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Preface to the Second Edition

I am pleased to present the second edition of the Textbook of Clinical Pediatrics. The first edition of this textbook
(published in 2001) proved to be both a scientific and a clinical success. Scholarly reviews recommended the book as a
primary textbook for residents and medical students and an excellent resource for practicing pediatricians as well as other
pediatric health care providers.

The primary goal of the editor of any clinically oriented textbook is to make sure that the text is comprehensive, with
updated knowledge, and draws together best practices in practical clinical management. This can be achieved only by
utilizing the expertise of those colleagues who have special knowledge and talent in the discipline of pediatrics as a whole
and in its various sub-specialties. It is with great pleasure that I welcome along with Harb Harfi and Hisham Nazer, the
new co-editors—Dr. Bruder Stapleton (University of Washington School of Medicine), Dr. William Oh (Brown
University School of Medicine) and Dr. Richard Whitley (University of Alabama School of Medicine) who have brought
in their deep knowledge and practical expertise to harness the best available knowledge in pediatrics. All of us together are
also delighted to welcome our very eminent panel of outstanding leaders who performed the role of editing various
topical sections on pediatric sub-specialties strengthening them with their specialized knowledge, authority, and
experience. The second edition includes an expanded team of 17 new section editors who contribute to a wider coverage
and scope of this new edition. We are pleased to welcome our 389 expert contributors from leading medical schools and
medical centers around the world who contributed chapters.

This second edition constitutes a major revision, update, and reorganization of the textbook based on systematic
reviews of advances in pediatric science and clinical application while retaining the reader- and practitioner-friendly
features of the first edition. It is designed to cover contemporary pediatrics totally in logical sequence and with maximum
authority. All pediatric sub-specialties are covered and discussed. The textbook’s size and number of illustrations have
been increased significantly. The scope of this text is wider than most other textbooks of pediatrics—this is deliberate and
reflects the growth of knowledge in the field as well as the changing trends in medical practice and education. The
contents have therefore been redeveloped to serve as a substantial and comprehensive pediatric text, balanced scientif-
ically and clinically to be a problem- and evidence-based global reference for clinicians.

To this end, many fields have been extensively rewritten, including—genetic disorders, neonatology, infectious
diseases, blood diseases, endocrine disorders, cardiology, pediatric oncology, developmental, learning and behavioral
disorders, allergic disorders, primary immunodeficiency disorders, respiratory disorders, neurology, kidney and urinary
tract disorders, disturbances in acid-base and electrolyte disorders, critical care, rheumatology, pediatric orthopedics,
and disorders of the skin. Three new sections have been added on pediatric surgery (intended to help practitioners to
benefit from the knowledge and clinical management experience of medically important pediatric surgery problems
through the eyes of expert pediatric surgeons), on adolescent medicine (an important new area of knowledge related to
the practice of pediatrics), and on drug dosing in pediatrics (providing important reference information to busy
practitioners on dosage and value).

A total of 155 new chapters have been added including—principles of genetic testing, treatment of genetic disorders,
surfactant replacement therapy, ECMO, neonatal neurology, common procedures in neonatology, ethics and decision
making in neonatology, autism spectrum disorders, children in disaster, nutritional modulation of intestinal gene
expression, animal and human bites, infection associated with medical devices, Chlamydial infections, Listeria
monocytoenes, Mycoplasma infection, Actinomycosis, influenza, 2009 HIN1, rotaviruses and noro-and caliciviruses,
innate immune defect, immune dysregulation, cutaneous disorders of neonate, pediatric surgical dermatology,
skin barrier management and topical treatment in pediatric dermatology, pain amplification syndromes,
autoinflammatory diseases, post-infectious arthritis and related conditions, probiotics in gastrointestinal disorders,
capsule endoscopy in childhood, intestinal transplantation in children, mitochondrial hepatopathies and Reye’s
syndrome, pulmonary complications of the immunocompromised patients, cardiovascular genetics, sudden cardiac
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death and pre-participation sports screening, secondary cardiac morbidities, noninvasive cardiovascular imaging,
interventional cardiology, cardiomyopathies and heart transplantation, acute respiratory failure, mechanical ventilation,
and infections in PICU.

In addition there are chapters on the management of snake bites and spider bites, clinical disorders associated with
altered potassium metabolism, care of the child refusing blood products, thrombosis, sleep and its disorders in
childhood, stroke in children, headache and head pain, pediatric neurorehabilitation and many others.

The textbook places special emphasis on the clinical aspects of various practical pediatric problems. Actual prototype
case histories, intended to reinforce the basic principles in clinical management, are presented in sections where it
contributes to an enhanced understanding of the subject, such as genetic disorders, inborn errors of metabolism and
immunology.

Sections also have been enriched with chapters on clinical scenarios that form the basis for discussion of the relevant
clinical problem and are commonly encountered by practitioners and residents, such as anemia, child with recurrent
infections, failure to thrive, cough, chest pain, abdominal pain, diarrhea, vomiting, abdominal masses, limping child,
heart murmur, metabolic acidosis, metabolic alkalosis, proteinuria, hematuria, and enlarged lymph nodes. These
chapters provide an overview of the background for these clinical problems as well as an approach for managing the
problem.

Wherever possible, the textbook has based its contents on the best available evidence. The level of evidence preferred
is the systematic review of randomized control trials. It is the editors’ earnest hope that these efforts provide for
a significant enhancement of the management and care for sick children around the world.

On a personal note, I would also like to add for those interested, a short history of the development of this work. It
was several years ago in Benghazi (Libya), my home town, where I thought to edit a textbook that would cover new
ground clinically and yet be of global relevance. Dr. Hassan Majeed was the first person who accepted the idea and gave
his guidance and support. Dr. Ahmad Teebi contributed to the first edition as section editor for genetic disorders. Both
were inspiring teachers with unique clinical competence (Majeed syndrome, Teebi syndrome). It is sad that both these
giants of clinical pediatrics passed away in 2010. Majeed and Teebi will not be forgotten and will be missed by all who were
inspired by them to work with children.

The editors and I also thank the staff at Springer who did a great job to ensure the best major reference work possible.
Particularly, Sandra Fabiani, Anil Chandy, and Sunali Mull from Springer’s major reference work division as well as
Marion Kraemer and Sverre Klempe from the Clinical Medicine editorial division.

For this new edition, I also appreciate and acknowledge the support of the Faculty of Medicine, Umm Al-Qura
University.

The editors and I like to dedicate this textbook to our contributors and section editors. Itis their book and it is their
work that has given our textbook its strength and authority.

September 2011 Abdelaziz Y. Elzouki
Makkah, Saudi Arabia



Preface to the First Edition

It is with great pleasure, that we launch the first edition of the Textbook of Clinical Pediatrics. The textbook went through
several stages of ideas, development, design, writing, revision, editing and extensive critical review by authorities in their
field before it was submitted for publication. All the above stages demanded a great amount of effort. The aim was to
produce a textbook that has both a global appeal and interest and would help practicing pediatricians, pediatric residents
and family practitioners to manage sick children in a practical way, but on a sound scientific basis. The textbook is also
intended to help pediatricians in training who are preparing for board or membership examinations and to function as
a desk reference with updated information for practicing physicians and pediatricians. Our aim was also to develop
a textbook that covers in some detail prevalent childhood diseases. In doing so, we are privileged to acknowledge the
contribution of over 100 distinguished pediatricians and scientists from 34 well-known medical schools, major hospitals
and health centers from five continents. Therefore, this textbook is enriched with international experience in childhood
health care.

Almost all pediatric subspecialties are well covered in this textbook, including blood diseases, neoplastic disorders,
infectious diseases, respiratory disorders, allergic disorders, immunodeficiency disorders, inborn metabolic disorders,
rheumatic disorders, cardiovascular disorders, diseases of the kidney and urinary tract, nutritional disorders, neonatol-
ogy, endocrinology, oral and craniofacial disorders, gastrointestinal and liver disorders, neurological disorders, skin
diseases, orthopedic, otolaryngology, ophthalmological disorders, pediatric poisoning, critical care, burns, acid base and
electrolytes disturbance. The textbook puts special emphasis on the clinical aspects of various practical pediatric
problems. Prototype actual case histories, to enforce the basic principles in clinical management, are presented in
sections where we think it will make the subject more understandable, such as in inborn errors of metabolism and
immunology. Some sections also have been enriched with a chapter on a clinical scenario that forms the basis for
discussion of relevant clinical problems. For example, in the hematology section, there is a chapter on approach to a child
with anemia; in the kidney and urinary tract disorders section there is a chapter on clinical approach to a child with
urinary tract obstruction; in the section on malignant and neoplastic disorders, there is a chapter on clinical approach to
a child with abdominal mass, and lymph node enlargement; in the immunology section, there is a chapter on approach to
a child with recurrent infection; and in the genetic section, there is a chapter on approach to the child with dyamorphic
features.

We would like to dedicate this textbook to all those who contributed to it either directly, such as our contributors,
section leaders and supportive staff, or indirectly by being supportive and patient during the preparation, writing and
editing of this text, including our families and colleagues. Special appreciation is due to the staff of Lippincott Williams &
Wilkins who took a keen interest and labored to ensure the best book possible. We particularly thank Ellen DiFrancesco
and James D. Ryan, Vice President of Lippincott Williams & Wilkins.

We wish to give a special mention and acknowledgment to King Khalid Foundation, Saudi Arabia for their generous
contribution and support.

Abdelaziz Y. Elzouki
Harb A. Harfi
Hisham M. Nazer
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Introduction

Genetics has long been recognized as playing an integral
role in pediatric medicine, given that many genetic disor-
ders are congenital or have their onset in childhood. Med-
ical genetics came of age as a discipline in the 1950s, with
the discovery of the chromosomal basis of disorders such as
Down syndrome and the advent of treatment for inborn
errors of metabolism and newborn screening in the 1960s.
Over the ensuing years, great progress has been made in
both diagnosis and management of genetic disorders, con-
genital anomalies, and chromosomal abnormalities. Nev-
ertheless, through most of the past 50 years, two notions
have been associated with medical genetics. First, it was
perceived that medical genetics focused on rare, if not
obscure, conditions — conditions that were important to
the individuals and families that are touched by them, but
having an impact on only a small slice of medicine. The
second notion was that, with the exception of some inborn
errors of metabolism, most genetic disorders were
untreatable, and that geneticists were far better at diagnos-
ing and counseling than at managing their patients’ prob-
lems. In recent years, both of these notions are being
dispelled. Although it has long been recognized that genetic
factors predispose to both rare and common disorders, it is
only recently that the tools of genomics have made it
possible to identify these genes and thereby develop predic-
tive tests and understand pathophysiology. Moreover,
insights into basic mechanisms of disease are revealing
approaches to treatment that were previously out of
reach. The scope of genetics in pediatric practice therefore
has expanded to include both rare and common disorders,
and to encompass the full spectrum of care, from preven-
tion through diagnosis and treatment. This chapter will
provide an overview of medical genetics in pediatric med-
icine, exploring this spectrum of activity and laying the
groundwork for the more detailed chapters that follow.

The Scope of Genetics in Pediatrics

It has been estimated that 71% of children admitted to the
hospital are there due to complications of a genetic

disorder or a congenital anomaly. These include a wide
range of conditions, including chromosomal abnormali-
ties, mutations in single genes, inborn errors of metabo-
lism, and congenital anomaly syndromes. More common
multifactorial conditions such as asthma are not counted
in this tally; if all disorders with a genetic contribution
were included, then virtually all children with non-
traumatic illnesses in the hospital would be there by virtue
of a genetic predisposition. In this section the major
classes of genetic contributions to ill health will be
considered.

Chromosomal Disorders

Chromosomal abnormalities were among the first genetic
disorders to be amenable to laboratory testing. In 1959,
shortly after techniques that permit the study of mitotic
chromosomes were introduced, trisomy 21 was found to be
the basis for Down syndrome. In the years that followed,
several other disorders associated with abnormalities of
chromosome number were described — trisomies 13 and
18, and sex chromosome aneuploidies such as Turner syn-
drome and Klinefelter syndrome. Initial approaches per-
mitted only gross changes of chromosome number, or
extreme gains or losses of material or rearrangements to
be identified. Another wave of discovery ensued when in
the late 1960s chromosome banding techniques were devel-
oped, along with approaches to high-resolution analysis.
This yielded a much larger number of disorders associated
with more subtle chromosomal rearrangements. A third
technological advance that revealed the basis for additional
genetic disorders was the advent of fluorescence in situ
hybridization (FISH). This began the era of molecular
cytogenetics, in which purified fragments of DNA were
labeled with fluorescent dyes and hybridized to homolo-
gous sequences on the chromosomes, marking the chro-
mosomal loci corresponding to the DNA fragments. This
permitted the detection of regions of gain or loss of material
that were too small to visualize with the microscope. Several
disorders were attributed to changes in gene dosage, and by
the mid-1990s, FISH had become a standard and critical
tool in clinical cytogenetics. Currently, a fourth wave of
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discovery is underway that is dramatically changing the
diagnostic approach. This employs molecular cytogenetic
analysis, including array comparative genomic hybridiza-
tion or SNP arrays, collectively referred to as “cytogenomic
arrays.” In array comparative genomic hybridization, DNA
from a patient and reference “normal” DNA are labeled
with different fluorescent dyes and allowed to compete for
hybridization to thousands of DNA fragments attached to
a glass “chip.” Gains or losses of material in the patient
sample can be visualized by unequal hybridization to
a specific fragment. This approach offers much higher
resolution than is possible with FISH, which relies on
hybridization to fixed whole chromosomes. It also permits
a rapid scan of the entire genome for gain or loss of
material, with no need to specify in advance a region of
interest. Cytogenomic arrays are revealing rearrangements
that could not have been detected with cytological means,
often in children with relatively nondescript phenotypes
characterized mainly by developmental impairment or
autism spectrum disorders.

The phenotype associated with chromosome abnor-
malities occurs due to genetic imbalance, that is, gain or
loss of genetic information. Most trisomies and all mono-
somies involving non-sex chromosomes are lethal in early
development; only trisomies 13, 18, 21, X, and Y are com-
patible with live birth, and trisomies 13 and 18 usually are
lethal early in life. Each chromosome contains hundreds
to thousands of genes, many of which are highly regulated,
so that having a missing or an extra copy has profound
effects on development. Gains or losses of smaller regions
of a chromosome are more likely to result in live birth, but
still have significant phenotypic effects. It is becoming
clear that some small rearrangements are not associated
with recognizable phenotypic consequences, and probably
are common benign variants (polymorphisms). Others
may be phenotypically important, causing problems
such as developmental delay or autism.

To the pediatrician, the typical “signature” of
a chromosomal abnormality was a defined constellation
of congenital abnormalities constituting a syndrome, such
as Down syndrome. Usually these are recognized at birth
or in early childhood, although sex chromosome abnor-
malities such as Turner syndrome or Klinefelter syndrome
might not be suspected until later on. In most cases, the
child would be the only affected member of the family,
except in the rare case of translocation, in which balanced
carriers could have children with unbalanced karyotypes.

The microdeletion and microduplication syndromes
also have well-defined phenotypes, although their number
is sufficiently large that the pediatrician may not be famil-
iar with all of the disorders. Although usually sporadic,

there are instances where the condition is transmitted as
a dominant, since an affected parent may be able to repro-
duce and can pass the chromosome with the deletion or
duplication on to a child. The very subtle gains or losses
now being found with array comparative genomic hybrid-
ization may produce complex malformation syndromes,
or more selective effects on a single developmental system.
Both sporadic and inherited versions may occur.

The term “inborn errors of metabolism” was coined by
the British physician Archibald Garrod, working in the
first decade of the twentieth century. He recognized a set
of inherited conditions in which there was an apparent
block in some essential metabolic pathway. The para-
digm was further developed later in the century with
the discovery that phenylketonuria, at the time a com-
mon cause of several developmental impairment, was
due to accumulation of toxic metabolites of phenylala-
nine due to the lack of activity of the enzyme phenylal-
anine hydroxylase.

