator palpe-
brae causing lid retraction. This should be dif-
ferentiated from the lid retraction of thyroid
eye disease, which is often associated with
proptosis as well.

Diplopia and Gaze Palsies

Double vision is a relatively common neuro-
ophthalmological complaint in children and may
be the first sign of serious neurological disease.
Monocular double vision (that is, the second
image is present even with only one eye open) is
generally the result of ocular pathology, whereas
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binocular diplopia results from a true inter-ocular
misalignment. This misalignment, or strabismus,
may be the result of dysfunction of one of the
cranial nerves innervating the extraocular mus-
cles, the third, fourth, or sixth cranial nerves, or
of the muscles they innervate due to orbital dis-
ease. The pathology may lie within the brainstem
affecting the coordination of ocular movements
in the horizontal or vertical planes, or at the level
of the neuromuscular junction in cases of myas-
thenia gravis. Determining which patients require
urgent neuroimaging and referral to the neurosur-
geon is of utmost importance.

Most commonly, children with ocular mis-
alignment have a congenital strabismus, which
will either correct with time or will require
ophthalmologic surgery for correction and pre-
vention of long-term suppression of the visual
input of one eye by the visual cortex (amblyo-
pia). However, in other cases, the misalignment
can be indicative of more dangerous intracranial
pathology.

Abducens Palsies

The abducens nerve, which controls the lateral
rectus muscle and governs abduction of the ipsi-
lateral eye, emerges from the abducens nucleus in
the pons. It may be affected by pontine lesions,
disease of the subarachnoid space through which
it subsequently courses, bony tumors of the cli-
vus bone over which it ascends (such as chordo-
mas), lesions of the medial cavernous sinus, and
orbital lesions. As mentioned briefly in the papill-
edema section, abducens palsies may result from
increased intracranial pressure. In this case,
patients usually suffer from abducens palsies
from compression of the sixth cranial nerves
against the clivus on one or both sides. In fact, a
sixth nerve palsy may be the first sign of a neo-
plastic process in the brain, even in the absence
of papilledema or other neurologic findings. One
study found 5 out of 16 patients with isolated six
nerve palsy without papilledema to have an intra-
cranial neoplasm, suggesting the importance of
neuroimaging in such patients [25]. Other stud-
ies, however, have had less dramatic findings and

suggest that while intracranial neoplasm is asso-
ciated with sixth nerve palsy, there are usually
other neurologic symptoms [26]. The variation in
data, however, suggests that pediatricians should
have a low threshold to image patients with sixth
cranial nerve palsies, especially if the clinical
examination does not improve with close follow-
up. If imaging is not pursued at the initial presen-
tation, parents should be cautioned about the
importance of close follow-up, but reassurance
can be given if there are no other associated signs
or symptoms.

Vignette 7

A 4-year-old girl presented to her pediatrician
with a 1-week history of falls, spasticity in her
left leg, and left ptosis, 2 days of headache and
ear pain. On exam in the office, she was noted to
have a right gaze palsy. She was sent from her
pediatrician’s office to the emergency department
where an MRI of the brain showed a lesion in the
pons. A cut through the pons on T2 weighted
MRI brain is shown if Fig. 12.7, where cystic ele-
ments of the tumor can be visualized and the
mass can be seen compressing the fourth ventri-
cle. A right suboccipital stereotactic-guided
biopsy of the lesion was consistent with primitive

Fig.12.7 Neuroectodermal tumor, grade IV, of the pons.
T2 weighted MRI brain demonstrating a mass lesion with
cystic elements and compression of the fourth ventricle
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neuroectodermal tumor, WHO grade IV. She sub-
sequently underwent a suboccipital craniotomy
for resection of the tumor, followed by radiation
therapy. Post-operatively, the patient developed
diplopia. Examination revealed a right abducens
palsy, left-beating nystagmus on left gaze, and
incomplete eyelid closure.

In this particular case, the tumor led to dys-
function of right gaze due to involvement of the
right abducens nucleus, which controls right gaze
of both eyes. The incomplete eye closure was the
result of involvement of the facial nerve.
Spasticity of the left leg reflected concomitant
right corticospinal tract involvement. The neces-
sary resection of the tumor caused injury to the
right abducens nerve and thus limited abduction
of the right eye. The involvement of the right
medial vestibular nucleus resulted in a left-
beating nystagmus. Nystagmus will be discussed
in more detail in a subsequent section.

Trochlear (Fourth Cranial) Nerve
Palsies

The fourth cranial nerve, or the trochlear nerve,
which controls the superior oblique muscle
(SOM) is particularly susceptible to injury in
the setting of closed head trauma, in which case
there is often bilateral injury. It is the only cranial
nerve to exit the dorsal brainstem, after which it
crosses behind the lower midbrain and courses
anteriorly to the contralateral superior oblique
muscle. Much of its course parallels the rigid
tentorium, against which it may be compressed
in the setting of trauma. It may also be affected
by tumors of the midbrain or within the lateral
cavernous sinus.

Patients with trochlear nerve palsies typically
present with vertical diplopia worse in downgaze,
reflecting the elevation of the affected eye due to
SOM dysfunction. Since depression of the globe
is limited, typical complaints include trouble
reading or walking downstairs, both of which
require downgaze. There may also be a torsional
diplopia (the second image is tilted relative to the
first) reflecting the SOM-mediated intorsion
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(rotation so that the top of the eye moves nasally).
Patients typically compensate with a contralat-
eral head tilt to reduce diplopia. This may be the
presenting sign in pediatric patients who do not
complain of diplopia.

On examination, the affected eye is higher
than the other eye, but the deviation may be sub-
tle and difficult to confirm with simple testing of
ocular motility. A simple test to determine the
side of a trochlear nerve palsy is the pencil test:
place a pencil in front of the child and if the child
sees two pencils, one on top of another, ask the
child to imagine that the pencils continue to infin-
ity. The side on which the two pencils will cross
is the side of the trochlear nerve palsy.

Since the trochlear nerve decussates, damage
to the inferior dorsal midbrain where its nucleus
resides will cause a contralateral palsy. This was
the situation in vignette 4 above, where the tumor
was present in precisely that location.

Vignette 8

A 15-year-old boy with a history of amblyopia
OS was struck by a car as a pedestrian. He lost
consciousness and was rushed to a local emer-
gency department where CT scan of the head
demonstrated multiple skull fractures and an epi-
dural hematoma that was subsequently evacuated
by neurosurgery. During his recovery, he noticed
binocular double vision, initially oblique in ori-
entation indicating a combination of vertical
diplopia from his trochlear palsy, and a horizon-
tal component from decompensation of his con-
genital strabismus.

Oculomotor Nerve Palsies

The oculomotor nerve innervates the superior
rectus (elevation), inferior rectus (depression),
inferior oblique (extorsion and elevation), and
medial rectus (adduction) muscles. The classi-
cal pattern of injury therefore results in an eye
that is down and out from residual trochlear
nerve and abducens nerve function respectively.
Additionally, ptosis is typically present as the
third nerve innervates the levator palpebrae
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muscle, and the pupil may be dilated or even
nonreactive, owing to compression of the axons
to the constrictor pupillae [27]. If the pupil is
involved, then aneurysmal compression of the
third nerve as it passes near the posterior com-
municating artery must be suspected. This is
much more common in adults than in children.
Other etiologies of a pupil-involving third nerve
palsy include pituitary apoplexy, cavernous sinus
lesions, meningitis, or skull-based lesions [27]. If
a third nerve palsy is found on examination, the
patient should undergo work-up with an MRI
brain and MRA head. If the pupil is involved, an
emergent work-up is indicated, to rule out those
rare cases of aneurysmal compression.

Cavernous Sinus Syndrome
and Orbital Apex Syndrome

Vignette 9

A 10-month-old infant with a history of neuro-
blastoma presented with progressive proptosis,
ophthalmoplegia in all directions, ptosis, and an
enlarged pupil in his left eye. The examination is
illustrated in Fig. 12.8a. CT scan revealed meta-
static disease within the left cavernous sinus
extending toward the orbit and pushing the globe
forward. There was no relative afferent pupillary
defect. Figure 12.8b is a CT scan showing a mass
lesion in the left cavernous sinus. In Fig. 12.8c,
axial cuts through the orbit illustrate compression
of the globe on the left.

The cavernous sinus is a paired, retro-orbital
venous structure that surrounds the pituitary
gland and carries within it the oculomotor nerve,
trochlear nerve, first and second branches of the
trigeminal nerve (V, and V,, responsible for sen-
sation over the top two-thirds of the face), abdu-
cens nerve, and sympathetic fibers responsible
for pupillary mydriasis and lid elevation.
Cavernous sinus disease therefore can lead to any
combination of dysfunction of the aforemen-
tioned structures. A Horner syndrome in associa-
tion with an ipsilateral abducens palsy is a
cavernous sinus lesion until proven otherwise,
since the sympathetic fibers travel adjacent to the
abducens nerve within the sinus. Additionally,
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since the eye’s venous drainage through the supe-
rior ophthalmic vein is into the cavernous sinus,
venous hypertension and therefore intraocular
hypertension may ensue.

Lesions located at the orbital apex affect most
of the same structures as they enter the orbit,
except only a branch of V, enters the orbit so sen-
sory loss, if present, is limited to the cornea and
immediate periorbital region. Furthermore,
orbital apex lesions may also affect the optic
nerve which enters the orbit through the optic
canal. In case 9 above, there was a complete oph-
thalmoplegia and proptosis suggestive of a cav-
ernous sinus lesion. The lack of any clear optic
nerve involvement suggested compression at the
level of the cavernous sinus as opposed to the
orbital apex.

Skew Deviation

A pure vertical diplopia may not always reflect a
trochlear nerve palsy, but instead may result from
a skew deviation, a central cause of non-paralytic
vertical strabismus. Skew deviations cause a ver-
tical misalignment of the eyes despite full verti-
cal excursion of each eye on motility testing. The
utricle, which is part of the labyrinth of the inner
ear, detects tilting of the body that might occur in
the course of movement. In response, it sends a
message through the vestibular (eighth cranial
nerve) to the vestibular nucleus, which then sends
fibers to the riMLF and INC of the midbrain to
make corrective torsional and vertical move-
ments of the eyes. If the body tilts to the right for
example, this system will lead to extorsion of the
left eye and intorsion of the right eye to lessen the
effect of viewing the world at a tilt. Additionally,
since body tilting to the right lowers the right eye
relative to the left, the utricular-vestibular system
will lead to an elevation of the right eye relative
to the left. If one utricle or its afferent signal
which courses from the medulla up to the mid-
brain is disrupted by a lesion, then the contralat-
eral utricular-vestibular signal is relatively
overactive; in other words, the brain thinks that
the body has tilted to the side opposite the utricle
whose signal is injured. The ipsilateral eye will
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Fig.12.8 Metastatic neuroblastoma to the left cavernous
sinus. (a) Examination of a patient with a mass in the left
cavernous sinus reveals ptosis and ophthalmoplegia in all

therefore find itself lower than the contralateral
eye even though no actual tilting has occurred.
The patient will experience a vertical diplopia.
The pattern of diplopia in various gazes may
vary, but typically it can be differentiated from a
trochlear nerve palsy in that motility is spared
and the degree of misalignment is significantly
decreased when the patient is tested in the supine
position [28].

It is important that the primary care physician
seeing children with diplopia be aware of the
entity of skew, since its presence suggests disease
of the vestibular nerve or more commonly the
brainstem or cerebellum, and in children, it may
be one of the first signs of a tumor within the

directions. (b) Coronal CT imaging shows a mass lesion
in the left cavernous sinus. (¢) Axial CT cuts through the
orbit illustrate compression of the globe on the left

posterior fossa. Any child with a suspected skew
deviation should undergo neuroimaging.

Nystagmus and Saccadic Intrusions
Nystagmus

Nystagmus is a to-and-fro motion of the eyes,
where the initial movement is slow and is consid-
ered to be the pathologic component. It can be
classified according to direction, timing (fast
phase and slow phase), amplitude and whether it
is conjugate (similar direction in both eyes) or
not. It may be present on primary gaze or induced
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with eye movements in a particular direction.
When the second phase is a corrective fast sac-
cade, it is termed jerk nystagmus, and when it is
also a slow movement, it is termed pendular nys-
tagmus. In jerk nystagmus, the direction of the
nystagmus is defined by the fast phase. There are
a myriad of subtypes, but the salient point is that
many of them localize to the brainstem or cere-
bellum and therefore are of potential neurosurgi-
cal significance. Below, we will introduce a few
subtypes important in children. For a more com-
prehensive review of nystagmus in children,
please see the review by Dinkin and Rizzo [29].

Vestibular Nystagmus

Relevant Anatomy

The vestibular ocular reflex (VOR) is responsible
for horizontal or vertical eye movements contra-
lateral to those of the head, in order to maintain
fixation on targets of interest. The VOR system
depends on the sensation of rotational movement
by the semicircular canals, lateral movement by
the utricle and movement along the z-axis by the
saccule. Information is then transferred along the
vestibular nerve to the medial vestibular nucleus
(MVN) in the medulla, and from there to the
nuclei relevant to the opposed ocular motion.
With a lateral head movement, the signal from
the horizontal semicircular canal feeds to the
MVN which then sends fibers that cross and
stimulate the contralateral abducens nucleus,
thus mediating contralateral gaze. The anterior
and posterior semicircular canals are situated so
that they pick up head rotation in the vertical and
torsional planes. This signal also travels along the
eighth nerve to the MVN and then communicates
with the midbrain INC to mediate opposite eye
movements in the vertical and torsional planes.
Damage to any point in this system can lead to a
relative imbalance in the VOR signal, thus pro-
ducing an inappropriate slow drift of the eyes, as
if the head has moved. This is typically followed
by a cortically mediated corrective saccade,
resulting in a jerk nystagmus. When a jerk nys-
tagmus is due to vestibular dysfunction, it is typi-
cally accompanied by vertigo or imbalance.

The most important step for a primary care
physician faced with a vestibular nystagmus is
differentiating between nystagmus as a result of
damage to the inner ear or vestibular nerve
(peripheral nystagmus) as opposed to brainstem
pathways (central nystagmus). This is because
causes of peripheral nystagmus tend to be rela-
tively benign (viral labyrinthitis, vestibular neu-
ronitis, benign paroxysmal positional vertigo)
while central nystagmus may reflect brainstem
demyelination, stroke, or most relevant to this
review, tumors that require biopsy or resection.
There are exceptions to this, since peripheral nys-
tagmus may also reflect vestibular tumors such as
schwannomas (seen in most every patient with
neurofibromatosis II), and central nystagmus
may simply reflect the central dysfunction that
accompanies use of anti-epileptic drugs such as
phenytoin or phenobarbital.