Inborn errors of metabolism represent breakdowns of
biochemical pathways due to genetic mutations that inter-
fere with the function or production of a specific enzyme
or coenzyme. The phenotypes are the result of some com-
bination of accumulation of substrate and/or deficiency of
product. In some cases, such as phenylketonuria, the sub-
strate is soluble and circulates throughout the body, caus-
ing toxicity. In other cases, the substrate may be an
intracellular component, leading to engorgement of cells
and consequent tissue or organ damage. The latter is the
case for lysosomal storage disorders.

Inborn errors of metabolism have been among the first
of genetic disorders to be amenable to treatment. Disor-
ders such as phenylketonuria are treated by restriction of
dietary intake of the offending substance, phenylalanine in
this case. In some cases, residual enzyme activity can be
stimulated using coenzymes or other pharmaceuticals, or
biochemical approaches can be used to remove toxic sub-
strates. Lysosomal storage disorders are now increasingly
treatable by infusing purified enzyme, modified chemi-
cally so that it is taken up into cells to replace missing
enzyme. Eventually, approaches of gene replacement may
be possible to effect true “cures” of some inborn errors.

Most inborn errors of metabolism are inherited as
recessives, in that both alleles that encode an enzyme
must be altered by mutation to produce the phenotype.
This results from the catalytic properties of enzymes;
heterozygotes with half the normal amount of enzyme
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activity  still produce sufficient activity to avoid
a phenotype. Because of this, most couples at risk do not
know that they are carriers until an affected child is born.
In some cases, where a disorder is common in a specific
population, individuals may be screened before childbear-
ing to identify carriers. This is the case, for example with
Tay—Sachs disease, a lysosomal storage disorder that is
more common in individuals of Ashkenazi Jewish or
French Canadian background. Advances in genetic testing
now make it possible to offer screening for a large number
of recessive disorders, both rare and common, regardless
of ancestry. This approach raises questions of clinical
utility, however, that remain unanswered.

Inborn errors of metabolism tend to be progressive
disorders. In most cases, this is due to gradual accumula-
tion of toxic substrates. Those associated with soluble
factors usually do not present until after birth, since the
toxic material crosses the placenta and is cleared by the
mother in utero. These disorders present in infancy or
childhood, but by the time symptoms are recognized
irreversible damage may be done. This has led to newborn
screening programs to enable presymptomatic detection
and prompt institution of treatment. Newborn screening
is practiced throughout the developed world; the scope of
testing is rapidly expanding due to new technologies, most
notably tandem mass spectrometry used for detection of
a large array of metabolites. The pediatrician is usually the
first responder to an abnormal newborn screen, and needs
to be familiar with the immediate care and availability of
specialists in biochemical genetics.

This term is used to describe disorders associated with
mutation of specific individual genes. Inborn errors of
metabolism are a special case of single gene disorders, as
discussed earlier. In fact, no condition is truly due solely to
mutation in a single gene. All genes function in a complex
physiological environment in which there are multiple
interactions between genes and gene products. To some
extent, this complexity may explain differences in pheno-
type between two individuals with the same disorder.
Nevertheless, although no disorder is totally determined
by the effects of a single gene, there are many examples
where mutations in specific genes lead to dramatic
phenotypes.

The first single gene disorder to be characterized at the
molecular level was sickle cell anemia, a recessive trait due
to mutation of a single nucleotide in the beta globin gene.
It is found primarily in individuals with ancestry traced to

sub-Saharan Africa, where being a carrier conveyed rela-
tive resistance to malaria. The single base change alters the
chemical properties of beta globin so as to alter the struc-
ture of the red cell, which interferes with its traverse
through small vessels, leading to pleiotropic effects on
many systems of the body.

Several thousand single gene disorders have been
defined, cataloged in Mendelian Inheritance in Man, ini-
tially a book and now an online database (www.ncbi.nlm.
nih.gov/omim/). These include both exceedingly rare and
surprisingly common disorders with all possible modes of
inheritance: recessive and dominant, autosomal, sex-
linked, and maternal (mitochondrial). Some, such as cys-
tic fibrosis or Marfan syndrome, are likely to be familiar to
pediatricians. Others are so-called private syndromes that
have only been seen once, in a specific individual family.
Many have onset in childhood, whereas others, such as
Huntington disease, usually have onset in adulthood.

The major advance in the field of single gene disorders
in recent years has been the advent of molecular diagnostic
testing. There has been an exponential increase in the
number of disorders that have been associated with muta-
tion in specific genes in recent years, and once the gene is
identified, molecular genetic testing becomes possible for
diagnostic purposes. Testing is offered for many of these in
both commercial and academic laboratories, and data-
bases are available to guide the clinician to laboratories
where testing is offered (e.g., www.genetests.org). Tests for
very rare disorders may be available on a clinical basis in
a limited number of laboratories, or on a research basis in
some. The increasing availability of genetic testing makes
it easier to provide a definitive diagnosis and offer antic-
ipatory guidance and counseling regarding risk of
recurrence.

As the genes associated with specific conditions are
identified, the pathophysiology of these disorders can be
brought to light. This is revealing fundamental mecha-
nisms of the control of critical cellular processes, and is
opening avenues of possible treatment. Treatments may
include the use of pharmacological agents that modulate
these pathways, or, eventually, perhaps the substitution of
cells or genes to overcome the defect. Although many of
these disorders are well established by the time of birth,
there is a possibility that progressive symptoms may be
prevented and even established symptoms ameliorated.

It has long been recognized that some disorders tend to
cluster in families, yet do not segregate according to
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Mendel’s laws as single gene conditions. This includes rare
congenital anomalies, such as spina bifida, and more com-
mon conditions such as asthma. Aside from familial clus-
tering, these conditions tend to be concordant in identical
twins more often than in sibs, yet even identical twins are
not always concordant with respect to disease. This has led
to the model of multifactorial inheritance, in which liabil-
ity to a disease phenotype is due to a combination of
genetic and nongenetic factors; the latter includes envi-
ronmental factors and others, such as chance.

Until recently, the genetic approach to multifactorial
disorders was limited to empirical recurrence risk counsel-
ing, using population data to estimate risk. Since the
introduction of genomic approaches, however, it has
become possible to identify the genes that predispose to
both rare and common disease. Much of this work has
been based on genetic association, that is, finding genetic
variants that are seen more often in those with a condition
than in unaffected controls. Variants are now known
throughout the genome, and advances in genotyping tech-
nology have made it possible to do whole-genome scan-
ning for association in large case-control cohort studies.
This has led to a flood of discovery of genes associated
with disease, though in most cases the contribution of any
specific genetic factor is small.

The clinical impact of identification of genes associ-
ated with multifactorial disorders is just beginning to be
felt. Predictive testing to identify individuals at risk may be
possible if specific genetic variants are strongly associated
with disease. These associations, however, are not the
equivalent of diagnostic tests, and relative risks may be
very modest. An additional benefit of identification of
genetic factors in multifactorial disease may be the discov-
ery of cellular mechanisms of disease, leading to new
approaches to prevention or treatment.

Several lines of evidence have implicated genetic changes
as contributing to cancer. This includes the occasional
instance of familial segregation of cancer, the occurrence
of chromosomal abnormalities in cancer cells, the fact that
mutagens are also usually carcinogens, and the observa-
tion that DNA repair disorders are associated with
increased risk of cancer. In recent years, it has become
clear that genetic changes are at the heart of the process
of cellular transformation to malignancy and malignant
progression. Two major types of genes, referred to as
oncogenes and tumor suppressor genes, have been identi-
fied that underlie these processes.

Oncogenes behave in a dominant manner; mutation
leads to activation of the genes, which in turn cause the cell
to escape from normal controls that limit cell division.
Tumor suppressor genes behave in a recessive manner in
the cell, so that mutation of both alleles is found in tumor
cells. Most oncogene mutations are acquired somatically.
Mutation of the two alleles of a tumor suppressor gene
may be somatic events, but in some cases the first mutant
allele is inherited. This leads to cancer predisposition
syndromes, in that individuals who inherit a mutant allele
are at vastly increased risk of cancer if the other allele is
mutated in a somatic cell. These syndromes are typically
inherited as dominants, since it is the first of the two
mutations that constitutes the inherited trait. Although
most of these disorders, such as breast and ovarian cancer
syndrome, are of adult onset, some, such as familial ade-
nomatous polyposis or familial medullary thyroid carci-
noma can have onset in childhood.

Recognition of genetic contributions to malignancy is
changing clinical practice at many levels. Familial cancer
predisposition syndromes may be amenable to genetic
testing to identify individuals at risk, so that surveillance
or management strategies can be instituted. Understand-
ing the genetic pathophysiology of cancer is leading to new
insights into possible avenues of treatment, and the devel-
opment of a new set of pharmacological agents that target
the aberrant cellular pathways.

The Genetic Approach

The pediatrician will usually be the first to recognize the
possibility of a genetic disorder in a child, or will be the
first to hear of an inborn error of metabolism identified by
newborn screening. Early diagnosis can be important for
many reasons. In some cases, treatment can be started
before irreversible damage is done; this is the basis for
newborn screening, as has been noted. Prompt diagnosis
can also provide a basis for recurrence risk counseling;
some couples only learn that they are at risk of having
a child with a genetic disorder after their second affected
child is born. Finally, establishing a diagnosis can help
a family understand the basis for their child’s problem,
providing a basis for predicting future problems and
avoiding an odyssey of fruitless medical testing.

The family history is the most powerful and least expen-
sive of genetic tests. Patterns of inheritance will be covered
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in a later chapter, but the pediatrician should be familiar
with the basic Mendelian modes of recessive and domi-
nant inheritance, as well as the difference between auto-
somal and sex-linked inheritance. Recent discoveries have
expanded the concept of inheritance to encompass mater-
nal transmission of traits encoded in the mitochondrial
DNA and complex patterns of inheritance due to the
phenomenon of genomic imprinting.

Ideally, a three-generation family history would be
obtained at the time when a child is first seen, and updated
at subsequent visits. Standard pedigree symbols used in
assembling the family history are shown in © Fig. 1.1.
It is important to ask about miscarriages and early child-
hood deaths, as some individuals will not remember to
include this important information when asked about the
family. Complex family relationships, including adoption,
should also be noted.

Symbols:

]
O

&

Obtaining and documenting a family history is time-
consuming, and may be difficult in the course of a routine
pediatric visit. The family can be encouraged to assemble the
basic information outside the visit, using family get-togethers
as an opportunity to gather information about relatives.
There are tools available to assist in this process, such as the
US Surgeon General’s “My Family Health Portrait” (https://
familyhistory.hhs.gov/thh-web/home.action).

Given the diversity of genetic disorders, there is no
single “red flag” that will invariably identify all children
at risk. As noted, newborn screening will identify some
children early in life. The specific targets of the screen-
ing program vary regionally; the pediatrician should

Unaffected male

Unaffected female

Unaffected individual, unspecified gender

Affected individual. Shading is indicated on the

HOOEO

pedigree legend. If 2 or more clinical features are
indicated, the symbol can be split equally and filled

with different shades

[£1®
BIOX,

& 5D

d.57 d.6 mo d.40's 27 wk

0 O
A7
o &

LMP: 14/03/09 24 wk

47 XY,+21 46,XX
15wk <8 wk
female
17 wk <10 wk
47,XY,+18

B Figure 1.1
(Continued)

Carrier individual, independent of inheritance pattern

Number of siblings indicated inside the symbol. “n” is
used when the number is unknown

Deceased individuals.
Stillbirths are indicated as “SB” below the symbol

Consultand or individual seeking genetic
counseling/testing.

Pregnancy. If the child is affected the symbol is light-
shaded and indicated in legend.

Spontaneous abortion.

Termination of pregnacy.
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Pedigree line definitions:
1

O

OTh 6 A

3

1. Relationship
2. Descent

3. Sibship

4. Individual

1. Relationships are indicated by a horizontal line and descent is indicated by a vertical or

diagonal line

a)

" =0

¢) Multiple gestation

d) No children by
choice or reason
unkown

e) Infertility

@ Figure 1.1

b 00

If the relationship no longer exists,
denoted with a broken line (-//-)

Consanguinity

Monozygotic twins

Dizygotic twins

T 9

Vasectomy Tubal

T 7

Azoospermia Endometriosis

Standardized symbols used in the construction of a pedigree (Courtesy of Dr. Gabriela Repetto)

become familiar with the disorders subject to newborn
screening in the local community. In the absence of
newborn screening, there are some clues that may be
helpful.

The value of family history has already been noted. It is
important to recognize, however, that many children with
genetic disorders are the first to be affected in their fam-
ilies. This is common with recessive disorders, in which
both parents are carriers, but neither parent, and probably
no close relative, is affected. Chromosomal disorders are
usually sporadic, but a family history of others with

congenital anomalies or developmental delay, or recurrent
spontaneous abortion, may be a clue to a familial chro-
mosome rearrangement. Dominant disorders can be
passed from generation to generation, but the phenotype
may be variable, and some affected parents are unaware of
their diagnosis prior to the birth of an affected child. Also,
some dominant disorders arise spontaneously due to new
mutation in a child. In some cases, one of the parents may
have additional mutated sperm or egg cells (germline
mosaicism), and therefore may be at risk to have addi-
tional affected children.
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Many congenital anomalies are associated with
a genetic etiology, either single gene, chromosomal, or
multifactorial. A specific constellation of anomalies may
suggest a defined syndrome, but many of these are rare and
difficult to recognize. The presence of two or more con-
genital anomalies in a child may suggest a genetic etiology
and should prompt referral to a geneticist for further
investigation. There are common variants, referred to as
“minor anomalies,” such as a single transverse palmar
crease, that convey less significance. This topic is discussed
in the chapter on congenital anomalies.

Specific single gene disorders are highly varied, so it is
difficult to state a rule that will insure their recognition.
The pediatrician should be alert to clues such as failure to
thrive, especially in a child with intrauterine growth retar-
dation, unusual body habitus, macro- or microcephaly,
disproportionate limb to body size, developmental delay
or regression, autism spectrum disorder, and distinctive
skin pigmentation as clues. Specific syndromes may only
become clear with the passage of time, and may require
a trained eye to be recognized. Increasingly, genetic testing
is available to confirm a suspected diagnosis, and array
comparative genomic hybridization may reveal an other-
wise unsuspected gain or loss of genetic material.

The possibility of chromosomal analysis, FISH, array
comparative genomic hybridization, and molecular
genetic testing has already been mentioned; these are
covered in greater detail in later chapters. The pediatrician
will likely work together with genetic professionals in
ordering and interpreting these tests, but should be famil-
iar with basic principles that govern genetic testing.

Genetic tests can be assessed in terms of analytic valid-
ity, clinical validity, clinical utility, and the ethical impli-
cations of testing. Analytical validity relates to the degree
to which the test result correctly identifies the presence or
absence of a particular mutation. For the most part,
genetic tests tend to have a high degree of analytic validity,
barring the possibility of human error such as sample mix-
up. It should be remembered, though, that genetic tests are
unlikely to be repeated once done, unlike most other
medical tests. Therefore, if an error is made, it may be
difficult to detect.

Clinical validity refers to the degree to which the test
diagnoses or excludes a particular disorder. Many genetic
variants are nonpathogenic; although some are common
and are easily dismissed as being clinically significant,
some benign variants are rare and may be unique to

a particular family. Sometimes, a mutation will have obvi-
ous effects on the function of the gene. For example,
a mutation that causes premature termination of transla-
tion of a gene product has a high likelihood of being
clinically significant. Other times, it may be more difficult
to know whether a variant is significant. The laboratory
should report both the nature of the mutation and the
evidence that supports pathogenicity.