Patterns of Peripheral Vestibular
Nystagmus

Injury to a horizontal semicircular canal leads to
a purely horizontal conjugate jerk nystagmus
with the fast phase in the opposite direction.
Because the anterior and posterior semicircular
canals lie along the vertical and torsional planes,
their dysfunction tends to cause a compensatory
mixed vertical-torsional nystagmus. If all three
canals are injured (as in toxicity), then the verti-
cal drifts of the anterior and posterior canals can-
cel each other, and the patient displays a mixed
horizontal-torsional  nystagmus.  Peripheral
nystagmus is typically worse in the direction of
the fast phase and is dampened by convergence.
Associated symptoms suggestive of peripheral
disease include tinnitus and hearing loss, and
there is typically more intense vertigo, nausea
and vomiting as compared to central.
Neuroimaging performed for peripheral nystag-
mus tends to be less emergent and should include
thin cuts along the internal auditory canal.

Patterns of Central Vestibular

Nystagmus

Central vestibular pathways tend to be sub-
divided according to plane of movements.
Therefore, as a rule, the presence of pure ver-
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tical (upbeat or downbeat) nystagmus without
any concurrent torsional component reflects a
central etiology. A pure torsional nystagmus
(without any vertical movement) also reflects
a central cause. Typically, the patient displays
nystagmus that changes direction depending on
gaze (upbeat in upgaze, right beat in right gaze,
etc.). Vertigo tends to be less prominent. Central
nystagmus should prompt urgent neuroimaging
to rule out lesions affecting the brainstem or
cerebellum.

Vignette 10

A patient presented at the age of 9 years with sev-
eral weeks of right posterior headache, dizziness,
nausea, vomiting, and some gait instability. She
underwent a CT scan of the head, which revealed
a posterior fossa mass with associated hydro-
cephalus. She was taken to the operating room
for biopsy and resection, and pathology was con-
sistent with a juvenile pilocytic astrocytoma,
WHO grade 1. Postoperatively, the patient com-
plained of horizontal diplopia and oscillopsia. In
addition to bilateral abducens nerve palsies, the
neuro-ophthalmic examination revealed a coun-
terclockwise torsional nystagmus in both eyes,
with upbeat nystagmus in upgaze, left-beating
nystagmus in left gaze, and right beating nystag-
mus in right gaze.

This is an example of direction-changing cen-
tral vestibular nystagmus. In this particular
patient, there was a prominent upgaze component
of her nystagmus, suggesting involvement of the
pathways of the interstitial nucleus of Cajal,
which is the center in the midbrain that maintains
vertical gaze. The bilateral abducens palsies were
most likely from increased intracranial pressure
causing compression of the sixth cranial nerves.

Downbeat Nystagmus

Downbeat nystagmus results from dysfunction of
the vestibulocerebellar pathways, most com-
monly in the setting of lesions affecting the floc-
culus and paraflocculus of the cerebellum [30].
When downbeat nystagmus is found on exam,
lesions of the cervicomedullary junction such as
an Arnold-Chiari malformation should be sus-
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pected and the patient should undergo neuroim-
aging [31].

See-Saw Nystagmus

In see-saw nystagmus, there are disconjugate
vertical oscillations of the eyes as well as conju-
gate torsional movements such that the elevated
eye intorts while the depressed eye extorts. This
type of nystagmus is most commonly seen in
lesions of the optic chiasm and hypothalamus
and, therefore can be seen with parasellar masses,
often associated with a bitemporal hemianopsia
[32]. Rarely, children can be born with absence
of chiasmal crossing, an entity referred to as
“nondecussating retinal-fugal fiber syndrome,”
which can result in see-saw nystagmus [33, 34].
The identification of such a nystagmus should
prompt the acquisition of an MRI with thin slices
through the sellar and suprasellar region.

Vignette 11

A 12-year-old girl was found to have a juvenile
pilocytic astrocytoma on head CT after she fainted
in gym class. The lesion compressed the optic
chiasm, and required resection. One year later,
she required VP shunt placement for hydrocepha-
lus. She followed with neuro-ophthalmology for
visual field monitoring. Examination revealed
a bitemporal hemianopsia, as illustrated by the
Humphrey visual fields seen in Fig. 12.9a. A pen-
dular mixed torsional and vertical nystagmus was
seen in the right eye, as well as a right optic neu-
ropathy from compression. Five years after her
original operation, the patent developed worsen-
ing of her visual fields as well as bilateral optic
nerve pallor as seen in Fig. 12.9b. MRI showed
enlargement of the tumor necessitating re-resec-
tion, after which the amplitude and frequency of
the nystagmus worsened. Coronal and sagittal
MRI cuts are shown in Fig. 12.9¢c, which illus-
trate a large T2 hyperintense lesion compressing
the optic chiasm.

In this case, a suprasellar lesion with chiasmal
and right optic nerve damage resulted in an
acquired, monocular pendular nystagmus. Such a
finding typically suggests the presence of a
chiasmal or suprachiasmal lesion, or may occur in
the setting of vision loss in the ipsilateral eye [35].
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Fig. 12.9 Compression of optic chiasm from JPA. (a)
Humphrey visual fields reveal a bitemporal hemianopsia.
(b) Fundus photos demonstrate bilateral optic nerve pallor

Ocular Flutter and Opsoclonus

Saccadic intrusions refer to involuntary move-
ments of the eyes in which there is no slow phase,
and all the movements are saccades. There are
many subtypes of saccadic intrusions, but the most

from compression of the optic chiasm. (¢) Coronal and
sagittal MRI images, illustrate a large T2 hyperintense
lesion compressing the optic chiasm

clinically relevant in children are ocular flutter and
opsoclonus. In ocular flutter, there are back-to-
back horizontal saccades, without an inter-sac-
cadic interval. Opsoclonus is similar except that
the movements are omnidirectional and of higher
amplitude so that they eyes appear to dance around
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in all directions. In both cases, one must rule out a
cerebellar lesion, and paraneoplastic disease must
be considered, especially in cases of opsoclonus.
In cases of paraneoplastic disease, there may be an
antibody-mediated attack on the omnipause neu-
rons in the brainstem that inhibit the burst neurons
responsible for saccade initiation, thus leading to
uncontrolled saccadic movements [36, 37]. In
approximately 50 % of children with opsoclonus,
the underlying neoplasm is a neuroblastoma or
other neural crest tumor [37, 38].

Anisocoria

Vignette 12

A 16-year-old boy with no prior past medical his-
tory other than gastroesophageal reflux presented
to his local emergency department with a head-

ache followed by a generalized seizure. Upon
arrival, he was found to be extensor posturing with
his left arm, and he had an unreactive right pupil at
5 mm, with a sluggishly reactive left pupil at
3 mm. He underwent CT scan of the head, which
demonstrated a 10x6x5 cm intraparenchymal
hemorrhage with 2 mm of midline shift and uncal
herniation. He was taken to the operating room for
an emergent right craniotomy where he was found
to have a large right temporal arteriovenous mal-
formation (AVM). He subsequently underwent
two embolizations and ultimately an open AVM
resection. At outpatient follow-up, he was noted to
have a complete left homonymous hemianopsia,
as demonstrated by the patient’s Humphrey visual
fields (Fig. 12.10a), the resulting damage from the
intracranial hemorrhage on the right side of his
brain. The patient’s AVM is pictured by CTA in
Fig. 12.10b and by angiogram in Fig. 12.10c.

Ch W
Fig. 12.10 Right temporal arteriovenous malformation

causing hemorrhage and visual field loss. (a) Humphrey
visual fields reveal a complete left homonymous hemi-

anopsia. CT angiogram (b) and formal angiogram (c)
reveal an arteriovenous malformation in the right tempo-
ral lobe
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Anisocoria can be a normal physiologic variant,
or can be an indication of underlying life-
threatening pathology. It is important when
examining a patient with anisocoria to determine
which pupil is abnormal, the larger or smaller
one. Examination is best done in both light and
dark conditions, with the patient focusing on a
distant object to prevent miosis from accommo-
dation [39]. When anisocoria is greater in light
conditions, this indicates that the large pupil is
abnormal, and that there is dysfunction of pupil-
lary constriction, either from an oculomotor
nerve palsy, a degeneration of the ciliary gan-
glion (Adie’s pupil), or pharmacological dilation.
In contrast, when anisocoria is more notable in
dark conditions, this indicates that there is a dys-
function of the sympathetic pathways that govern
dilation, which is typically accompanied by ipsi-
lateral ptosis, and is termed a Horner syndrome.