The phenomena of non-penetrance and genetic hetero-
geneity may further complicate interpretation of clinical
validity. Some mutations are pathogenic, but the phenotype
is not invariably seen, or may only be seen after a long
period of time. Such disorders are said to be non-penetrant
or to exhibit age-dependent penetrance. Finding
a mutation therefore does not guarantee that a disease
phenotype will occur, or say when it will occur. Genetic
heterogeneity means that multiple different mutations in
one or several genes can lead to the same phenotype.
A negative genetic test may not exclude a specific diagnosis
if some of these mutations are not included in the test.

Clinical utility refers to the degree to which the test
informs clinical management. Some tests can diagnose
disorders that are already evident clinically. Unless the
test reveals prognosis or severity, it may add little to the
care of the individual, though it could still be useful as
a basis for genetic counseling. Also, some tests may reveal
risk of disease for which there is no intervention. Whether
it is worth ordering an expensive test that may also cause
anxiety if there is no intervention to alter the outcome is
a matter of debate and, to some extent, personal choice.

Finally, the ethical implications of testing need to be
considered. Individuals with a positive genetic test may be
subject to anxiety, stigmatization, and discrimination. In
some regions, federal or regional laws may offer some
degree of protection from some of these risks. There are
also questions about whether genetic tests should be done
in children. The consensus in the medical genetics commu-
nity is that testing is justified in children if the child will
immediately benefit from the results of testing. This is the
case, for example, in diagnostic tests for a child with symp-
toms of a genetic disorder. On the other hand, tests that
predict predisposition to adult-onset disease where there is
no intervention that can be offered to the child are best left
to adulthood, when the child is old enough to understand
the implications of testing and provide informed consent.

Diagnosis of a genetic disorder should be a prelude to
management strategies to help the child and family deal
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with the disorder. Management usually begins with expla-
nation of the diagnosis, the underlying genetic mecha-
nisms, natural history of the disorder, and available
interventions. This will often be done by a genetic profes-
sional working in partnership with the pediatrician. Even
if there is no treatment, the family may benefit from
a discussion of the likely course of the disorder and inter-
ventions that may ameliorate the effects. Genetic counsel-
ing can explain the risks of recurrence to the parents or
other family members, and the availability of interven-
tions such as prenatal or preimplantation diagnostic test-
ing. Many parents will feel guilt at the birth of a child with
a genetic disorder and wonder if they in some way
“caused” the condition. Genetic counseling can help par-
ents understand what is known about etiology and may
help assuage feelings of guilt.

As noted earlier in the chapter, genetic disorders are
increasingly becoming amenable to treatment. Outcomes
range from essential elimination of the phenotype to
improvement in quality of life and comfort for the patient
and family. Most currently available treatments focus on
dietary manipulation, coenzyme supplementation, enzyme
replacement, or substrate reduction for inborn errors of
metabolism. Surgical correction of congenital anomalies
such as congenital heart defects can be lifesaving. Other
disorders may benefit from therapeutic interventions to
reduce the burden of disease. Examples include use of
antibiotics and pancreatic enzymes in cystic fibrosis or use
of steroids in Duchenne muscular dystrophy. Individuals
with cancer predisposition syndromes can be offered sur-
veillance such as colonoscopy in familial adenomatous
polyposis, or risk-reduction strategies, including surgery.

The success of therapy in recent decades has signifi-
cantly improved life expectancy in many individuals with
genetic disorders. This is dramatically exemplified by
Down syndrome and cystic fibrosis, where survival into
adulthood is now more the rule than the exception. This is
creating challenges of transition from pediatric to adult
care, given that physicians who care for adults may have
little experience in management of these disorders previ-
ously thought of as “pediatric.”

Insights into pathogenesis of disease are increasingly
offering the hope of new targeted approaches to treat-
ment. These may include drugs that affect the specific
cellular pathway involved in disease, as well as the prospect
of gene replacement or cellular therapies involving stem
cell approaches. The ability to treat genetic disorders is
a rapidly moving area of research; it is important, there-
fore, that physicians who manage children with genetic
disorders have access to current information on available
treatments and clinical trials for new treatments.

Although the pediatrician will likely be the first to recog-
nize the possibility of a genetic disorder in a child, diag-
nosis and management may benefit from referral to
a genetic specialist. Medical genetics is a recognized spe-
cialty for physicians in many parts of the world, with
defined courses of training and specialty certification. In
addition, genetic counselors are health professionals with
specific training in genetic counseling. Physician geneti-
cists are skilled at establishing a diagnosis and providing
a plan for management. Genetic counselors are trained to
review family history for risk of genetic disorder, provide
counseling regarding options to manage risk, including
prenatal diagnosis, and working with a physician to pro-
vide long-term management.

Pediatrics in the Genomic Era

Since the introduction of tools of molecular genetics in the
mid-1970s, there has been a gradual advance in the ability
to diagnose and manage genetic disorders. The pace of
discovery and translation to clinical application accelerated
considerably, however, beginning in the mid-1990s with the
initiation of the human genome project. The completion of
the sequencing of the human genome has ushered a new era
in the study of rare and common disorders, and offers to
significantly change the landscape of medical practice.

It is now estimated that there are approximately 20,000
genes comprising the human genome, significantly fewer
than had been estimated prior to the Human Genome
Project. It has become apparent, however, that there is
a surprising degree of complexity in the genome that goes
far beyond the diversity of coding sequences represented by
these 20,000 genes. Indeed, the entire set of protein-
encoding gene comprises only a very small proportion of
the coding capacity of the genome (© Fig. 1.2).

Aside from protein-encoding genes, there is a wealth
of both expressed and non-expressed sequences. There are
blocks of highly repeated DNA sequences located at the
centromeres and near the ends (telomeres) of each of the
chromosomes; these do not encode proteins but probably
play a role in maintaining the structural integrity of the
chromosome. Many of the sequences that are transcribed
encode RNAs that are not translated into protein. These
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@ Figure 1.2

Composition of the human genome. Only a small portion
encodes protein or RNA that is transcribed but not
translated into protein

include transfer and ribosomal RNAs, small nuclear RNAs
involved in RNA splicing, and micro RNAs that play a role
in gene regulation. There are also a very large number of
sequences that are repeated thousands of times in the
genome. These include sequences called transposable
genetic elements, which can move from place to place in
the genome using enzymes that copy RNA into DNA
(reverse transcriptase) and that promote recombination
of extrachromosomal DNA sequences with chromosomal
DNA. These elements comprise a remarkable proportion
of the genome and have been major drivers of genome
rearrangement and, hence, of evolution.

The full range of types of DNA sequences, their func-
tion, and regulation are just beginning to come to light.
Recent studies suggest that a very large proportion of
sequences may be transcribed, even though only a small
proportion encodes protein. Moreover, the boundaries
that comprise a protein-encoded gene are not always
clear; examples have been found of separate adjacent
genes that are transcribed as a single RNA.

Traditional approaches to molecular genetic testing have
focused on analysis of individual genes, one at a time. This
requires prior knowledge of the appropriate target for
testing, and may be limited if the gene is very large or
the diversity of mutations is great. In a sense, whole
genome testing has a longer history, if one considers
cytogenetic analysis as a whole genome “scan.” The reso-
lution of such a study, however, is very low, so only the
grossest of changes can be detected. As discussed above,
cytogenomic arrays afford a much higher resolution

screen for changes in gene copy number without a need
to select a specific region for analysis.

Other genomic approaches are permitting wide scale
analysis both of DNA sequence variation and patterns of
gene expression. These “high-throughput” approaches are
based on an increasing variety of technological advances.
Hundreds of thousands of single nucleotide polymor-
phisms can now be genotyped for a few hundred dollars.
Sequencing of the entire coding region of the genome can
be done for a few thousand, and whole genome sequenc-
ing, now costing a few tens of thousands of dollars, is
expected to cost under $1,000 within the next few years.
Already, genome analysis has become the approach of
choice to identify the gene underlying a rare genetic dis-
order. It is likely to become a mainstream approach to
genetic testing within the next decade.

The ability to study the human genome at extremely high
resolution will vastly alter the approach to medical care in
all areas of specialty. This will include advances in genetic
testing as well as new insights into pathogenesis that will
guide treatment. It is likely that medical decisions will
increasingly be informed by genetic and genomic tests,
although the clinician may not always be aware that this
is happening in the background. The volume of genomic
information is likely to be so large that it will only be
useful if coupled with electronic health records and com-
putational approaches to guide medical decision-making.

Genomic testing may also permit disease stratification
and selection of an appropriate mode of therapy. It is likely
that common diseases such as hypertension are really
symptom complexes that reflect a variety of underlying
pathophysiological mechanisms. If genetic factors that
underlie these different mechanisms can be identified, it
may become possible to select a pharmacological therapy
based on the specific genetic profile of a given individual.
This approach is sometimes referred to as “personalized
medicine.” The hope is that it will lead to more effective
treatments and fewer side effects.

Genetic testing can also be used to customize drug
dosage to the physiology of an individual. Many aspects
of the way drugs are absorbed, metabolized, and excreted,
as well as how they interact with cellular targets, are under
genetic control. In some cases, common genetic variants
explain why drug doses that are nontoxic in some individ-
uals lead to side effects in others, or conversely why doses
that are effective in some are insufficient in others. Such
pharmacogenetic tests will likely be another component of
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the personalized medicine paradigm, and are already
being used to a limited extent to titrate drug dosage to
the needs of a specific individual.

Genetic diagnosis has already been revolutionized in
the genomic era, but is likely to undergo further evolution
in the years to come. If whole genome sequencing is done
on a wide scale, it may be the case that all possible genetic
tests will already have been done on a child before he or
she presents with symptoms of disease. Genetic testing
may become more a matter of querying the DNA sequence
database than ordering any particular test. The challenge is
likely to be sorting out clinically significant from nonsig-
nificant variants. Moreover, the definition of “clinically
significant” will need to be carefully considered. Some of
the genetic changes found will be associated with
a phenotype, but not necessarily one that would be classi-
fied as “disease.” Even variants that predispose to disease
may have a double role — increasing risk of one condition
while decreasing risk of another, perhaps.

Conclusion

Genetics has played an important role in pediatrics for at
least the last half century, and most pediatricians are aware
of the need to understand the basic principles of genetics.
The notion that medical genetics deals exclusively with
rare, untreatable disorders is rapidly being dispelled.
Genetic and genomic approaches can greatly improve
diagnostic efficacy for rare disorders, and increasing
knowledge of disease mechanisms will allow interventions
to improve health and quality of life for many. Most
importantly, the scope of genetic medicine is undergoing
a vast expansion, to the point where it will touch all areas
of medicine, and people at all ages. In the coming gener-
ation, genetics and genomics will increasingly be incorpo-
rated into the basic fabric of all medical practice.
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2 Approach to Single-Gene Disorders

Taosheng Huang - Steven Keiles

Single-gene disorders have a straightforward inheritance
pattern, and the genetic causes can be traced to changes in
specific individual genes. A particular disorder could be
rare; however, as a group, single-gene disorders are
responsible for a significant percentage of pediatric dis-
eases. Autosomes refer to the numbered chromosomes
(chromosome 1-22), as opposed to the sex chromosomes,
X and Y. Every individual carries two copies of each
autosome and, therefore, also has two copies of every
gene carried on those chromosomes, one inherited from
each parent. Based on the location of the relevant genes,
single-gene traits can be divided into autosomal inheri-
tance and sex-linked. Autosomal inheritance, depending
on whether one or two mutant alleles are required to cause
a phenotype, can be divided into autosomal dominant or
autosomal recessive. Based on Mendel’s laws, the two
alleles segregate and pass to different offspring, as shown
in® Fig. 2.1; A and A’ will pass to different individuals, as
will a and a.

Terminology

o Allele: Specific version of a gene.
Mutation: Nucleotide change in a gene. This may
result in a recognizable phenotype, including
a genetic disorder.

® Phenotype: Observable physical manifestations of
a genotype.
Genotype: Genetic constitution of an individual.

e Homozygote: Genotype consisting of identical alleles of
a particular gene.

® Heterozygote: Genotype consisting of different alleles
for the same gene.

e Compound heterozygote: Genotype consisting of two
different mutations at each allele.

® Penetrance: Proportion of individuals
a mutation who exhibit a specific phenotype.

® Expressivity: Variations of a phenotype in individuals
carrying a particular genotype.

e Pleiotropy: A single-gene mutation that can affect sev-
eral traits.

carrying

® Age-dependent penetrance: A phenomenon in which
a phenotype is increasingly expressed with age. For
example, in Huntington disease, a majority of individ-
uals with the mutation will not express a clinical phe-
notype until late age (@ Fig. 2.2a).

e Anticipation: A phenomenon in which clinical symp-
toms become apparent at an earlier age and are more
severe as a gene is passed from generation to genera-
tion. For example, in myotonic dystrophy, as the
mutated gene is passed on, the severity of muscle
weakness can become more severe and the age of
onset earlier (@ Fig. 2.2b).

® Genetic heterogeneity: The occurrence of similar phe-
notypes resulting either from distinct mutations in the
same gene (allelic heterogeneity) or mutations in dif-
ferent genes (locus heterogeneity).

o Germline mosaicism or gonadal mosaicism: A situation
in which precursor cells of the ova and the spermato-
zoa are a mixture of wild type and mutant cells
(© Fig. 2.3).

o Sex-influenced phenotype: Preferential expression of
a trait in a particular sex. For example, alopecia is
more common in males, and in contrast, breast cancer
is more common in females. Although the disease
genes are found on the autosomes, in these situations,
the phenotypes are influenced by the sex.

Autosomal Dominant Inheritance

Autosomal dominant inheritance is the most common
form of inheritance. Here, mutation on one allele is suffi-
cient to cause an individual to express the phenotype.
A review of the family history will typically demonstrate
affected individuals in every generation. The risks for all
members who carry a genetic mutation would be 50% for
each offspring to be affected (see © Fig. 2.4a and © b). In
some families, however, a dominant trait may appear to
skip an individual or a generation. This could be the result
of someone who has not exhibited symptoms yet (incom-
plete penetrance) or who has not been diagnosed because
of being mildly affected (variable expression). Some of the
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@ Figure 2.1

Mendel’s law of segregation. The father (left) is
heterozygous for A and A’; the mother (right) for a and a’.
Offspring can receive either of the father’s alleles and either
of the mother’s alleles, giving four possible combinations,

a

shown at the bottom

more common dominantly inherited conditions include
Marfan syndrome (© Fig. 2.5), Huntington disease,
tuberous sclerosis complex, and neurofibromatosis
(© Table 2.1).

Case Presentation

Mr. Williams is a 22-year-old man who was previously healthy.
He presents to a primary care physician with a 2-day history
of chest pain. A physical examination shows that Mr. Williams’
weight is 150 Ibs and his height 6'8”. He has long fingers,
severe scoliosis, and near-sightedness. The rest of his physical
exam is unremarkable. Mr. Williams is referred to a cardiolo-
gist to rule out coronary arterial disease. The cardiologist tests
him on the treadmill. After the treadmill exercise, Mr. Williams’
echocardiogram shows dilated aorta and aortic aneurysm. He
is admitted to hospital for emergency surgery. It is found that
he has a nearly dissected aorta, with leaking of the blood into
the chest. He recovers well after emergency surgery. He is
referred to a genetics clinic to rule out Marfan syndrome. His
clinical features meet the diagnostic criteria of Marfan syn-
drome, and molecular tests confirm the diagnosis. He has
three children, two girls and one boy. All look healthy and
their physical examinations are unremarkable. Diagnostic
molecular test results reveal that the two girls carry the
same mutation in the fibrillin gene. Therefore, a diagnosis of
familial Marfan syndrome is established.

The severity and clinical presentation of Marfan syn-
drome can vary greatly. Another factor that can increase
the difficulty in making a diagnosis is that up to 50% of
cases are the result of spontaneous mutations in the
affected child and, therefore, will not be associated with
a positive family history. It is also possible for a parent to
be so mildly affected that a diagnosis is not made previous
to having a more severely affected child. Advances in
molecular diagnosis and the ability to sequence the
FBNI gene, which encodes the protein fibrillin and is the
site of mutations in individuals with Marfan syndrome,
have allowed more families to obtain an accurate diagno-
sis. It is also important to confirm the presence of
a mutation in affected children to allow for identification
of additional at-risk individuals in the family. Once
a mutation has been identified in an affected child, it
becomes easy to cost-effectively screen other family
members.