In physiologic anisocoria, the difference in the
size of the pupils is generally 1 mm or less and
there is no associated abnormal eye movement or
ptosis. The degree of anisocoria is typically the
same in light and dark. This is the most common
etiology of anisocoria and can be present in up to
20 % of healthy normal children [39].

Horner Syndrome

Horner syndrome (HS) results from damage to
the sympathetic pathways that govern the pupil-
lary constriction, lid elevation, and sweating that
accompany the fight or flight reaction. It may be
either congenital or acquired. Congenital HS usu-
ally presents within the first 4 weeks of life and is
related to stretching of the oculosympathetic
fibers around the brachial plexus during birth.
Axons from the first neuron in the pathway
descend from the hypothalamus to the ipsilateral
lateral thoracic spinal cord where they synapse.
The second-order fibers ascend from the thoracic
cord over the apex of the lung and up through the
sympathetic plexus alongside the cord to synapse
in the superior cervical ganglion. From there, the
final third order fibers travel within a plexus
around the common carotid artery. Fibers des-
tined for the eye proceed along the internal
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carotid artery, through the cavernous sinus and
alongside the abducens nerve to finally enter the
orbit where they innervate the dilator pupillae
and Miiller’s muscles that govern lid elevation
related to sympathetic drive.

Acquired HS could therefore be secondary to
brainstem disease, spinal cord lesions, apical
lung lesions (rare in children), lesions of the sym-
pathetic chain, carotid artery lesions in the neck,
cavernous sinus lesions, or orbital disease.
Cocaine eye drops can confirm that the anisoco-
ria is the result of a Horner syndrome, as cocaine
will cause dilation of eyes with intact sympa-
thetic responses. After cocaine eye drops are
given, the degree of anisocoria will increase if it
is a Horner syndrome [40]. Apraclonidine eye
drops are an alternative to cocaine. Apraclonidine
is an alpha-2-receptor agonist used for the treat-
ment of increased intraocular pressure. However,
it also has weak alpha-1 activity, so that only an
eye with a HS, which develops upregulation of
the norepinephrine receptors in the iris, will react
with dilation. Therefore, patients with Horner
syndrome will have reversal of anisocoria after
instillation of apraclonidine eye drops [41].
However, apraclonidine should be avoided in the
pediatric population as it has been documented to
cause severe peripheral vasoconstriction, hyper-
tension, and pulmonary edema [42]. Work-up of
Horner syndrome in children should include pal-
pation of neck, axilla and abdomen, urine cate-
cholamine testing, and MRI scan of the head,
neck, and chest [27]. Abnormal imaging is an
indication for surgical referral.

Pediatrician’s Perspective

1. A careful history and neurological examina-
tion is essential in the assessment of any child
complaining of unexplained neurological or
visual symptoms.

2. While a neuro-ophthalmological consultation
utilizing formal visual fields, a slit lamp
examination, and dilated funduscopy can be
of great value, the essential neuro-ophthalmic
examination can be conducted at the bed-side
or within the pediatrician’s office, with just an
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acuity card, pen light, moving target and
hand-held ophthalmoscope, and can yield sig-
nificant clinical clues about the underlying
pathology.

. By mastering basic neuro-ophthalmic exami-
nation skills, the general pediatrician will be
able to make important ocular, neurological,
and neurosurgical diagnoses that would other-
wise be missed and make the timely referrals
necessary to permit more detailed evaluations
when appropriate.

. Any patient with papilledema is at risk for
vision loss and requires urgent evaluation.
Often, papilledema is a sign of dangerous
intracranial pathology that may require urgent
neurosurgical intervention.

. Craniosynostosis occasionally
increased ICP and papilledema.
. Abducens (sixth nerve) palsy may be the first
sign of a mass lesion even prior to papilledema.
. Pure vertical (upbeat or downbeat) nystagmus
reflects a central etiology and therefore war-
rants referral for urgent imaging.

. Up to 20 % of healthy children will have phys-
iologic anisocoria. This can be distinguished
from pathologic anisocoria in that the degree
of anisocoria remains the same in both dim
and bright light in the case of physiologic
anisocoria.

results in
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Hydrocephalus
and Ventriculomegaly
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Assem M. Abdel-Latif and Jeffrey P. Greenfield

Clinical Vignette An 18-month-old child pre-
sented to the emergency department with repeated
vomiting. The child’s mother relayed that the vom-
iting occurred a few hours after having eaten. She
didn’t report any diarrhea or abdominal cramping.
On examination, the child was pale. He was afebrile
but tachypneic; his pulse was 90 beats/min.
Neurologically, the child was obeying commands
and was alert but restless. His pupils were normal
and reactive. The abdominal exam was normal with
no tenderness, guarding, or rigidity. The prelimi-
nary diagnosis was food poisoning with resultant
gastritis, and the decision in the emergency room
was to obtain blood samples for chemistry, keep
him under observation, and initiate IV hydration.
During 3 h of observation, he vomited again
and became less alert. Progressive dehydration
was diagnosed and more IV fluids were pushed.
An hour later, he was noted to be unarousable even
with painful stimuli. He had midsize pupils that
were sluggishly reactive. Emergency head CT was
ordered but he arrested on his way out of the CT
machine and was intubated for resuscitation.
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His CT showed a posterior fossa tumor with tense
obstructive supratentorial hydrocephalus. He was
immediately taken to the operating room for place-
ment of an external ventricular drain.

Introduction

Hydrocephalus, as a clinical term, is often used to
describe a large or an enlarging head size in an
infant with a bulging fontanel; in other settings it
may be used to suggest increased intracranial pres-
sure (ICP) or brain edema and obliterated basal
cisterns on imaging [1]. Neurosurgeons use the
word hydrocephalus more precisely to describe a
dilated ventricular system with an increase in the
intra-axial CSF volume. An increase in the CSF
volume may cause ventricular dilatation, which
accounts for most cases of hydrocephalus.
Secondary causes, such as brain atrophy with
resultant ventricular dilation, are referred to as
hydrocephalus ex vacuo. Hydrocephalus isn’t a
single disease but rather a symptom or sign that
relates to CSF dynamics [2, 3].

A technical definition of hydrocephalus is “an
active distension of the ventricular system of the
brain resulting from inadequate passage of CSF
from its point of production within the cerebral
ventricles to its point of absorption into the sys-
temic circulation” [4]. This definition excludes
brain atrophy, idiopathic intracranial hyperten-
sion, and normal volume hydrocephalus since
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these conditions don’t require ventricular dilata-
tion. Moreover, it doesn’t require increased ICP
so that idiopathic and secondary normal pressure
ventriculomegaly (NPH) can be included.

In 2010, the International Hydrocephalus
Workshop endorsed the consensus definitions
settled upon the by International Society of
Pediatric Neurosurgery [5]. Their definitions are:

1. Hydrocephalus is a condition characterized
by a dynamic imbalance between the forma-
tion (production) and absorption of spinal
fluid resulting in an increase in the size of the
fluid cavities (ventricles) within the brain.
(This definition would serve for general use
of all readers.)

2. Hydrocephalus is a condition characterized by
a dynamic imbalance between the formation
(production) and absorption of spinal fluid
that results in an increase in the size of the
fluid cavities within the brain and, in some
situations, in an expansion of the spaces out-
side the brain, with or without an increase in
the size of the ventricles.

It is important to emphasize that while ven-
triculomegaly can be readily diagnosed by vari-
ous imaging modalities, findings must be
interpreted in the context of the clinical symp-
toms and signs in order to permit a firm diagnosis
of active hydrocephalus [6]. In the presence of a
working definition of hydrocephalus, a classifica-
tion scheme may help in understanding the etiol-
ogy, pathophysiology, and subsequent treatment
options for this most common pediatric neurosur-
gical condition.

Classification of Hydrocephalus

Hydrocephalus can be generally classified
according to many perspectives:

Age, childhood, and adult hydrocephalus
Communicating or noncommunicating
Primary (or idiopathic) vs. secondary

Genetic or hereditary vs. sporadic
Anatomical  classification  (biventricular,
triventricular, and tetraventricular hydro-

Nk L=
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cephalus, even multiloculated or asymmetric
hydrocephalus)

A classification was presented by Dandy and
Blackfan in the early twentieth century to
describe hydrocephalus. In their work, Dandy
and Blackfan [7] classified hydrocephalus as
either communicating or noncommunicating
hydrocephalus based on the presence or absence
of communication (detected by dye) between the
cranial CSF compartment and the spinal CSF
compartment. Today hydrocephalus is variably
regarded by experts in flow dynamics as nearly
entirely obstructive with only the site of obstruc-
tion (intraventricular vs. extraventricular, defin-
ing a difference) [8].

Another way of defining hydrocephalus is as a
dynamic imbalance between the formation (pro-
duction) and absorption of spinal fluid that results
in an increase in the size of the fluid cavities
within the brain and, in some situations, in an
expansion of the spaces outside the brain, with or
without an increase in the size of the ventricles.
The pathophysiology can be regarded as obstruc-
tive at one or more of critical transit points that
subsequently affects the resultant pattern of ven-
tricular enlargement [4]. Figure 13.1 shows the
interrelated compartments of cerebrospinal fluid
production, circulation, and absorption.

Special forms of hydrocephalus that can be
encountered in a typical pediatric neurosurgical
practice will be discussed below including a brief
discussion of the etiologies, diagnoses and related
conditions, and the treatment options that your
patients may be encountering when facing these
diagnoses:

e External hydrocephalus

e Hydranencephaly

e Trapped fourth ventricle

e Posthemorrhagic hydrocephalus
* Normal volume hydrocephalus

External Hydrocephalus
Definition. Enlargement of the subarachnoid

spaces over the frontal poles and their cortical
sulci with rapid increase of the head circum-
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Fig. 13.1 A schematic representing the interconnected
circulations of cerebrospinal fluid and intravascular blood.
Arterial blood (red) forms CSF (teal) through an ultrafil-
tration process at the level of the choroid plexus. The CSF
circulation can be interrupted at any of the compartments

ference [9-11]. Also worth noting is the
absence of radiological or clinical features of
increased ICP such as periventricular lucency
or a tense anterior fontanel [12].

Radiological findings. Normal or mildly dilated
ventricles are noted with enlarged basal cisterns
and widening of the interhemispheric fissure.
CT demonstrates extra-axial fluid collections
that usually share the density of CSF, while
MRI or cranial U/S demonstrates veins coursing
through the fluid collection from the surface to
the inner table of the skull (known as the corti-
cal vein sign).

microvasculature

within the flow chart. The final absorption of CSF into the
venous circulation returning to the heart (purple) occurs at
the level of the arachnoid granulations, a common site of
pathology for many communicating forms of hydrocepha-
lus [5]

Presentation. Typically infants are asymptom-
atic and present with an enlarging head that starts
to appear in the first year of life and usually com-
pensates by 12—18 months without treatment
[12]. Frontal bossing may be seen and, occasion-
ally, slight motor developmental delay is noted.
This is likely due to the large head causing neuro-
muscular issues with balance and walking rather
than an intrinsic effect upon brain development.

Etiology. The pathophysiology is not fully
understood, but a defect in CSF absorption has
been postulated secondary to delayed maturation
of the arachnoid villi [13, 14]. An association of
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widened SAS has also been reported in some
children with craniosynostosis [15]. The fact that
it may follow intraventricular or subarachnoid
hemorrhage [16, 17] or superior vena cava
obstruction [18] also suggests a common distal
transient defect in CSF absorption.

Management. This etiology is sometimes
referred to as “benign external hydrocephalus”
because it’s commonly viewed as a self-limiting
condition of infancy that resolves spontaneously
during childhood [19, 20]; therefore, conserva-
tive follow-up is mandated. As pediatricians and
pediatric neurosurgeons, it is crucial to empha-
size to the parents that children with this diagno-
sis have normal neurologic development [10].
Shunting may be required in rare instances of
manifestations of increased ICP, bulging fonta-
nel, considerable macrocrania, or frontal boss-
ing, but this is a rare necessity in this etiology
[17, 21]. A few reports exist of the use of acet-
azolamide or even transient mannitol treatment
with good outcomes [22], but this is not common
practice.

Differential diagnosis: The etiology to distin-
guish from benign subdural collections of infancy
is symptomatic chronic extra-axial fluid
collections.

Benign Subdural Collections
of Infancy

Definition. Fluid collections over the frontal con-
vexities associated with prominent cortical sulci
and interhemispheric fissure, with normal or
slightly enlarged ventricles, suggest benign sub-
dural collections of infancy [23].

Etiology. Most of the cases are attributed to peri-
natal trauma, but an etiology is not always
identified.

Presentation. Infants usually come to medical
attention around 4 months of age with acceler-
ated head growth rate, often demonstrating a
tense fontanel and poor head control.
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Radiological findings. A hypodense fluid collec-
tion is seen over the frontal lobes and interhemi-
spheric fissure on CT scan. This entity shares the
radiologic and clinical features of external hydro-
cephalus, yet on diagnostic tap, fluid is usually
clear yellow (xanthochromic) with high protein
content, whereas in external hydrocephalus, fluid
is clear CSF. MRI and cranial ultrasound fail to
show “cortical vein sign,” the fluid intensity on
MRI is mostly slightly different from CSF, and
CSF flow studies will not show flow into the col-
lection continuous with the intraventricular CSF.

Management. This radiologic entity gradually
resolves spontaneously within several months. A
single subdural tap may speed this up, but surgi-
cal management is rarely indicated except in
cases of significant neurologic decline. Head
growth curves and any developmental delay usu-
ally normalize.

Symptomatic Extra-Axial Fluid
Collections in Children

Various terms are used to describe this condition:
“chronic subdural hematoma” “effusions,” “hygro-
mas,” and “extra-axial fluid collections” [10, 23].

Etiology. In a study of 103 patients, 36 % were
believed to be due to head trauma (including non-
accidental head trauma), 22% were post-
meningitic, and 19 % post-shunting [24]. Other
reported causes include hypoxic brain damage
and coagulation defects [25].

Presentation. The following manifestations are
more common to find: seizures, irritability, leth-
argy, signs of increased ICP, macrocrania, focal
deficit, and developmental delay.

Radiological findings. Collections of varying sig-
nal characters cause obliteration of the cortical sulci
and often some degree of ventricular compression.

Management. Serial subdural taps (to exclude
infection and to help drainage), Burr hole drainage,
and subdural shunting may all be considered [26].
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Differential diagnosis. The differential diagnosis
of extra-axial fluid collections in children includes
normal variants of enlarged subarachnoid space
and interhemispheric fissure, external hydroceph-
alus, benign subdural collections of infancy, cere-
bral atrophy, or craniocerebral disproportion.