The Features of Autosomal Dominant Inheritance

® One mutated allele at a locus is sufficient to cause
a phenotype

® Inherited from parent to child
Fifty percent risk to each offspring of an affected
individual

® Those who do not inherit the gene cannot transmit it
Males and females equally likely to be affected

Autosomal Recessive Inheritance

Autosomal recessive inheritance means that both copies of
a particular gene must carry a mutation in order for the
phenotype to be expressed. If only one copy is inherited,
that person is referred to as a carrier, and, in general, will
not express the phenotype (see © Fig. 2.6). Some com-
mon autosomal recessive conditions are illustrated in
© Tuble 2.1. Most commonly, a child is affected with
a recessive condition if both parents are carriers and each
transmits a mutated gene to the child. The likelihood of
this occurring when both parents are carriers would be
25% (see © Fig. 2.6, aa). Some of the more common
diseases inherited in this fashion include cystic fibrosis
and sickle-cell anemia, which are also routinely included
in most state newborn screening programs in the United
States.
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Age-dependent penetrance (a), a phenotype is increasingly expressed with age; and anticipation (b), clinical symptoms
become apparent at an earlier age and are more severe as a gene is passed from generation to generation

of height and only 10th percentile in weight. The remainder
of the physical exam is unremarkable and he appears to be

meeting all milestones of development. He is treated for
another respiratory infection, and it is recommended that

he return to clinic in 2 months to assess his growth. He

returned to the clinic in 3 weeks, however, with the same
chronic cough and inability to clear mucus from the lungs.
A review of the chart indicates that he had a negative new-

O Figure 2.3 born screening test for cystic fibrosis. Given the symptoms,
Germline mosaicism. The spermatozoa are a mixture of wild a fecal elastase and sweat test are ordered. The fecal elastase
type and mutant cells is normal and the sweat test comes back in the borderline

range. A CFTR DNA mutation panel is ordered and also
comes back negative. Based on these findings, cystic fibrosis
The Features of Autosomal Recessive Inheritance is no longer considered by his physician. The parents seek
another opinion since there is still a persistent chronic
cough. At this visit a deep throat culture is obtained and

® Both alleles must be mutated to produce a phenotype
(homozygous), one from each parent (who are hetero-
zygous carriers)

® “Horizontal inheritance” - siblings affected, generally
not parents or children

the patient is confirmed to be growing Pseudomonas
aeruginosa and is treated with tobramycin. In addition,
a comprehensive CFTR sequence analysis is ordered
which reveals two known cystic-fibrosis-disease-causing
® Males and females equally likely to be affected mutations. The parents are then tested and each is found
to carry one of these mutations, thereby confirming the

diagnosis of cystic fibrosis.

Case Presentation

A 6-month-old male infant presents in the clinic with Sex-Linked Traits
a chronic cough. Review of the history reveals that he was

treated for an upper respiratory infection on two other occa-
sions at 2 and 4 months, respectively. At birth he was 75th
percentile in both height and weight but he has trended
downward since then and is currently in the 50th percentile

Sex-linked traits are associated with mutations in genes
that are located on the sex chromosomes. Males have a
Y-chromosome and only one X-chromosome, whereas
females have two X-chromosomes without a Y; therefore,
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(a) Autosomal dominant trait. The risks for all members who carry a genetic mutation would be 50% for each offspring to be

affected. (b) Autosomal dominant pedigree. Affected individuals in every generation

O Figure 2.5
Boy with Marfan syndrome at age 12 with tall stature and
joint hypermobility

the inheritance pattern for this group of traits is quite
different from those that are due to mutation in genes on
the autosomes. If the mutant gene is located on the
X-chromosome and the father is affected, he will transmit

this mutant allele to all of his daughters but none of his sons.
In contrast, if the mutated gene is located on the
Y-chromosome it will be passed to all of his sons. In females,
the mutated gene will be transmitted to both sons and
daughters 50% of the time (@ Fig. 2.7). Some common X-
linked conditions are illustrated in @ Table 2.1.

Since males have only one X-chromosome and the
Y-chromosome is much smaller and has far fewer genes
than the X-chromosome, it seems that males and females
are genetically imbalanced. This dosage difference is com-
pensated for by X-inactivation. X-inactivation, also known
as Lyonization, is a process in which one of the two copies
of the X-chromosome in females is inactivated early in
development. As shown in @ Fig. 2.8, for an individual
cell, which of the two copies of the X-chromosome
is inactivated is random. Once an X-chromosome is
inactivated, however, it will remain inactive. If an individ-
ual cell has more than two X-chromosomes, still only one
will be active. X-inactivation is controlled by the
X-inactivation center (XIC), which is necessary and
sufficient to cause X-chromosome inactivation. The
inactivated X-chromosome is packed into a high density
of heterochromatin and can be seen in the nucleus as
a “Barr body.” A small number of genes on the inactivated
X-chromosome are expressed. The ends of the X and
Y contain homologous genes that escape inactivation on
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@ Table 2.1

Common conditions of Mendelian Inheritance

AD

Marfan’s syndrome

FBN1

Displacement of lens

TGFBR2

Bone overgrowth

Joint laxity

Scoliosis

Dilation of aorta

Huntington'’s disease

HD

Progressive motor, cognitive, and psychiatric disturbance

Chorea voluntary movement

Cognitive decline

Change in personality and/or depression

Neurofibromatosis

NF1

Multiple café au lait spots

Axillary and inguinal freckling

Cutanis neurofibroma

Iris lisch nodules

Achondroplasia

FGF-R3

Short stature

Disproportionately short arms and legs

Large head

Frontal bossing

Middle-face hypoplasia

Delayed motor skills

Normal intellect and lifespan

Familiar
hypocholestrolemia

LDLR

Elevated cholesterol levels in blood

Premature cardiovascular disease

AR

Cystic fibrosis

CFTR

Chronic lung infection

Pancreatic insufficiency

Meconium illium

Infertility in males

Sickle-cell disease

HBB

Anemia

Acute and chronic pain resulting from ischemia secondary to vaso-
occlusive events

Bacterial infection

Splenic sequestration

Phenylketonuria

PAH

Mental retardation in untreated patients resulting from accumulation of
phenylalanine

X-LD

Rett syndrome

PECP2

Repetitive hand movements in females

Deceleration of head growth

Seizure disorder

No verbal skills

Constipation

Growth failure
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B Table 2.1 (Continued)

Incontinentia Pigmenti | HPEX | Skin lesions variable in different stages
Blistering at birth
Linear hypopigmentation
Alopecia
Hypodontia
X-LR Duchenne muscular DMD Progressive muscular degeneration
dystrophy Psuedo-hypertrophia
Hemophilia A F8 Bleeding secondary to factor-A deficiency
Fragile-X Syndrome FMR1 | Mental retardation
Macrocephaly
Prominent ears
AA: wild-type with DMD also develop cardiomyopathy; some will
° Aa: carrier have intellectual impairment. DMD is caused by
Aa Aa aa: affected a mutation of the dystrophin gene on the X-chromo-
some. Dystrophin is a component of the protein-
complex in skeletal muscle (@ Fig. 2.9). Loss of dystro-
o phin results in an increased calcium release in the sarco-
lemma, and then cell death.
Aa  AA aa Aa aa DMD and Becker muscular dystrophy, or BMD, are
. allelic disorders. DMD is mainly caused by a deletion or
@ Figure 2.6

Autosomal recessive inheritance. “Horizontal inheritance” -
siblings affected, generally not parents or children; males
and females equally likely to be affected

the X. These regions are referred to as pseudo-autosomal.
Both sexes will have two copies of every gene from the
pseudo-autosomal region.

X-linked conditions can be classified into X-linked
dominant or X-linked recessive. A classic example of
an X-linked recessive disorder is Duchenne muscular
dystrophy (DMD) (© Table 2.1). DMD is characterized
by progressive muscle degeneration and weakness.
Symptoms typically manifest in a male at an early age.
Muscle weakness progresses from proximal to distal.
Psuedo-hypertrophy of the calves is often seen early in
the course. As the disease progresses, muscle loss occurs
and myocytes are eventually replaced by fat and fibrotic
tissue. Before reaching the teenage years, the majority of
patients have difficulty walking. Most become wheelchair
bound by early adolescence. Skeletal deformities can
occur secondary to muscle weakness. Some patients

frameshift or stop mutation in the dystrophin gene. In
contrast, the milder phenotype of BMD is due to muta-
tions that maintain the dystrophin reading frame. Females
who are heterozygous carriers of a mutation in the dys-
trophin gene are usually asymptomatic, though some may
experience mild weakness.

X-Linked Recessive Traits

® The clinical phenotypes are always expressed in males,
but are usually not expressed or only mildly expressed
in females. Therefore, mutated genes may be transmit-
ted through a series of unaffected females @ Fig. 2.8).

® All daughters of affected males are unaffected. Female
carriers will transmit the mutant gene to 50% of her
sons who will be affected, and to 50% of her daughters,
who will be carriers.

® New mutations could occur, especially if the mutations
are genetically lethal (i.e., not compatible with repro-
duction). Those mutations will be replaced by novel
mutations.



Approach to Single-Gene Disorders 19

s 08 U8 O [ M

Female
(@)
Homozygous Heterozygous Homozygous
wildtype unaffected mutant
a affected b
@ Figure 2.7

(a) X-linked recessive traits. The clinical phenotypes are always expressed in males, but are usually not expressed or only
mildly expressed in females unless homozygous and compound heterozygous mutations occur. (b) Pedigree demonstrating
X-linked recessive traits skipping generations through unaffected, carrier women
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X-chromosome inactivation. In females, one of the two copies of the X-chromosome is inactivated randomly.
Once an X-chromosome is inactivated, however, it will remain inactive. X-inactivation is controlled by the X-inactivation
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center (XIC), which is necessary and sufficient to cause X-chromosome inactivation
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@ Figure 2.9

Dystrophin staining of skeletal muscle from a DMD patient. (Courtesy of Hart G.W. Lidov M.D., Ph.D. Department of
Pathology, Children’s Hospital Boston, Boston, MA) (a) H&E stained frozen section of skeletal muscle from a 6-year-old
boy with Duchenne dystrophy. Fibers are slightly more rounded than usual for age, the diameter of fibers is more variable

than normal, there is increased connective tissue between fibers (endomysial fibrosis) and scattered basophilic fibers
(regenerating fibers) are present. Degenerating or necrotic fibers and inflammatory cells are sometimes seen in this

condition, but are not prominent in this image. (b) A muscle biopsy from a child, without neuromuscular disease,

immunostained for dystrophin. The brown reaction product, indicating the location of dystrophin, is found as a layer

along the plasma membrane of all muscle fibers, a subsarcolemmal location. (c) Immunoperoxidase staining for dystrophin,

in the same patient as above. Dystrophin is completely absent in most fibers, although a small cluster of dystrophin

positive fibers are seen in the lower right, so-called revertant fibers

X-Linked Dominant Traits

For X-linked dominant conditions, the phenotypes in
females are generally milder than in males. Therefore, daugh-
ters and sons of affected females are at 50% risk of being
affected. All daughters but no sons of affected males will be
affected. An example of an X-linked dominant condition is
Rett syndrome (© Fig. 2.10,© Table 2.1). In a female, clas-
sical Rett syndrome is a progressive neurodevelopmental
disorder. Clinical features include normal psychomotor
development during the first 6-18 months of life followed
by a period of developmental stagnation, then rapid regres-
sion in language and motor skills. During the progressive
period, the typical clinical signs are repetitive stereotypic
hand movements. Other clinical features include screaming,
inconsolable crying, and autistic tendencies. Head growth
may begin decelerating as early as 3 months of age. Brain size
may be smaller than normal, but microcephaly is not an
invariant feature of Rett syndrome. Seizures occur in 90% of
affected females. Generalized tonic-clonic seizures and par-
tial complex seizures are common. Failure to thrive is also
often seen in affected females. It is possible that this may be
associated with oropharyngeal and gastroesophageal incoor-
dination, which cause poor feeding. In classical Rett syn-
drome, the female can survive into adulthood. Most males
with Rett syndrome do not survive pregnancy, but some
affected males present with severe neonatal encephalopathy;,
which usually results in death before age two.

O Figure 2.10

Five-year-old girl with Rett syndrome. She had normal
developmental milestones until 18 months of age and then
lost most speech capability at 2% years
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Case Presentation

A 3-year-old girl born of non-consanguineous parents
presented to the clinic with aggressive behavior since 1
year of age. She had normal developmental milestones
until 18 months of age. However, she seemed to plateau
in development and then lost most speech capability at 21>
years. There was no history of seizures or hyperventilation.
On examination she had hypotonia, unusual hand move-
ments, and autistic behavior. There was no ataxia. Her
systemic examination was normal. She was diagnosed as
being autistic. At age 5 years, she was reevaluated at
a genetics clinic in an effort to determine an underlying
cause for her delay. A review of her history confirmed that
there had been no developmental progression beyond the
2-year level despite several years of intensive intervention.
The history and exam revealed moderate dementia, partial
apraxia, and microcephaly. She also had constant wringing
movements of hands, patting, clapping, was easily
annoyed, and could utter only two to three meaningless
words. Based on the clinical findings and history,
a diagnosis of Rett syndrome was made and a DNA blood
test was sent for confirmation. Results indicated a known
mutation in the MECP2 gene, thereby confirming the diag-
nosis of Rett syndrome.

Rett syndrome is caused by mutations of methyl CpG
binding protein 2 (MECP2). This protein plays an impor-
tant role in the function of neuronal cells. The protein
binds to methylated DNA, interacting with other proteins
to form a complex that leads to inhibition of gene expres-
sion. Methylation occurs in CpG islands, which are fre-
quently found near the promoter region of a gene. Once
MECP2 binds to DNA, the DNA will condense and
become inactive. Recent studies show that MECP2 forms
a complex with histone deactylase (hDac), which catalyzes
the removal of an acetyl group on the histone, therefore

blocking the transcription of the gene. Rett syndrome is
often misdiagnosed as autism, cerebral palsy, or
nonspecific developmental delay, and can be a frequent
cause of delayed development in girls. Diagnosis is mainly
clinical, after excluding neurodegenerative disorders and
other causes of delayed development. Confirmatory DNA
testing is available in several specialty labs. The treatment
is mainly speech therapy and counseling.

Disorders associated with Y-linked inheritance are rela-
tively few. In this case, the disease-causing gene is on the
Y-chromosome. Only males are affected and every son of
an affected male is affected. Most Y-linked disorders
involved male-sex determination, particularly due to
mutation in genes controlling sperm quality and quantity.
They are most commonly diagnosed in men who seek
evaluation for infertility.

Maternal Inheritance

The mitochondrion is the site in the cell where the major-
ity of the ATP is produced. Each mitochondrion contains
multiple copies of a circular double-stranded DNA mole-
cule that encodes 13 protein subunits of the respiratory
chain. The vast majority of mitochondria are maternally
inherited. Mitochondrial genome mutations can lead to
failure of energy metabolism and follow a pattern of
maternal inheritance. It should be noted, however, that
most mitochondrial proteins are encoded by genes in the
nucleus, and mutations display typical Mendelian inheri-
tance (usually autosomal recessive). As shown in
© Fig. 2.11, a mutation at the A3243G position of the
mitochondrial genome causes maternal inheritance of

R T T T 8

@ Figure 2.11
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Maternal inheritance in mitochondrial diseases. The mutation in the mitochondrial genome is passed to offspring

exclusively through women
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diabetes. All affected individuals inherit the mutant mito-
chondrial genome from their mothers. No affected males
pass the mutated genome to their offspring. Since each cell
contains hundreds to thousands of mitochondria, each
mitochondrion also contains multiple copies of the mito-
chondrial genomes. Therefore, the mutant and wild type
mitochondrial genome can coexist, which is known as
heteroplasmy. The degree of heteroplasmy can affect the
clinical expression of the mutation.