Hydranencephaly

Definition. Total or near total absence of the
cerebral tissue to be replaced by CSF and cov-
ered by intact meninges and cranial vault (post-
neurulation defect) [27, 28].

Etiology. Bilateral ICA occlusion causing terri-
torial infarcts and subsequent loss of the cerebral
tissue supplied by the ICAs [29]. Perinatal infec-
tions also implicated and association with mater-
nal smoking has been described [30].

Presentation. The child’s head size is usually
normal at birth but quickly becomes progres-
sively larger. Irritability, hemodynamic instabil-
ity, signs of increased ICP, marked developmental
delay, and seizures.

Radiological findings. Complete absence of the
cortical mantle (small bands of cerebrum are still
consistent with diagnosis), an intact falx, and brain
tissue supplied by the PCAs (posterior fossa struc-
tures, brainstem, thalamus, and hypothalamus).

Prognosis and treatment. As there is no possi-
bility of cerebral cortical recovery, shunting is
only done to control the head size to facilitate
general palliative care for the child.

Differential diagnosis. One must consider the diag-
nosis of maximal hydrocephalus, in which there is
progressive dilatation of CSF spaces with a minimal
amount of cortical tissue. This tissue can actually
demonstrate a remarkable degree of re-expansion
with shunting. Children with maximal hydrocepha-
lus may just show subtle neurodevelopmental delay
in contrast to hydranencephaly patients who are
profoundly abnormal neurologically [28].

167

Trapped Fourth Ventricle
and Multiloculated Hydrocephalus

Uniloculated hydrocephalus is dilatation of one
segment of the ventricular system due to
obstruction at the foramen of Monroe causing
unilateral ventricular dilatation. Alternatively,
obstruction at the cerebral aqueduct and fourth
ventricular outlet may cause dilatation of the
fourth ventricle [31].

Various forms of isolated ventricular compart-
ments have been described [32, 33]:

e Multiple intraventricular septations

e An isolated lateral ventricle/unilateral
hydrocephalus

e Entrapped temporal horn

e Isolated fourth ventricle

» Expanding septi pellucidum/cavum vergae

Etiology. Compartmentalization of the ventricu-
lar system increases following infection (menin-
gitis, ventriculitis, and shunt infection) or
intraventricular hemorrhage.

Pathophysiology. Formation of septations
from microglial membranes extending
through denuded ependyma from underlying
glial tufts or post-inflammatory debris
obstructing the ventricular foramina is
believed to result in the development of locu-
lations [34, 35].

Presentation. The presentation is diverse due to
the varied subtypes. It usually presents with man-
ifestations of mass effect, and cerebellar, brain
stem, and cranial nerve manifestations are com-
monly reported. Alternatively, increased ICP or
seizures from a very large compartmentalization
may also occur.

Treatment. Most children will require multiple
procedures, often utilizing a combination of
endoscopic membrane fenestrations with shunts.
Endoscopic techniques are used to communicate
the loculated regions together to allow for simpli-
fied shunting [36-38].
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Dandy-Walker Malformation (DWM)

Definition. DWM is defined as agenesis of the
cerebellar vermis with cystic dilatation of the
fourth ventricle and hydrocephalus. Other
associated pathological changes include eleva-
tion of the transverse sinus, enlargement of the
posterior fossa, and occlusion of the foramina
of Luschka and Magendie [7, 39, 40]. The con-
dition can be detected antenatally by fetal
sonography as early as the 14 week of gesta-
tion [41].

Presentation. The presentation is highly vari-
able according to the degree of hydrocephalus
and associated anomalies. Children less than a
year of age usually come to medical attention
with signs and symptoms of hydrocephalus.
They often have a characteristic head shape with
large prominent occiput. Older children may
present differently with neurocognitive and
developmental delay, problems with coordina-
tion, or spastic paraparesis.

Radiological findings. Due to variability of
pathological features, a set of radiological abnor-
malities have been proposed [42, 43].
Hydrocephalus is not always present especially
at birth but it occurs in 75-80% of cases by
3 months of age.

Other findings of DWM include:

1. Large median posterior fossa cyst widely
communicating with the fourth ventricle

2. Absence of the lower portion of the vermis

3. Hypoplasia, anterior rotation, and upward dis-
placement of the vermian remnant

4. Absence or flattening of the angle of the
fastigium

5. Large bossing posterior fossa with elevation
of the torcula

6. Anterolateral displacement of normal or
hypoplastic cerebellar hemispheres
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Pathophysiology of DWM-
Associated Hydrocephalus

Hydrocephalus was thought initially to result
from occlusion of the fourth ventricular outlet
foramina; however, other causes are believed
to include maldevelopment of the subarach-
noid space or aqueductal stenosis from upward
herniation of the posterior fossa cyst. A contri-
bution of venous anatomy has also been sug-
gested as a cause due to abnormal location of
the torcula.

Treatment. Debate exists as to within which
compartment to first place a shunt: the lateral
ventricle or the posterior fossa cyst, or both,
simultaneously. A common approach is to shunt
the infratentorial cyst first and then perform an
endoscopic third ventriculostomy if the ventri-
cles fail to decompress with follow-up.

Differential diagnosis. Due to marked variability
of pathological features of DWM, the following
conditions are commonly regarded within the
differential diagnosis:

Dandy-Walker variant is a DWM differentiated
by a slightly less abnormal cerebellar vermis, a
smaller cystic cavity, and a posterior fossa that is
not markedly dilated [44—47]. Recently it has
been considered as a separate entity from the
DWM and given the name of “vermian-cerebellar
hypoplasia.”

Persistent Blake’s pouch cyst is a persistence of a
congenital dorsal appendage of the fourth ventri-
cle, which then forms a posterior fossa cyst
widely communicating with the fourth ventricle.

Mega cisterna magna is an enlarged cisterna
magna combined with vermian dysgenesis but
with vermian tissue remaining between a normal
fourth ventricle and the cistern [47].
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Posterior fossa arachnoid cyst/retrocerebellar
arachnoid cysts are true cysts that do not com-
municate with the fourth ventricle and are not
accompanied by cerebellar hypoplasia. The
radiological appearance may give the impression
of communication because the cyst compresses
the cerebellar tissue.

Neonatal Posthemorrhagic
Hydrocephalus

Neurodevelopmental
Pathophysiology

In the developing brain, the periventricular ger-
minal matrix between the thalamus and the cau-
date nucleus provides the source for neuronal and
glial elements to both cerebral hemispheres. It’s a
highly vascular structure whose vessels have
immature connective tissue architecture and lack
auto regulatory properties of mature cerebral
vasculature.

Risk factors for the development of neonatal
hemorrhage include early gestational age at deliv-
ery (25-30% of preterm babies) [48], any cause
of large fluctuations in cerebral blood flow due to
vigorous resuscitation, pneumothorax, respiratory
distress syndrome or seizures, or neonatal sepsis,
which may cause cerebral vasculitis.

A major concern in children with neonatal
IVH is the development of hydrocephalus, which
may subsequently adversely affect the neurocog-
nitive development of the child. Chapter 11 con-
tains a complete discussion of neonatal IVH for
more details. Briefly, progressive posthemor-
rhagic ventricular dilatation (PPHVD) has been
estimated to occur in 25-50 % of preterm infants
diagnosed with IVH. This is believed to cause a
three- to fourfold increased risk of cognitive and
psychomotor delay [49]. Hydrocephalus in these
children is attributed to blood and its breakdown
products in the CSF that may excite an ependy-
mal reaction causing obstruction at critical pas-
sages such as the cerebral aqueduct. Alternatively,
the blood may cause scarring of the subarachnoid
space and villi and impair CSF absorption.
Comprehensive management is discussed in
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Chap. 12, but a general classification is presented
here for easy reference.

Papile et al. Classification
of Germinal Matrix
Hemorrhage [50]

1. Grade I: hemorrhage restricted to subependymal
parenchyma or minimally involves the ventri-
cle (<10 %).

2. Grade II: hemorrhage extends into the ventri-
cle but doesn’t expand it or occupy >50 % of
the ventricle.

3. Grade III: hemorrhage occupies >50 % of the
ventricle and often distends it.

4. Grade IV: classically refers to the extensive
IVH with parenchymal involvement but
recently referred to as periventricular hemor-
rhagic infarction (PVHI) because it mostly
results from venous occlusion with subse-
quent hemorrhage [51-53].

Normal Volume Hydrocephalus

This is a term that generates considerable debate
and is often referred to as “slit ventricle syn-
drome” since the condition is usually described
with shunted children who develop manifesta-
tions of increased intracranial pressure without
ventriculomegaly [54, 55].

Children may be classified within several dif-
ferent groups:

e Children with functioning shunts with very
low ICP [56, 57]

e Children with intermittent malfunction of the
shunt with impaired drainage. This group can
show some ventriculomegaly in the transitory
phase of increased ICP

e Children with definite shunt malfunction who
have rigid ventricular walls [58, 59]

e Children with functioning shunts but manifest-
ing increased ICP due to increased venous pres-
sures which occur within pseudotumor cerebri

e Children with functioning shunts and high
ICP due to craniocerebral disproportion [60]
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Normal pressure hydrocephalus is a well-
described clinical and radiographic entity usually
diagnosed in elderly adults with ventriculomeg-
aly, but only normal or upper edge of normal ICP
is less commonly found in pediatric patients [61].
Another commonly used term is arrested hydro-
cephalus, which refers to the condition of non-
shunted persistent ventriculomegaly with normal
ICP and no obvious clinical manifestations.
These children also pose a management chal-
lenge but usually only require observation.

Post-traumatic Hydrocephalus

Definition. A fairly high risk of ventricular dila-
tation (7-29 %) may occur within variable peri-
ods after trauma ranging from 2 weeks to several
years [62].

Pathophysiology. Obstruction due to intraven-
tricular hemorrhage, small clots, or contusions,
compressing the narrow ventricular passages, or
a decrease in CSF absorption due to subarach-
noid hemorrhage, infections, or early surgical
procedures resulting in significant subarachnoid
scarring are among the proximal causes of post-
traumatic hydrocephalus [63].

Clinical presentation. The acute presentation is
with overt manifestations of increased ICP. These
may be headache, bradycardia, or changes in the
neurologic exam, typically recognized within the
intensive care setting. It should also be suspected in
cases of CSF leakage or increasing CSF collections
following a trauma-related craniotomy. In the
chronic setting, which can be days to weeks post-
injury, this entity may present with a more insidi-
ous progressive cognitive decline, behavioral
changes, or failure to attain functional improve-
ment after the initial head trauma [64—66].

Treatment. Post-traumatic hydrocephalus, with
either acute or chronic presentations, is likely to
benefit from CSF diversion.

Differential diagnosis. Post-traumatic brain
atrophy may be very difficult to differentiate

A.M. Abdel-Latif and J.P. Greenfield

from a normal pressure variant of the posttraumatic
hydrocephalus sharing clinical and radiological
characters. Invasive ICP monitoring can help dis-
tinguish the two, as can ophthalmologic evalua-
tion for papilledema and comparison of serial
imaging.

Radiologic Recognition
and Definition of Hydrocephalus

Various modalities can be used to detect and fol-
low hydrocephalus, depending on the age of the
patient and the acuity of the presentation.
Ultrasound is the modality of choice for neonates
with open fontanels as it visualizes the supraten-
torial compartment with excellent resolution. It is
widely utilized in neonates with IVH for diagno-
sis and surveillance imaging because it is safe,
routinely available and cost-effective. It cannot
always visualize the entire intracranial space but
is an excellent first choice for very young chil-
dren, particularly in NICU and outpatient set-
tings. CT and MRI, discussed in significant detail
in Chaps. 18 and 20, offer far more detailed eval-
uations of the entire ventricular system and a bet-
ter visualization of possible underlying etiologies.
Relative risks and benefits of these tests are also
fully covered in other dedicated portions of this
textbook. With respect to the radiologic definition
of hydrocephalus, there is no single radiological
parameter that can be totally relied upon, but
some criteria do exist:

1. An obvious appearance of the temporal horns,
especially if both are =2 mm

2. A frontal horn/internal diameter ratio (FH/ID)
>0.5, which is the ratio between the largest
width of the frontal horns to the internal skull
diameter on the same slice

3. An Evan’s ratio>0.3, which is the ratio
between frontal horn largest width (FH) and
the maximum biparietal diameter in the same
CT slice

4. FOH ratio =0.37, which is the ratio of the sum
of the largest diameter of the frontal and the
occipital horns (FH+OH) to twice the maxi-
mum biparietal diameter [67]
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5. A sagittal MRI showing upward bowing and
thinning of the corpus callosum or bulging
and prominence of third ventricular recesses

6. Reduction of the frontal horn caudate angle or
increased frontal horn radius

7. Periventricular white matter hypodensity on
CT, hypointensity on T1WI, or hyperintensity
on T2WI and FLAIR sequences. These all
indicate trans-ependymal egress of CSF into
the surrounding parenchyma

Clinical Presentation
of Hydrocephalus

Clinical manifestations of hydrocephalus differ
according to the age group of diagnosis between
neonates and infants, children, and young adults.
Much of this difference is due to the presence of
an open fontanel as patent cranial sutures alter
the pathophysiology of hydrocephalus. Open
sutures permit a compensatory cranial expansion
to balance an increase in the ICP. The develop-
ment of clinical manifestations also depends
upon the rate of ICP increase. Mechanisms such
as suture diastasis are better able to compensate
in a subacute or the chronic form than in the acute
presentation [68—70].

Neonates and Infants

Symptoms:

Irritability.

Poor suckling/poor feeding.

Delayed milestones, especially poor head
control.

Repeated vomiting and clinical status deterio-
ration can still occur even with open sutures.

Signs:

Progressive increase in the head circumfer-
ence may be the earliest and the most sensi-
tive sign in this age group.

A bulging anterior fontanel, splaying of the
cranial sutures, engorged scalp veins, and
“sunset” appearance of the eyes.

Apneic spells.
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Children and Young Adults

Symptoms:
Manifestations of increased ICP are often
more pronounced.
Headache, nausea, and vomiting.

Signs:
Bradycardia
Papilledema
Behavioral or cognitive changes
Deteriorating level of consciousness

Hydrocephalus Associated
with Chiari Malformations

Hydrocephalus is present in 85-90 % of chil-
dren with Chiari II malformations. The etiology
is directly related to the presence of spinal dys-
raphism acting as a CSF reservoir shifting cra-
nial CSF to the spine resulting in the absence of
the distending forces in the cranial compart-
ment during fetal development. This leads to
the constellation of features of Chiari II includ-
ing hydrocephalus [71]. In these children
hydrocephalus is thought to occur secondary to
compromised CSF flow at multiple points
including the cerebral aqueduct, the outflow of
the fourth ventricle, and basal cisterns sur-
rounding the brainstem.

Clinical presentation. Hydrocephalus usually
presents in first year of life often at birth and fre-
quently in the week following the repair of the
spinal dysraphism. The clinical presentation is
similar to the manifestations described under the
section of symptoms and signs in neonates and
infants; however, it also includes CSF fistula with
the newly repaired spinal defect as a pseudo-
meningocele or direct CSF leak [72].