Genomic Imprinting

For a majority of autosomal genes, the paternal and
maternal alleles are both expressed. However, a small por-
tion of genes are expressed in a parent-of-origin-specific
manner. For example, gene H19 on Chromosome 11 is only
expressed from the maternal allele. In contrast, IGF2 on the
same chromosome is only expressed from the paternal allele.
This phenomenon is referred to as genomic imprinting.
Prader-Willi syndrome is a typical example of a
disorder of genomic imprinting. Prader—-Willi syndrome is

B Figure 2.12

characterized by hypotonia, short stature, polyphagia, obe-
sity, and small hands and feet. Hypogonadism and mental
retardation also occur. The disorder results from lack of
expression of a gene on chromosome 15 that is normally
expressed from the paternal copy. A variety of types of
mutation can lead to Prader-Willi syndrome. The most
common is deletion of the region on 15q11.2. An alternative
mechanism is uniparental disomy, in which both copies of
15 are derived from the mother. This can occur as shown in
© Fig. 2.12. Deletion of the maternal copy, or paternal
uniparental disomy results in a different disorder —
Angelman syndrome, characterized by seizures, develop-
mental delay, and poorly coordinated body movements.
In summary, Mendelian disorders comprise an
important component of pediatric genetic disorders.
The most critical diagnostic tool is the family history.
Being able to accurately analyze the pattern of inheri-
tance can help making a diagnosis and identifying any
at-risk family members. To analyze a pedigree, it is
very important to know if transmission is vertical and
to examine for male-male transmission (X-linked
disorders will not have male-to-male transmission).

Genomic imprinting of Prader-Willi syndrome. A normal sperm is fertilized with an egg with two copies of chromosome 15,

and this will result in trisomy 15. Since trisomy 15 is lethal, the cell will often find a way to remove one copy of

chromosome 15. If the paternal chromosome 15 is eliminated, the remaining two copies of chromosome 15 will be both

from the mother and result in maternal uniparental disomy. Since some genes are only expressed in paternal alleles and

when two copies of gene are the maternal alleles, some of the genes normally expressed from the paternal allele are

missing. In this case, this would result in Prader-Willi syndrome
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In addition, it is also very helpful to examine the
pedigree to determine if all the daughters of an affected
father are affected. This could be an evidence of sex-
linked-dominant mode of transmission. Does the trait
skip a generation, indicative of non-penetrance? If
the pedigree is large enough, determination of the
segregation ratio is important (expect half of the off-
spring of affected individuals to be affected for a domi-
nant trait).

References

Jorde LB, Carrey JC, Bamshad MJ, White LR (2009) Medical genetics, 4th
edn. St. Louis, Mosby

Korf BR (2007) Human genetics and genomics (Human genetics:
a problem-based approach), 3rd edn. Blackwell, Cambridge, MA

Lyon M (2003) The Lyon and the LINE hypothesis (review article). Semin
Cell Dev Biol 14(6):313-818

Ng K, Pullirsch D, Leeb M, Wutz A (2007) Xist and the order of silencing
(review article). EMBO Rep 8(1):34-39






3 Congenital Malformation Syndromes

Gabriela M. Repetto

The birth of a child with single or multiple congenital
anomalies is a source of stress for the family and the
healthcare team, even in the presence of a known family
history of the condition or of prenatal diagnosis. Identi-
fying the correct etiology is relevant to plan for appropri-
ate interventions, to search for possible associated
abnormalities, to establish a prognosis, and to predict
recurrence risk. This chapter summarizes the clinical eval-
uation of the child with congenital anomalies in the con-
text of a syndrome, defined as a recognizable pattern
of abnormalities that share a common underlying etiology.
Approaches to common clinical problems with a brief
depiction of some relatively frequent syndromes are
included. Several thousand syndromes have been recog-
nized and their individual description is beyond the scope
of this section. References to specialized textbooks or
databases have been incorporated for further reading.

Definitions/Classifications

Dysmorphology is the term used to describe the study of
congenital anomalies. It is estimated that 2—3% of new-
borns have major congenital abnormalities, that is, those
that are present at birth and require surgical or medical
treatment because of functional or cosmetic conse-
quences. Most newborns with major congenital anomalies
have isolated ones, but it has been estimated that about
a third to a half of those with congenital abnormalities, or
0.7-1% of all newborns, have multiple anomalies.
Recognizable patterns of anomalies are usually catego-
rized as syndromes, sequences, and associations. As men-
tioned above, a syndrome is a recognizable pattern of
anomalies with a common underlying etiology. For exam-
ple, individuals with Down syndrome have identifiable
facial features, developmental delay and mental retarda-
tion, central hypotonia, risk of congenital heart disease,
hearing and visual impairment, among others; these man-
ifestations are due to the presence of additional material
from chromosome 21. Marfan syndrome is characterized
by tall stature with long extremities, pectus carinatum or
excavatum, lens dislocation, aortic root dilatation, and
other features (@ Fig. 3.1) that are the result of mutations

in the FBNI gene encoding for fibrillin, an extracellular
matrix protein. A sequence is defined as a group of anom-
alies resulting as a cascade from a single initial defect in
morphogenesis. Robin sequence, for example, refers to the
association of microretrognathia (small and receding
chin), glossoptosis and respiratory distress with or with-
out cleft palate. It is presumed that microretrognathia in
early development is the initial defect, causing
a displacement of the tongue backwards and upward to
a position that interferes with palatal closure. Potter
sequence is characterized by flat facial features, abnormal
positioning of the extremities, and pulmonary hypoplasia
— findings that are secondary to oligohydramnios — and
this is due to renal agenesis. An association refers to
a group of congenital anomalies that occur together with
higher frequency than expected by chance, but without
a known common etiology. For instance, VACTERL (or
VATER) association includes vertebral defects, anal atre-
sia, cardiac defects, tracheo-esophageal fistula, renal and
limb defects. Though there is no agreement on how many
of these anomalies are sufficient to establish the diagnosis
of VACTERL (authors suggest anomalies in at least three
different anatomic regions), it is relevant to be aware of
this association, as the presence of one of the defects
should prompt the clinician to carefully search for the
others. MURCS association includes Mullerian duct
(upper vagina and uterus) hypoplasia, renal and cervical
vertebra defects, also of so far unknown etiology.

With the increasing knowledge on the pathogenesis
and availability of molecular tests, some conditions previ-
ously categorized as associations are now classified as syn-
dromes. One example is CHARGE syndrome (coloboma,
heart disease, choanal atresia, renal anomalies, growth and
mental retardation, genital hypoplasia, and ear anomalies):
microdeletions and mutations in the CHD7 gene have
recently been identified as the cause of the multiple and
apparently unrelated anomalies. CHD? is a member of the
chromodomain helicase DNA-binding (CHD) genes that
encode for a class of proteins that are thought to have
pivotal roles in regulating chromatin structure and gene
expression in early embryonic development.

Clinical series and large epidemiologic studies have
shown that syndromes may be recognized in the neonatal

Abdelaziz Y. Elzouki (ed.), Textbook of Clinical Pediatrics, DOI 10.1007/978-3-642-02202-9_3,

© Springer-Verlag Berlin Heidelberg 2012



26

Congenital Malformation Syndromes

@O Figure 3.1
Arachnodactyly in a girl with Marfan syndrome

period in about 25% of newborns evaluated for congenital
anomalies. A substantial portion of syndromes are recog-
nized later in life, especially since several cardinal mani-
festations, such as developmental or growth delays can
present in an age-dependant manner. This has practical
implications for the clinician and the family, since arriving
to a correct diagnosis may require long-term follow up
and re-evaluation.

Several thousand syndromes have been delineated
and many are described and catalogued in textbooks,
such as Smith’s Recognizable Patterns of Malformations
and Syndromes of the Head and Neck, or computer
or web-based clinical databases, such as the Baraitser-
Winter Dysmorphology database (formerly London
Dysmorphology database) and Pictures of Standardized
Syndromes and Undiagnosed Malformations (POSSUM).

Etiology

On a pathogenic basis, congenital anomalies are classified
as malformations (abnormal organ or tissue formation, as
seen in congenital heart defects or spina bifida), dysplasias
(abnormal organization of cells, such as skeletal dysplasias
and lysosomal storage diseases), deformations (effect of
extrinsic forces acting on an otherwise normal fetus or
embryo, for example, intrauterine constraints leading to
club foot), and disruptions (destruction of normal tissue,
for example, by amniotic bands (@ Fig. 3.2), infections or
hypoxia). Though there may be overlap within these cat-
egories, the classification has practical implications in
terms of prognosis and recurrence risks. Patients with

O Figure 3.2
Third to fifth digit amputations due to amniotic bands

deformations tend to have relatively good therapeutic
prognosis and low recurrence risks unless the underlying
cause persists (such as uterine myomata or bicornuate
uterus). Dysplasias are usually of genetic origin with recur-
rence risks that depend on the pattern of inheritance, and
there is, in general, a paucity of curative therapies.

The term “congenital” (present at birth) does not in
itself imply a specific etiology and is not synonymous with
genetic cause. It has been estimated that chromosome
abnormalities or rearrangements account for 5-10% of
cases of major congenital anomalies, single gene defects for
10-15%, environmental (non genetic) causes such as infec-
tions or teratogens in 10%, polygenic/multifactorial (i.e.,
the result of an interaction between genetic and nongenetic
factors) in 30-40%, and unknown cause in 30-50%.

Epidemiology

Birth defects surveillance systems have been implemented
in different countries or regions to monitor the occurrence
of congenital anomalies and conduct research geared
towards understanding the causes, decreasing their conse-
quences, and elaborating preventive strategies. The Inter-
national Clearinghouse for Birth Defects Surveillance and
Research (ICBDSR) (http://www.icbdsr.org) collects
information from over 40 programs around the world,
a strategy that has been useful in understanding the causes
that underlie several defects.

Based on data provided by these monitoring systems,
it has been estimated, as described above, that about 2—-3%
of newborns have major congenital abnormalities.
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In addition, other relevant anomalies, such as growth
failure, developmental delays, mental retardation, hearing
or vision loss, may be evident later, so that, by age 5 years,
approximately 7% of children may have major anomalies
that warrant the search for an underlying etiology.

Major congenital anomalies were estimated to account
for half a million deaths worldwide in 1997 and constitute
a substantial cause of neonatal and infant mortality in
both developed and developing countries. As infant mor-
tality rates have decreased worldwide in the past 50 years,
the relative contribution of congenital anomalies to infant
mortality has increased. Major congenital anomalies are
also one of the most frequent causes of pediatric hospital-
ization, accounting for a third to one half of admissions to
tertiary care hospitals.

Common types of major anomalies include, among
many others, congenital heart disease, cleft lip and/or
palate, and neural tube defects (including anencephaly
and spina bifida) that have average incidences of 8/1,000,
1.6/1,000, and 1.1/1,000 live births, respectively. There
is evidence of geographic or ethnic differences in frequen-
cies of several birth defects. For example, the incidence of
neural tube defects was highest, almost 19/1,000, in
the Netherlands and 5/1,000 in France in the early 1990s,
before folic acid supplementation was widely implemented
in these countries. Regional differences have also been
observed in the incidence of cleft lip.

Clinical Manifestations and Diagnosis:
The Clinical Evaluation of the Child with
Congenital Anomalies

Finding the correct diagnosis for a patient with single
or multiple congenital anomalies has several implications:
existing knowledge of the natural history of the condition
will allow planning for additional evaluations and
necessary care, available information on the particular
syndrome will serve as a prognostic guideline, and knowl-
edge of the cause of the syndrome will be necessary to
estimate risk of recurrence and to consider and implement
available preventative measures. Nevertheless, it is esti-
mated that a definitive diagnosis is reached in only approx-
imately 20-50% of children with multiple anomalies.

A genetic evaluation of an infant or child with con-
genital anomalies should be considered in the presence of
two or more major anomalies (including mental retarda-
tion and short stature), one major and multiple minor
anomalies, or a major anomaly and/or multiple minor
ones and a family history of congenital anomalies,
recurrent miscarriages (>2), neonatal death, parental

@ Table 3.1
Common reasons for referral to pediatric genetics
evaluation

Two or more major anomalies

One major and multiple minor anomalies

One or more major and/or multiple minor anomalies and
family history of congenital anomalies, parental
consanguinity, recurrent miscarriages or teratogen
exposure

Known genetic syndrome

Neonatal death

consanguinity and infants with congenital anomalies and
a history of potential teratogen exposure (@ Table 3.1).

As in every area of medicine, achieving a correct syn-
drome diagnosis starts with a detailed clinical history and
physical examination. The clinical evaluation of a child
with congenital anomalies requires thoroughness. Rele-
vant elements of the clinical history include the pregnancy
history (pregnancy planning, parental age, occupation
and health status, exposure to drugs, medications, alcohol,
evidence of maternal infectious diseases and chronic ill-
ness, fetal movements, oligo- or polyhydramnios, ultra-
sound or other antenatal screening results), delivery
(gestational age, presentation and mode of delivery, birth
weight, length and head circumference and their relation-
ship to gestational age), as well as neonatal adaptation and
behavior, including evidence of asphyxia, neurological and
biochemical abnormalities, such as hypoglycemia or
hypocalcemia. If the child is older, information on growth
and development as well as the interval medical history
may also provide important diagnostic clues.

The family history is also relevant to diagnosis, since
there may be other relatives with similar or related find-
ings, including more subtle ones, or it may reveal other
individuals at risk of developing the disease or of trans-
mitting it to their offspring. Information is gathered as
a minimum of three-generation pedigree and should
include affected individuals, miscarriages, and consan-
guinity. A useful way of summarizing the family history
is the drawing of a pedigree using standardized symbols
(© Fig. 3.1).

The physical examination of the affected child, and
other family members if necessary, constitutes another
crucial diagnostic element. Growth and proportions
should be documented and compared to age-appropriate
percentiles. The basic parts of the general and segmental
physical exam are performed, but special attention should
be given to findings that may constitute major or minor
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O Figure 3.3

Examples of minor anomalies. (a) Inner epicanthal folds and depressed nasal bridge, (b) preauricular pit, (c) multiple café au

lait spots, (d) interdigital webbing, (e) blue sclerae

anomalies, as well as the distinction of the latter from
normal variants. Minor anomalies are those that constitute
morphologic abnormalities that are of no serious medical
or cosmetic consequence, and are present in 4% or less of
the population. They tend to be more frequent in areas of
complex formation, such as the face, ears, and hands.
Examples include epicanthal folds, preauricular tags or
pits, hypo-or hyperpigmented maculae, etc. (@ Fig. 3.3).
The identification of these minor anomalies is relevant

since they may provide diagnostic clues in the evalu-
ation of a child with major anomalies. Additionally, it
has been shown that the presence of three or more
minor anomalies may be associated with the presence of
major ones in 20-90% of infants. Therefore, it has been
recommended to search for major anomalies in newborns
with multiple minor anomalies. It can be challenging for
the clinician to distinguish these minor anomalies from
normal variants, defined as structural variations without
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O Figure 3.4
Examples of normal variants. (a) (Incomplete) transverse
palmar crease, (b) fifth finger clinodactyly

medical consequences that are common in a population,
occurring with a frequency of 4% or greater, such as
transverse palmar creases, fifth finger clinodactyly, etc.
(© Fig. 3.4). The clinician should be aware of ethnic
differences in frequencies of these minor findings; for
example, epicanthal folds are common in Asian individ-
uals and would thus be considered a normal variant in
these populations, but they are infrequent in Caucasian
individuals and therefore, would be catalogued as a minor
anomaly in them.