Management. Endoscopic third ventriculostomy
is far less effective in neonates with hydrocephalus
even in cases where aqueductal stenosis is found;
thus, ventriculoperitoneal shunting still serves as
the mainstay of treatment for this population.
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Aqueductal Stenosis

Description.  Tri-ventricular  hydrocephalus
describes a common neuroanatomical variant in
which the fourth ventricle does not share the
same degree of dilatation as the remaining ven-
tricular compartments. It’s the most classic form
of obstructive hydrocephalus.

Etiology. Either defined as intrinsic due to nar-
rowing or blockage of the aqueduct, which is
usually secondary to causes such as post-
inflammatory gliosis from infection or hemor-
rhage or extrinsic occurring due to compression
from outside, which can be due to congenital
causes including Chiari type II or Dandy-Walker
malformations tectal plate gliomas or pineal
region masses.

Management. Aqueductal stenosis represents an
excellent opportunity for endoscopic third ven-
triculostomy because the etiology is believed to
be purely obstructive without a communicating
component. Failure of ETV is likely due to a con-
tribution of an absorptive defect due to hemor-
rhage or infection [73].

X-Linked Hydrocephalus

Description. This genetic form of hydrocephalus
affects only males due to transmission via pheno-
typically normal mothers. X-linked hydrocepha-
lus represents ~2% of cases of hydrocephalus
with incidence of 1/25,000-1/60,000.

Pathophysiology. A genetic locus on Xq28
[74] results in abnormal expression of the
L1CAM membrane-bound protein that plays an
important role in axonal migration and CNS
development.

Radiologic criteria. These children have
MRIs demonstrating symmetric hydrocepha-
lus with predominant enlargement of the
occipital horns [75], hypoplastic or aplastic
corpus callosum, a large massa intermedia, an
enlarged quadrigeminal plate, and a hypoplas-
tic cerebellar vermis.
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Management. Treatment is no different than
other forms of congenital hydrocephalus; how-
ever, the neurocognitive prognosis is more
uniformly dismal.

Idiopathic Intracranial
Hypertension

IIH is a condition much more commonly
described in adults than in children yet appears to
be increasing in frequency with increasing pedi-
atric obesity. It is often described as a stand-alone
clinical entity but can be understood also as a
subtype of slit ventricles syndrome [76, 77].

Etiology. IIH is not fully understood but venous
hypertension is the most likely cause. Often
patients are overweight or obese, and significant
stenosis of the venous outflow is commonly
identified.

Clinical presentation. Children will present
with a combination of worsening headaches and
visual manifestations. Blurry vision or field cuts
are often described, and papilledema may be
seen, depending on the time frame of symptom
evolution. ITH is diagnosed clinically and oph-
thalmologically and is confirmed with a high
opening pressure on lumbar puncture.

Management. The main clinical concern in the
acute setting is vision preservation, through dif-
ferent treatment modalities according to the clini-
cal severity.

¢ Medical: acetazolamide and diuretics.

*  Weight loss.

¢ Repeated lumbar punctures.

e CSF drainage by lumboperitoneal shunts, fall-
ing out favor due to associated complications
or ventriculoperitoneal shunts utilizing stereo-
tactic guidance.

e Optic nerve sheath fenestration.

e More recently, interventional neuroradiology
has developed venous sinus stents to address
commonly found venous sinus stenosis.
These stents have been used with success in
limited trials to date.
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Hydrocephalus with Brain Tumors

With reference to the case scenario presented at
the beginning of the chapter. hydrocephalus pre-
senting in association with brain tumors is nearly
always obstructive in nature. Notable exceptions
to this include communicating forms due to
increased CSF secretion from choroid plexus
papilloma and carcinoma or disseminated lepto-
meningeal disease at later stages of malignant
disease. Hydrocephalus is identified in about
50 % of brain tumors [78].

Common pathologies associated tumors of the
fourth ventricle including ependymoma, and
medulloblastoma, tumors of the cerebellar ver-
mis or hemisphere such as juvenile pilocytic
astrocytoma, or tumors of the pineal region or
tectal plate (e.g., benign tectal gliomas).

Clinical presentation. Children with brain
tumors and hydrocephalus very frequently come
to medical attention for the symptoms attribut-
able to the hydrocephalus rather than the tumor
directly. A slow progression of the tumor may
result in a more acute change in the ICP after a
compliance curve has been maximally stressed.
This typically results in children with inconstant
headache and vomiting that may occur in isola-
tion of other manifestations, particularly upon
awakening in the morning.

Management. Persistent post-tumor resection
hydrocephalus rates of 10-30 % have been con-
sistent. Estimation scores have also been formu-
lated and tested also for validation [79] to settle
on the optimal treatment choice, are widely
debated, and include:

* Direct tumor resection alone with expectant
resolution of obstructive hydrocephalus

e Temporary perioperative ventricular decom-
pression with the use of and external ventricu-
lar drain

* A preoperative endoscopic third ventriculostomy

* Ventriculoperitoneal shunting prior to or fol-
lowing tumor resection
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e Hydrocephalus is a heterogeneous disease
encompassing many etiologies and patholo-
gies. The presence of large ventricles on
imaging study reports that you may receive is
not synonymous to hydrocephalus. The clini-
cal presentation of hydrocephalus varies
according to age and rate of the development
of increase in the ICP.

e Clinical findings should always guide man-
agement, but clearly in nearly all circum-
stances, children will need to be evaluated and
followed closely by pediatric neurosurgeons.

e A very common diagnosis you may encounter
in your neonatal population is external hydro-
cephalus. Remember that this doesn’t mean
there is symptomatic hydrocephalus or brain
atrophy; it’s usually a developmentally tran-
sient phenomenon in which the frontal sub-
arachnoid spaces are more prominent resulting
in large heads. These children should be seen
by a pediatric neurosurgeon, simply for reas-
surance, as surgery is usually not indicated.

e Another very common diagnosis your
patients may carry secondary to prematurity
is intraventricular hemorrhage resulting in
hydrocephalus. These children often have a
difficult first year of life and may require one
or more operations to address their
hydrocephalus.

» Just as large ventricles shouldn’t always mean
surgery is needed, likewise, small ventricles
don’t mean that surgery isn’t needed! Slit
ventricle syndrome and idiopathic intracra-
nial hypertension (formally called pseudotu-
mor cerebri) is a broad and challenging
category of hydrocephalus. Using scientific
classification is crucial to reach optimal man-
agement options. These children and their
families require very intense neurosurgical
counseling and often frequent intervention,
and close communication with their pediatric
neurosurgeon is suggested for optimization of
surgical and nonsurgical care of their intra-
cranial condition.
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Clinical Vignette An 8-month-old baby boy was
brought to your office over parental concerns that
their child’s head seemed much bigger than other
babies. He had been seen in your office at his rou-
tine 6-month visit and exhibited a HC that placed
him above the 90th percentile.

On examination today, he remains well
appearing, meeting all developmental milestones
and raises no clinical concerns with respect to
eating, sleeping or activity levels. His HC did in
fact jump and his curve now places him above the
95th percentile. His AF is sunken and he exhibits
no other signs of raised intracranial pressure.

You initiate a conversation with his mother
regarding family history, and she indicates that
the child’s father and in fact all the males on his
side of the family, have large heads and she won-
dered if the tendency to have a large head could
be genetic. You discuss the likely etiologies of
benign familial macrocephaly or enlarged sub-
arachnoid spaces of infancy and assure them that
no imaging is required to evaluate the child.
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