It is useful to obtain objective measurements and to
compare them with available standards. These standards
have been constructed predominantly with data from
Caucasian individuals; therefore, comparisons may also
need to be interpreted with caution when used for patients

of other ethnic origins. Photographs obtained with
informed consent are useful to document the condition
and age-related changes as well as to facilitate consultation
with pertinent specialists. Several sites have implemented
telemedicine services to facilitate evaluation of patients in
remote locations, and this type of service is likely to
continue growing in the future, allowing for access to
specialist consultation.

Useful laboratory tests to further assess the phenotypic
features include imaging studies to search for mal-
formations not evident on surface exam, hearing and vision
evaluations, formal developmental assessments, and bio-
chemical tests, for example mucopolysaccharides when
a lysosomal storage disease affecting these metabolites is
suspected, or cholesterol levels in the case of Smith-Lemli-
Opitz syndrome — a severe defect in cholesterol biosynthesis
that causes microcephaly, a distinctive facies, congenital
heart disease, genital abnormalities, Y-shaped syndactyly
between the second and third toes, high prenatal and neo-
natal mortality, and mental retardation in the survivors.

Once all this clinical information has been gathered, the
next step is to consider possible differential diagnoses. The
clinician needs to keep in mind that no single sign is
pathognomonic of a syndrome, minor anomalies are seen
in otherwise healthy children, and there can be crucial
diagnostic signs and symptoms that may appear later in life.

For the experienced clinician, a diagnosis may be
achieved through what is known as the “gestalt” or pattern
recognition approach. Since most syndromes are individ-
ually infrequent, it is unlikely that all of them would have
been seen or recognized by a physician. As mentioned
above, there are useful textbooks and computer databases
that may aid in the identification of a diagnosis. It must be
emphasized that the accuracy of such diagnosis relies
fundamentally in the adequate recognition, description
and prioritization of signs and symptoms by the clinician.
As expressed by Hunter, these databases should be consid-
ered “systems for experts” rather than “expert systems.”

If possible, once a diagnostic hypothesis has been pro-
posed, laboratory confirmatory tests should be performed.
Specific genetic tests are not available for all recognizable
syndromes. In some cases, the underlying genetic etiology
is unknown; in others, cost or accessibility issues may
make testing not feasible. These limitations should not
preclude the implementation of adequate care measures
and education of the patient and his or her family.

The most commonly used genetic test is the karyotype,
and it should be considered in the presence of a known
recognizable chromosome abnormality syndrome, or in
children with multiple major congenital anomalies or
minor anomalies, mental retardation, or short stature.
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If a specific microdeletion or microduplication is
suspected based on the clinical findings, fluorescence in
situ hybridization (FISH) testing with specific probes is
a necessary additional form of testing. Higher resolution
testing for genomic imbalances, such as array comparative
genomic hybridization (array-CGH), has been shown to
increase the rate of detectable chromosome abnormalities
from 5-10% to an average of 17-20%. If a specific mono-
genic disorder is recognized, molecular testing to identify
the causative mutation will be useful for confirmation and,
if indicated, to offer testing to other relatives at risk. The
detection rate of molecular testing for most monogenic
disorders is less than 100% and it is necessary to begin
testing with the affected individual if available. Once
a mutation has been found, testing can be offered to
affected or at-risk relatives. Web-based databases of labo-
ratories that perform genetic clinical and research tests
and descriptions of their uses are listed in @ Table 3.2,
along with other useful sources of genetics information.

Some inborn errors of metabolism can be a cause of
congenital anomalies, and biochemical tests may also be
useful as diagnostic tools. Smith-Lemli-Opitz syndrome,
described above, is an example. Defects in mitochondrial
energy production may cause central nervous system
malformations and patients may have abnormalities in
lactate and pyruvate levels and in urine organic acids
that aid in orienting to a specific diagnosis.

It is estimated that in about 50% or more of the
evaluated patients no diagnosis will be made, even after
a complete evaluation. The family should be reassured that
the lack of a specific diagnosis will not impede access to
therapies and that an incorrect diagnosis may be more

B Table 3.2

harmful than no diagnosis. It is relevant, in these cases, to
reevaluate the child with certain periodicity, since new
and/or more specific signs or symptoms may appear in
the patient with age, and new diagnosis or diagnostic tests
may have been described or developed. A summary of the
approach is presented in © Fig. 3.5.

Management of the Child with
a Congenital Malformation Syndrome

Because syndromes can be so different in manifestations
and consequences, it is not possible to describe specific
recommendations in this chapter. Nevertheless, there are
some common relevant points: Medical care, psychologi-
cal support and education of the family are all integral
parts of the care of infants and children with congenital
malformation syndromes. Information given to the family
regarding prognosis and available therapies should be
realistic. Referral to support groups is usually beneficial
and appreciated by the parents. Some useful resources for
parents are listed in © Table 3.3.

Anticipatory care guidelines for several common
genetic syndromes have been published by the Committee
on Genetics of the American Academy of Pediatrics. They
include recommendations for the care of children and
adults with achondroplasia, Down, fragile X, Marfan,
neurofibromatosis type 1, Turner, and Williams syn-
dromes. These are useful sources for the clinician involved
in the care of these patients, and place emphasis on the
early detection and management of the manifestations of
these conditions. Some of these guidelines also include

Useful resources for information on diagnosis and management of children with congenital malformation syndromes

Eurogentest Information on genetic testing and clinics available in www.eurogentest.org
Europe
Genetests Expert-authored reviews on genetic diseases, and listings of | www.ncbi.nIm.nih.gov/sites/

laboratories offering research and clinical genetic testing

GeneTests/ or www.genetests.
org

Kansas University Medical
Center Genetics Education

Listings of genetics websites and educational resources

www.kumc.edu/gec/

orphan drugs

Center

Online Mendelian Inheritance | Updated information on human genes and Mendelian www.ncbi.nlm.nih.gov/omim
in Man (OMIM) phenotypes

Orphanet European resource for information on rare disorders and www.orpha.net
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@ Figure 3

Summary of clinical evaluation of the child with congenital anomalies, based on American College of Medical Genetics

Guidelines

Patient with congenitial
anomaly

Clinical
evaluation*®

Multiple major
and/or minor
anomalies
I

Apparently isolated
anomaly

Specific diagnosis Specific diagnosis
apparent inapparent

Reevaluate for
additional
information

Diagnosis Diagnosis
apparent inapparent

Diagnosis test
if available®

Diagnosis Diagnosis
confirmed unconfirmed

—Specific treatment
—Recurrence risk
counseling and follow

up

—Symptomatic treatment
—Empiric recurrence
risk counseling and

follow up

* Patient and family history, physical examination, imaging studies, etc.
# Karyotype, molecular, and/or metabolic testing

5
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diagnosis-specific growth charts and expected develop-
ment. Other useful sources of clinical information can be
found in the sites listed in @ Table 3.2.

Recurrence risks are estimated based on the specific
diagnosis and its cause. In the case of monogenic disor-
ders, estimates can be made based on Mendelian propor-
tions if the type of inheritance of the syndrome is known.
For autosomal recessive conditions, the risk of having an
affected child is 25% for each pregnancy if both parents are
carriers. In the case of autosomal dominant disorders, the
risk to an affected parent to have an affected child is 50%.
In some cases, new mutations give rise to autosomal
dominant disorders, implying low recurrence risks, but
this information needs to be taken with caution, because

O Table 3.3

Useful resources for parents (this table lists a limited num-
ber of resources, more can be found in the specific disease
description in the Genetests or Orphanet websites)

Little People of America www.|paonline.

org

National Down Syndrome Society www.ndss.org

National Organization for Rare Disorders | www.
raredisorders.org

Support Organization for Trisomy 18
and 13 (SOFT)

Velocardiofacial Syndrome Educational
Foundation

www.trisomy.org

www.vcfsef.org

O Table 3.4

of the phenomena of incomplete penetrance (a parent has
the mutation but shows no phenotypic consequence, but
still has a 50% chance of inheriting it to his/her offspring)
and gonadal mosaicism, that is, the presence of other
gametes with the mutation, leading to the possibility of
recurrence. For X-linked recessive disorders, carrier
mothers have a 50% chance of having an affected son
and a 50% chance of having a carrier daughter for each
pregnancy if the father is unaffected. In the case of fathers
affected with X-linked disorders, every daughter will be an
obligate carrier and sons will be unaffected, since they will
inherit a Y chromosome from their father. In X-linked
dominant disorders, both males and females are affected,
though phenotypes may be more severe (or even lethal) in
males. All daughters and no sons of an affected father are
affected; the risk to sons and daughters of an affected
woman is 50%.

Most of the isolated anomalies described at the begin-
ning of the chapter have a complex or multifactorial cause,
with contributing genetic and nongenetic factors. Their
risk of recurrence is usually estimated based on empirical
data. Recurrence risks for a selection of common isolated
congenital anomalies are summarized in @ Table 3.4.

Empiric figures are also used for recurrence risk esti-
mation of common aneuplodies or other chromosome
abnormalities, which take into account the type of abnor-
mality, the mode of ascertainment (e.g., through the birth
of a child with anomalies, or through recurrent miscar-
riages), parental karyotype, and parental age.

The prognosis will depend on the underlying diagno-
sis, the manifestations in the particular child, and the

Empiric average occurrence and recurrence risk for some relatively common, isolated, congenital anomalies

(From Harper 2004)

Baseline population

occurrence risk in

Recurrence risk for first-degree
relatives if one person

Recurrence risk for first-degree
relatives if two persons

Condition Caucasians (%) affected (%) affected (%)
Congenital heart 0.8 2-3 10

disease

Cleft lip, with or 0.1 4 10

without cleft palate

Cleft palate 0.04 1.8 8
Anencephaly/spina | 0.16 3 10

bifida®

Moderate to severe | 0.3 2.8 25

mental retardation

*Without periconceptional folic acid supplementation
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availability and access to care. Particular issues arise in the
presence of a diagnosis associated with poor survival in the
neonatal or early infancy periods. Examples include tri-
somy 13, trisomy 18, or lethal skeletal dysplasias. In these
cases, diagnostic confirmation allows to plan for appro-
priate and proportionate care and support of the child and
family.

Approaches to Some Common Clinical
Problems and Anomalies

A significant proportion of pediatric patients are referred
to genetics evaluation due to a categorical problem or
a specific major anomaly. As expressed above, the identi-
fication of the underlying cause may aid in the care,
prognosis, and recurrence risk estimation. A brief descrip-
tion of key elements in the genetic evaluation of children
with suspected syndromic causes of short stature, congen-
ital heart disease, or cleft lip/palate is given below.

Syndromes Associated with Short
Stature

Short stature, whether of prenatal or postnatal onset, is
a relatively common medical problem, and a frequent
reason for genetics evaluation. There are a wide number
of causes, including normal variation as well as nutri-
tional, gastrointestinal, renal, endocrine, and social causes
that interfere with growth, among others. Nevertheless,
short stature is also frequent in syndromes; therefore,
genetic causes may need to be evaluated in a substantial
portion of infants and children manifesting growth prob-
lems. As described above, the clinical evaluation is crucial,
and should include a thorough pregnancy history in
search for prenatal onset of growth deficiency, maternal
illness, exposure to teratogens, etc., medical history in
search for other illnesses and evaluation of growth veloc-
ity. Family history is important to assess the growth pat-
tern, final height, age at puberty, and presence of
hereditary diseases. The physical examination, in addition
to the growth parameters, should include a search for
major or minor anomalies that might provide clues to
the underlying diagnosis. A helpful tool is the measure-
ment of body segments to evaluate body proportions, in
addition to height or length. These measurements include
arm span (measured from the tip of one middle finger of
one hand to the other with the arms fully extended in the
horizontal plane) that normally is similar to total height or
length. Measurements of lower and upper segments and of

limb segments are also useful to assess body proportions.
Standards have been published for these more specific
dimensions, but should be used with caution since they
have been obtained from North American individuals.

The presence of disproportion suggests a skeletal
dysplasia. These are abnormalities in growth and develop-
ment of bone and cartilage and usually affect bones
or parts of bones differently, resulting in disproportion.
If a skeletal dysplasia is suspected, the laboratory evalua-
tion requires a radiologic skeletal survey, including
anteroposterior (AP) and lateral (L) views of the skull,
full spine and knees, and AP views of the thorax, pelvis,
upper and lower extremities, hands, and feet. On occasion,
and due to the age-dependant process of bone ossification,
some abnormalities will not be evident in X-rays of infants
and small children and therefore clinical and radiologic
reevaluation will be required. One of the most common
types of skeletal dysplasia is achondroplasia, due to muta-
tions in the FGRF3 gene that encodes for fibroblast growth
factor receptor 3. Patients have short stature with short
spine and limbs, macrocephaly, and normal intellectual
abilities (© Fig. 3.6).

Many other conditions show short stature with-
out (or with more subtle) disproportion. Some examples
are Williams syndrome, with features that include
supravalvular aortic stenosis, hypercalcemia, developmen-
tal delays, and recognizable facial features; Russell-Silver
syndrome, with relative macrocephaly, limb asymmetry,
café-au-lait macules and clinodactyly of the fifth fingers; or
Seckel syndrome, with severe pre- and post-natal growth
failure, microcephaly that can be more pronounced than
the short stature, prominent nose, micrognathia, and
varying degree of mental retardation (@ Fig. 3.7).

Karyotype should be included in the evaluation of
children with short stature. Several studies have shown
that about 20% of girls with pathologic short stature
have Turner syndrome. This is characterized by congenital
heart disease in 30-40%, puffy hands, and feet at birth due
to lymphedema (@ Fig. 3.8) webbed neck, widely spaced
nipples, and ovarian dysgenesis, among other features.
Molecular diagnosis is available for a constantly increasing
number of conditions associated with syndromic and
non-syndromic short stature.

Syndromes Associated with Congenital
Heart Disease

Congenital heart disease (CHD) is one of the most com-
mon major congenital anomalies; with an estimated
incidence of 8/1,000 live births. Genetic causes are being
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@ Figure 3.6
A boy with achondroplasia, with a height of 115 cm at age
10 years

increasingly identified not only for syndromic CHD, but
also for nonsyndromic or isolated defects, thereby improv-
ing the understanding of the etiology of these anomalies.
Several chromosomal syndromes include CHDs: 40-50%
of newborns with Down syndrome have CHD and it is
recommended that a cardiac evaluation, including an echo-
cardiogram, be performed at the time of diagnosis. Fre-
quent defects include common atrioventricular canal,
ventricular septal defects (VSD), and atrial septal defects
(ASD). CHD is also frequent in girls with Turner syndrome,
with anomalies such as coarctation of the aorta, bicuspid
aortic valve, valvular aortic stenosis, and risk of aortic
dissection in adulthood. Some chromosome microdeletion
syndromes also lead to an increased risk of CHD. About
60-75% of patients with chromosome 22qll or
velocardiofacial syndrome have defects in the cardiac out-
flow tract, such as tetralogy of Fallot, interrupted aortic
arch and VSD, along with developmental delays, cleft palate
or velopharyngeal insufficiency, among other features
(© Fig. 3.9). Patients with Williams syndrome, due to
a microdeletion at chromosome region 7q11, frequently
have supravalvular aortic stenosis, peripheral pulmonary

@ Figure 3.7
A girl with Seckel syndrome, with a length of 65 cm at age 2
years

O Figure 3.8
Lymphedema in a girl with Turner syndrome (Photograph
courtesy of G. Lay-Son, MD)
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O Figure 3.9

A boy with velocardiofacial syndrome (22911 deletion). (a)
facial features, including bulbous or round nasal tip and
minor ear anomalies, (b) bifid uvula

artery stenosis or pulmonic valve stenosis associated with
short stature, hypercalcemia, and hypertension.

CHD is also a relevant feature of several monogenic
syndromes. The majority of patients with Noonan syn-
drome have CHD; characteristic types include dysplastic
pulmonary valve leading to stenosis, and/or hypertrophic
cardiomyopathy. Other syndromes, such as Costello and
cardio-facial-cutaneous, share similar features (CHD, short
stature, developmental delays, and characteristic facial fea-
tures) and are due to mutations in PTPNII, SOS, and
KRAS genes that are part of a common signaling pathway.

CHD can also be a part of syndromes due to terato-
genic exposure. Examples include maternal phenylketon-
uria and maternal diabetes, fetal alcohol syndrome,

and retinoic acid embryopathy. In addition, some terato-
gens can mimic the effect of genetic abnormalities, a
phenomenon known as phenocopy. For example,
DiGeorge sequence (abnormalities in the embryonic
development of the third and fourth branchial arches
and pouches leading to cardiac outflow tract defects, thy-
mic and parathyroid aplasia or hypoplasia, resulting in
immune deficiency and hypocalcemia respectively) can be
caused by prenatal exposure to retinoids or by chromo-
some 22q11 microdeletion (© Fig. 3.9).

Cardiovascular disease can also present later in several
syndromes, so early awareness of the diagnosis can help in
planning for appropriate screening and prevention. As
mentioned above, girls with Turner syndrome can develop
aortic dissection in adulthood and it is recommended for
them to have regular cardiological evaluation in adult-
hood even if the person did not have CHD. Individuals
with Marfan syndrome can have dilatation and dissection
of the aorta, a life-threatening complication that can be
partly reduced in rate with the use of beta-blockers or
angiotensin II-receptor blockers.

Syndromes Associated with Cleft Lip
or Cleft Palate

Orofacial clefts are relatively frequent major anomalies,
and are second in frequency to congenital heart defects. As
has been described for cardiac defects, most cases of
orofacial clefts are isolated, that is, without other anoma-
lies (but still may have a genetic etiology) and a proportion
of individuals have syndromic clefts. From a pathogenic
point of view, cleft lip with or without cleft palate (CL£P)
is considered distinct from cleft palate (CP), they occur
separately in families, and the former is more frequent
than the latter (1-2/1,000 and 1/500 live births, respec-
tively). CL£P is more commonly associated with other
anomalies than CP alone.

Several common syndromes are associated with
orofacial clefts: CL£P is frequent in trisomy 13 and 18,
and CP, whether in overt or submucous forms, is seen in
70-80% of patients with chromosome 22q11 deletion or
velocardiofacial syndrome. Monogenic syndromes that
may manifest clefts include Stickler (CP with myopia,
hearing loss, and arthropathy) (@ Fig. 3.10), Larsen syn-
drome (CP with flat facial profile and multiple joint dis-
locations), and van der Woude syndrome (one of the few
conditions in which affected family members can have
either CL£P or CP, associated with lip pits).

Teratogens can also be a cause of clefting. CL£P is seen
in patients with fetal alcohol syndrome (with growth
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@ Figure 3.10
A girl with Stickler syndrome, with flat facial profile and
relatively prominent eyes

deficiency, variable mental retardation, microcephaly, short
palpebral fissures, and flat philtrum), fetal hydantoin syn-
drome (short stature, mental retardation, hypoplasia of
distal phalanges and small nails), and fetal valproate syn-
drome (with congenital heart disease and spina bifida).

Prevention

As neonatal and infant mortality from infections and com-
plications of prematurity have decreased worldwide, there
has been a relative increase in morbidity and mortality from
congenital anomalies, both in an isolated manner and in the
context of syndromes. Most cases of congenital malforma-
tion syndromes will arise in families without a previous
history, making the identification of couples at risk difficult.
Most common chromosome abnormalities are sporadic, as
is the case of the majority of instances of Down and Turner
syndromes. With respect to monogenic disorders, de novo
or new mutations occur for a large proportion of autosomal
dominant (as in achondroplasia and neurofibromatosis
type 1, among others) or X chromosome-linked conditions
(e.g., Rett syndrome and Goltz syndrome), and most indi-
viduals with autosomal recessive conditions have healthy
heterozygous carrier parents (as in Smith-Lemli-Opitz syn-
drome or Seckel syndromes).

Nevertheless, a proportion of these seemingly unex-
pected conditions have known, identifiable risk factors,
such as advanced maternal age for chromosome

aneuploidies, advanced paternal age for de novo dominant
mutations, parental consanguinity for autosomal recessive
syndromes, teratogen exposures, such as fetal alcohol
syndrome and chronic uncontrolled maternal illnesses,
such as diabetes mellitus or phenylketonuria. Hence,
the Latin American Collaborative Study of Congenital
Malformations (ECLAMC, for Estudio Colaborativo
Latinomericano de Malformaciones Congénitas) has pro-
posed a “Decalogue for Prevention of Congenital Anom-
alies” focused on the avoidance of known risk factors such
as unintended pregnancy, advanced maternal age, defi-
cient prenatal controls, rubella, self-medication, alcohol,
smoking, malnutrition, occupational risks, and poor
health care.

In addition to these preconceptional preventative
measures, options are available for antenatal screening or
diagnosis of several syndromes. First and second trimester
screening for common aneuploidies such as trisomies 21
and 18 is usually performed by a combination of maternal
age, ultrasound markers (most commonly nuchal trans-
lucency), and/or biochemical markers. Screening has inci-
dentally been found to be useful to identify fetuses at risk
for other conditions such as Smith-Lemli-Opitz syndrome
as well as adverse perinatal outcomes. Fetal ultrasound is
also useful to identify structural anomalies that may sug-
gest the existence of a syndrome. These screening pro-
cedures are useful to select pregnancies that warrant
further studies, such as invasive karyotype or molecular
testing (by chorionic villous sampling, amniocentesis or
chordocentesis) or additional studies such as fetal mag-
netic resonance imaging.

Education is also a crucial part of prevention. This
can be accomplished through genetic counseling, defined
as “the process of helping people understand and adapt
to the medical, psychological, and familial implications
of genetic contributions to disease” (National Society
of Genetic Counselors, www.nsgc.org). This process
includes, in the case of congenital malformation syn-
dromes, providing information to the patient and/or fam-
ily about the specific diagnosis, mode of inheritance,
occurrence or recurrence risks, and the available therapeu-
tic and preventative alternatives.

Case Histories

Case 1

You are called to evaluate a term adequate-for-gestational-
age (AGA) newborn with feeding difficulties and respira-
tory distress. On physical examination you note that the
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newborn shows mild tachypnea with mild intercostal
retractions but normal pulse oxymetry in the supine
position. You find that she has microretrognatia and
a cleft of the soft palate, without other evident anomalies.
You position her on her side and the respiratory rate
and pattern normalize. The pregnancy history is
unremarkable. The mother has high myopia and a history
of chronic joint pain, and has been given the diagnosis of
arthritis of unknown etiology; the rest of the family his-
tory is noncontributory. Given the association of
microretrognathia, cleft palate, and respiratory difficul-
ties, you consider that she has Robin sequence. This mal-
formation could be “non-syndromic,” of unknown cause,
or perhaps due to fetal crowding or decreased intrauterine
mobility. You also learn that about 40-50% of cases can
be caused by syndromes, the most common ones being
22q11 microdeletion (or velo-cardio-facial) syndrome
(© Fig. 3.9) and Stickler syndrome (© Fig. 3.10), a connec-
tive tissue disorder due to mutations in COL2AI,
COLIAL, COL9A1, or COL11AI, genes encoding for col-
lagen chains. Karyotype and FISH 22 studies are normal in
your patient, and you request an ophthalmologic evalua-
tion that shows that the newborn has high myopia, like
her mother. Stickler syndrome is characterized by arthrop-
athy, flat vertebrae, myopia with risk of retinal detach-
ment, Robin sequence, and deafness. You review the
maternal X-rays, and they are consistent with this diagno-
sis. You conclude that the newborn and her mother have
Stickler syndrome, and in addition to managing her air-
way and feeding problems, you make a plan to continue to
follow the baby’s and mother’s vision and hearing, as well
as future musculo-skeletal manifestations. The family is
counseled that Stickler syndrome is inherited as an auto-
somal dominant condition and that the probabilities of
recurrence are 50% for each subsequent pregnancy.
Molecular analysis of the COL2A1 gene identifies the
causative mutation, information that may be used for
prenatal diagnosis or other at-risk relatives.

Case 2

A term AGA, 5-day old newborn boy has hypotonia and
feeding difficulties, with loss of 12% of his birth weight.
On physical examination, he is noted to have a narrow
forehead, small hands and feet, small male genitalia, and
cryptorchidism. He has moderate hypotonia, poor Moro
and suck reflexes, and normal deep tendon reflexes. He
is also noted to have hypopigmentation of his skin, hair,
and irides compared with his family. He is diagnosed with
central hypotonia. Brain imaging studies are normal. Given

his findings, the diagnosis of Prader-Willi syndrome (PWS)
is considered. Confirmatory genetic studies show a normal
karyotype, absent paternal contribution on chromosome
15 methylation analysis, and a microdeletion in the proxi-
mal part of chromosome 15 (15q11q13), consistent with
the suspected diagnosis. PWS is a genetic disorder due
to the absence of the paternal genes in chromosome region
15q11q13. In this case, it was due to a small deletion in the
region. PWS is characterized by neonatal central hypotonia
with transient feeding difficulties and failure to thrive in
the first year or two of life. Children subsequently develop
hyperphagia and obesity, short stature, hypogonadism,
developmental delays, and mild to moderate mental retar-
dation. Given the transient nature of the infantile feeding
difficulties, nasogastric tube feedings were started on
the patient, and referral was made to an Early Intervention
Program, as well as follow up by an endocrinologist. PWS
due to 15ql1ql3 microdeletion is usually a sporadic
condition, and the parents were informed that the risk
of recurrence in future pregnancies is probably low (~1%
or less).
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4 Cytogenetic Testing and Chromosomal
Disorders

Joris Robert Vermeesch - Karen Buysse

Cytogenetic Testing

It took until 1956 before the correct number of human
chromosomes of 46/cell was determined by Tjio and
Levan. The discovery of the correct number of human
chromosomes lead to the subsequent discovery that
trisomy 21 is the cause of Down syndrome. Soon thereaf-
ter, a series of associations of different birth defects with
specific chromosomal imbalances became apparent. First,
the chromosomes 13 trisomy (Patau syndrome), trisomy
18 (Edwards syndrome), and monosomy and trisomy
X syndromes were identified. Subsequently, smaller seg-
mental chromosomal imbalances such as 5p- and 4p- were
proven to cause birth defects. These associations launched
cytogenetic genetic testing as a routine diagnostic tool and
resulted in systematic screening for children with birth
defects. These screenings, in turn, resulted in the identifi-
cation of thousands of chromosomal imbalances associ-
ated with specific syndromic features.

Initially, chromosome studies were performed using
simple staining techniques that only allowed the detection
of entire groups of chromosomes. The degree of precision
was increased in the 1970s with the introduction of chro-
mosome banding techniques. These techniques enabled
the detection of individual chromosomes and segments
(bands) within chromosomes. Although chromosomal
karyotyping allows a genome-wide detection of large
chromosomal abnormalities and translocations, it has
a number of inherent limitations: (1) it takes 4-10 days
to culture the cells, visualize the chromosomes and per-
form the analysis; (2) the resolution is limited to 5-10 Mb
depending on (a) the location in the genome, (b) the
quality of the chromosome preparation, and (c) the skill
and experience of the cytogeneticist; (3) it requires skilled
technicians to perform a Giemsa-banded karyotype
analysis, which increases employment costs and can lead
to organizational difficulties in small laboratories.

With the introduction of fluorescence in situ hybridiza-
tion (FISH), the detection of submicroscopic chromosomal
imbalances (imbalances not visible by conventional

karyotyping because they are too small) became possible.
In FISH, labeled DNA probes are hybridized to nuclei or
metaphase chromosomes to detect the presence, number,
and location of small (submicroscopic) regions of chromo-
somes. FISH is routinely applied to confirm the clinical
suspicion of known microdeletion syndromes. Some com-
mon examples are the detection of the velocardiofacial
(VCFS, 22ql1 deletion, OMIM 192430), William’s
(7q11.23 deletion, OMIM 194050) and Prader-Willi
(15q11.2-13 deletion, OMIM 176270) syndromes. FISH
also detects deletions in the gene-rich subtelomeres, which
are involved in mental retardation and a number of syn-
dromes, such as the Wolf-Hirschhorn (deletion 4p, OMIM
194190) and chromosome 1p36 deletion (OMIM 607872)
syndromes.

Unfortunately, FISH can only detect individual DNA
targets rather than the entire genome. To overcome this
problem, multicolor FISH-based karyotyping (SKY,
MFISH, and COBRA FISH) was developed, which enables
simultaneous detection of all chromosomes. Another tech-
nology allowing the genome-wide detection of copy number
aberrations was introduced in 1992 and termed comparative
genomic hybridization (CGH). In CGH, test and reference
genomic DNAs are differentially labeled with fluorochromes
and then co-hybridized onto normal metaphase chromo-
somes. Following hybridization, the chromosomes are
scanned to measure the fluorescence intensities along the
length of the normal chromosomes to detect intensity ratio
differences that subsequently pinpoint to genomic imbal-
ances. Overall, the resolution at which copy number changes
can be detected using these techniques are only slightly
higher as compared to conventional karyotyping (>3 Mb)
and experiments are labor intensive and time consuming.

By replacing metaphase chromosomes with mapped
DNA sequences or oligonucleotides arrayed onto glass
slides as individual hybridization targets, the resolution
could be tremendously increased. Following hybridization
of differentially labeled test and reference genomic DNAs
to the target sequences on the microarray, the slide is
scanned to measure the fluorescence intensities at each

Abdelaziz Y. Elzouki (ed.), Textbook of Clinical Pediatrics, DOI 10.1007/978-3-642-02202-9_4,

© Springer-Verlag Berlin Heidelberg 2012
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target on the array. The normalized fluorescent ratio for
the test and reference DNAs is then plotted against the
position of the sequence along the chromosomes. Gains or
losses across the genome are identified by values increased
or decreased from a 1:1 ratio (log, value of 0), and now the
detection resolution only depends on the size and the
number of targets on an array and the position of these
targets (their distribution) on the genome. A schematic
overview of the technique is provided in @ Fig. 4.1. This
methodology was first described in 1997 and is termed
“matrix CGH” or “array CGH”. Array CGH has initially
been employed to analyze copy number changes in tumors
with the aim to identify genes involved in the pathogenesis
of cancers. More recently however, this methodology
has been optimized and applied to detect unbalanced
constitutional human rearrangements. With improved

protocols, it rapidly became clear that not only larger
insert BAC clones were appropriate targets for array
CGH, but also smaller-sized cDNA fragments, PCR prod-
ucts, and oligonucleotides. In addition to comparative
hybridization using two differentially labeled DNA sam-
ples, single sample hybridization can also be compared
versus different reference arrays. This approach is the basis
of the so-called SNP arrays.

Genome-wide array CGH has been called molecular
karyotyping in analogy with conventional karyotyping.
Because many cytogeneticists object to this term, most
recently, the term “cytogenomic array” has been put for-
ward to refer to high-resolution array-based whole
genome testing for genomic copy number (recommenda-
tion of the consortium of International Standards on
Cytogenomic Arrays (ISCA), https://isca.genetics.emory.
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Principle of array CGH. Equal amounts of test and reference DNA are differentially labeled with fluorochromes (e.g., Cy5 and
Cy3), mixed and when necessary supplemented with Cot-1 DNA to block repetitive sequences. This mixture is denatured
and hybridized on a microarray slide on which DNA probes (e.g., BACs or oligonucleotides) are immobilized. Slides are
scanned and fluorescent intensities quantified from the image. Signal intensity ratios are plotted corresponding to the
genomic position of the DNA probe and represent the relative DNA copy number of the test DNA in comparison with the

reference DNA
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edu/iscaBrowser/learnabout.jsp). The implementation of
genome-wide arrays as a tool to screen children with devel-
opmental anomalies has increased the diagnostic yield sig-
nificantly. A series of early studies showed diagnostic yields
between 9% and 25%. A meta-analysis of patients with
congenital and mental anomalies on 13,926 subjects
reported an overall diagnostic rate of 10% for causal anom-
alies and a retrospective analysis of 36,325 patients revealed
abnormalities in about 19% of the patients. While conven-
tional G-banding has a diagnostic yield of about 3% in
similar patient populations, it can be concluded that
molecular karyotyping is outperforming conventional
karyotyping for the detection of causative chromosomal
imbalances in patients with birth defects. Therefore, the
technology is currently complementing traditional cytoge-
netic testing and is recommended as a first-tier diagnostic
test for children with developmental disorders.

Types and Incidences of Chromosomal
Abnormalities

All chromosomal imbalances that can be detected by con-
ventional karyotyping are microscopically visible. These
aberrations are either numerical (abnormal chromosome
number) or structural (altered structure).

Numerical Chromosome Aberrations

Normal humans are diploid, meaning they have 22 pairs of
autosomes and one pair of sex chromosomes. The pres-
ence of three sets (triploidy) or four sets (tetraploidy) can
occasionally occur; however, these are not viable.

Numerical aberrations result from the loss (mono-
somy) or gain (trisomy) of an individual chromosome.
Autosomal monosomies are inviable, while the absence of
one X chromosome may result in a liveborn girl with
Turner syndrome (45,X). A few autosomal trisomies are
compatible with life. Fetuses with trisomy 13 (Patau syn-
drome) and trisomy 18 (Edwards syndrome) can survive
to term but usually die shortly after birth due to severe
congenital anomalies. Individuals with trisomy 21 (Down
syndrome) can stay alive longer, with an average life span
reaching up to 55 years. In addition, sex chromosomal
trisomies and tetrasomies are often encountered; the best
known is Klinefelter syndrome (47,XXY).

Structural Chromosome Aberrations

Structural chromosomal aberrations result from double-
strand breaks and inappropriate DNA repair leading to
translocations, deletions, duplications, inversions, iso-
chromosomes, and ring chromosomes (@ Fig. 4.2).
They may involve single or multiple chromosomes.
One can distinguish rearrangements without and with
loss or gain of chromosomal segments. The former are
most often not associated with an abnormal phenotype,
while the latter most often cause developmental disorders.
Carriers of apparently balanced rearrangements, however,
are at risk for having children with chromosomal
imbalances.

In translocations, chromosomal segments between
two or more chromosomes are exchanged. Robertsonian
translocations are translocations between two acrocentric
chromosomes (chromosomes 13, 14, 15, 21, and 22).
There is no loss of euchromatin and the carriers are nor-
mal. In reciprocal translocations, segments between two
chromosomes are exchanged. The translocation is termed
balanced if no chromosomal material has been lost or
gained. Inversions represent a special type of apparently
balanced rearrangement. In an inversion, the
rearrangements  occur  intrachromosomally  and
a chromosomal segment is inverted. If the inversion
occurs within one chromosomal arm it is called
“paracentric” (not including the centromere); if it occurs
in two chromosomal arms it is termed “pericentric”
(spanning the centromere). Carriers of balanced translo-
cations and inversions are usually normal, but develop-
mental anomalies are detected in 6% of de novo
translocation carriers. The presence of a developmental
disorder can be due to (1) the breakage of a gene resulting
in a dominant disorder or in a recessive disorder if the
second allele is also mutated, (2) a position effect on a gene
flanking the breakpoint, or (3) the gain of function via the
creation of a fusion gene. Recently, it was shown that 40%
of the apparently balanced translocation carriers with
developmental disorders have submicroscopic imbalances
at the breakpoints or elsewhere in the genome that may be
disease causing.

If genetic material is gained or lost, the abnormality is
called unbalanced. If there is loss of a chromosomal seg-
ment it is called a deletion, or if there is a gain,
a duplication. The presence of both a large deletion and
duplication suggests the presence of an unbalanced trans-
location. Those usually result from the transmission of the
unbalanced products during the meiosis of a balanced
translocation-carrying parent. Occasionally unbalanced
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Schematic overview of structural chromosomal rearrangements. A deletion results in the loss of chromosomal material
(segment C), while there is a gain of material (two copies of part C) in a duplication. Duplication of one arm and deletion of
the other arm gives rise to an isochromosome, while fusion of the short and long arms of a chromosome leads to a ring

chromosome. In a translocation, part of one chromosome is transferred to another chromosome. In this example, there is an

exchange between segments D and E of chromosome 1 and segment G of chromosome 2. An inversion results in a reversed

orientation of genetic material (inversion of segments C and D)

translocations arise de novo. The deletion or duplication
of one or more dosage-sensitive genes usually results in
developmental disorders.

Incidence of Chromosomal Abnormalities

Studies performed in the late 1960s and early 1970s (i.e.,
before the widespread use of prenatal diagnosis and preg-
nancy intervention) provide estimates for the frequencies
of chromosomal abnormalities at birth. A combined survey
of 68,159 livebirths and of 34,910 liveborns found that
0.65-0.84% of newborns or 1 in 119-154 livebirths had a
major chromosomal abnormality (@ Table 4.1). Trisomy
21 (Down syndrome) was shown to be the most frequent
chromosomal anomaly, with an incidence of 1.2-1.7/1,000
liveborns. Sex chromosome aneuploidies were the next
most common, with approximately one XYY and one
XXY in every 900-1,000 male and one XXX in every 900—
1,000 female livebirths. Structural balanced rearrangements
had a frequency of approximately 2/1,000 livebirths.

Structural rearrangements can occur de novo or be the
consequence of the unbalanced transmission of a parent
carrying a chromosomal rearrangement. However, all
arose de novo at one point. It is estimated that de novo
balanced reciprocal translocations arise at birth with
a frequency of 1.6 x 10~ * and unbalanced rearrangements
with a frequency of 2.9 x 107

The first methodology to enable the visualization of
imbalances below the resolution of regular light micro-
scopes was FISH. Recurrent syndromes were proven to be
caused by recurrent submicroscopic imbalances. Once the
imbalance was characterized, metaphase spreads or inter-
phase nuclei of patients with similar phenotypes could be
screened with locus specific probes for the loss or gain of
a specific locus. This methodology requires careful clinical
examinations in order to instigate appropriate genetic
testing.
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O Table 4.1

Incidence of chromosomal abnormalities in newborns

Autosomal trisomies

+13 0.04 0.09
+18 0.13 0.29
+21 1.2 1.69
Sex chromosomes males

47 XYY 1.03 1.18
47 XXY 1.03 1.57
Other 0.73 0.17
Sex chromosomes females

45X 0.24 0.53
47 XXX 1.09 1.06
Other 0.36 0.06
Structural balanced

Robertsonian 0.9 1.23
Reciprocal and insertional 1.21 1.74
Structural unbalanced

Deletions & duplications 04 0.34
Marker chromosomes 0.2 0.66
Total 6.24 8.42

With the advent of cytogenomic arrays, a true revolu-
tion in the analysis of genomes in general and especially
the analysis of the genomes of patients with mental retar-
dation and developmental anomalies is taking place for
two reasons: (1) It has now become possible to screen the
genome at very high resolution for copy number changes
and (2) no a priori clinical identification is required to
enable correct cytogenetic testing. In the last 5 years, more
pathogenic copy number changes have been linked to
developmental disorders than in the 50 years before.

Recurrent Submicroscopic Rearrangements

Recurrent imbalances often result from nonallelic homol-
ogous recombination (NAHR) between low-copy repeats
(LCRs) flanking the commonly deleted or duplicated
region (see © Recurrent Submicroscopic Imbalances).
Many of such recurrent imbalances, also known as gerno-
mic disorders, were identified before the array era and were
often known as clinically well-delineated syndromes and
are typically screened for by FISH. The first recurrent

imbalance identified was the imbalance at 17p12 associ-
ated with Charcot-Marie-Tooth disease type 1A (CMTIA,
OMIM 118220). A list of well-known recurrent submicro-
scopic imbalance syndromes is shown in © Table 4.2.
With the advent of molecular karyotyping, a series of
novel recurrent imbalances causal for or associated with
MR/MCA (mental retardation/multiple congenital anom-
alies) have been identified and these are listed in
© Table 4.3.

Nonrecurrent Submicroscopic
Rearrangements

For several genomic regions, overlapping rearrangements
have been identified that show variable breakpoints in
each patient. Despite the different sizes, these nonrecur-
rent imbalances share a shortest region of overlap (SRO)
for which a copy number change may lead to similar
phenotypes in different patients. Two pertinent examples
are the MECP2 gene duplications at Xq28 and the 12q14
microdeletion syndrome.
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0 Table 4.2

Microdeletion/duplication syndromes associated with developmental disorders identified before the advent of array CGH
Sotos 5935 ND Paternal (90%) |2.2 NSD1 (10%)
Williams 7q11.23 1/20,000-1/50,000 | Equal 1.6 CGS
8p deletion 8p23.1 ND Maternal 5 CGS
Prader-Willi 15911.2-13 1/20,000 Paternal 35 CGS
Angelman 15911.2-13 1/20,000 Maternal 3.5 UBE3A (10-15%)
Smith-Magenis 17p11.2 1/25,000 Equal 4 RAIT (ND)
Neurofibromatosis 1 | 17q11.2 1/40,000-1/80,000 | Maternal 1.5 NF1 (90-95%)
Velocardiofacial 22q11.2 1/4,000 Equal 3(1.5) CGS

CGS contiguous gen syndrome, ND not determined

0O Table 4.3

Newly recognized interstitial microdeletion/duplication syndromes identified by array CGH and associated with develop-

mental disorders

1921 0.5 27400 | Hypomegakaryocytic thrombocytopenia and bilateral | (Klopocki et al. 2007)

microdeletion radial aplasia

(TAR syndrome)

1921 135 612474 | Asymptomatic to severe developmental delay and (Brunetti-Pierri et al. 2008;

microdeletion & and multiple congenital anomalies, susceptibility locus for | Mefford et al. 2008)

microduplication 612475 | neuropsychiatric disorders

3929 1.6 609425 | MR, mild FD including high nasal bridge and short (Ballif et al. 2008; Willatt

microdeletion philtrum et al. 2005)

3929 1.6 611936 | Mild/moderate MR, MC, obesity (Ballif et al. 2008; Lisi et al.

microduplication 2008)

7911.23 1.5 609757 | MR, speech and language delay, autism spectrum (Somerville et al. 2005)

microduplication disorders

15q13.3 1.5 612001 | MR, epilepsy, FD, digital dysmorphisms (Sharp et al. 2008)

microdeletion

15924 1.7 MR, growth retardation, MC, digital abnormalities, (Sharp et al. 2007)

microdeletion genital abnormalities

16p13.11 1.7 MR, MC, seizures (Hannes et al. 2009;

microdeletion Ullmann et al. 2007)

17p11.2 3.7 610883 | MR, infantile hypotonia, autistic features (Potocki et al. 2007)

microduplication

17921.31 0.5 610443 | MR, hypotonia, typical face (Koolen et al. 2006; Sharp

microdeletion et al. 2006; Shaw-Smith
et al. 2006)

22q11.2 distal 1.4-2.1 611867 | MR, growth delay, mild skeletal abnormalities, FD. (Ben-Shachar et al. 2008)

microdeletion

FD facial dysmorphism, MC microcephaly, MR mental retardation
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Mechanisms Causing Genomic Disorders

Mutations causing chromosomal rearrangements can
occur during both meiosis and mitosis. Classically, meiosis
has been considered the main period during which chro-
mosomal rearrangements occur. Chromosomes are very
active during meiosis, because the homologues pair, syn-
apse, and crossover. During this process, multiple DNA
nicks are generated and it is likely that some of the
rearrangements originate as a result of these processes.
The recent discovery of large-scale chromosomal
rearrangements in the cleavage stage embryo makes it
likely that many chromosomal rearrangements originate
at this time. How the chromosomal breaks originate
remains unclear.

The majority of aneuploidies arise via meiotic nondisjunc-
tion events, though mitotic nondisjunction events are also
a frequent cause of constitutional aneuploidies. Nondis-
junction is defined as the failure of homologous chromo-
somes to segregate symmetrically at cell division. If the
pair of homologues comprising a bivalent at meiosis
I fail to separate, one daughter cell will have two of the
chromosomes while the other will have none (@ Fig. 4.3a).
Nondisjunction may also occur in meiosis II when the
chromatids fail to separate (@ Fig. 4.3b). In both meiotic
errors, the conception ends up trisomic or monosomic.

Non-disjunction at meiosis |
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The majority of the nondisjunction events appear to occur
at meiosis I. An alternative mechanism for nondisjunction
is premature separation of the chromatids. First, homo-
logues fail to pair during meiosis I. These univalents
are prone to predivide, that is, separation of the two
chromatids, and subsequently these chromatids segregate
independently (@ Fig. 4.3c). Since the frequency of
meiotic errors increases with advanced maternal age, not
surprisingly the overwhelming majority of aneuploidies
are of maternal origin.

Recurrent rearrangements are often flanked by low-copy
repeats (LCRs). LCRs or segmental duplications (SDs) are
segments of DNA that map to two or more genomic
locations, are >1 kb in size and share a sequence identity
of at least 90%. Segmental duplications account for about
5% of the human genome. Due to their high degree of
sequence homology, these segmental duplications provide
substrates for nonallelic homologous recombination
(NAHR) in which crossing over occurs between two sim-
ilar sequences at nonallelic positions that erroneously align
in mitosis or meiosis (@ Fig. 4.4). Depending on their
location and orientation, they give rise to various types
of rearrangements. Misalignment and subsequent recom-
bination between two LCRs that are in direct orientation
on the same chromosome cause deletions and duplica-
tions, while inversions are driven by LCRs that are in

Premature separation of chromatids
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Different possibilities for nondisjunction during meiosis leading to trisomic or monosomic conceptions. (a) Nondisjunction
at meiosis |; (b) nondisjunction at meiosis Il; (c) premature separation of the chromatids of one of the homologous
chromosomes at meiosis | and subsequent random migration of the chromatid to either pole at meiosis Il
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Schematic representation of nonallelic homologous recombination (NAHR), nonhomologous end-joining (NHEJ), and Fork
Stalling and Template Switching (FoSTeS) mechanisms that lead to chromosomal rearrangements. The examples shown
here lead to genomic deletion. Upper left panel: an intrachromatid NAHR event. The arrows A and A’ depict two highly
homologous low-copy repeats (LCRs) that are in direct orientation. The LCRs align at nonallelic positions and subsequent
recombination results in deletion of part of the two LCRs and the segment in between them. Upper right panel: a NHEJ event.
Double-strand breaks (DSB) occur between two sequences that share no homology, represented as differently sized arrows
(A and B). The NHEJ system modifies and rejoins the two ends, resulting in the deletion of the segment between the two
DSBs. Lower panel: a FoSTeS x 2 event. The arrows depict three substrate sequences that do not share extensive homology.
However, the small open and filled triangles depict a site of microhomology between the respective sequences. The leading
strand of the first fork invades the second fork via the site of microhomology and primes its own further synthesis using the
second fork as template. This event happens again between the second and third fork, leading to the deletion of the two
fragments flanked by each pair of microhomology sites. This results in the juxtaposition of genomic sequences from
multiple distinct regions yielding a complex deletion (Adapted from Gu W, Zhang F, Lupski JR (2008) Mechanisms for human
genomic rearrangements. Pathogenetics 1:4)

opposite orientation on the same chromosome. NAHR  (interchromosomal). The efficiency of NAHR is

between LCRs on different (nonhomologous) chromo-
somes leads to translocations. Recombination may occur
between LCRs on the same chromatid (intrachromatid),
on  sister  chromatids  (intrachromosomal  or

interchromatid) or on homologous chromosomes

influenced by the distance, size, and degree of homology
between two LCRs. Larger genomic rearrangements tend
to correlate with larger LCRs and most genomic disorders
result from NAHR between LCRs that are 10-400 kb in
length and have >96% sequence identity.
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NAHR can also be mediated by highly homologous
repetitive sequences such as Alus (a class of SINEs,
short interspersed nuclear elements) and LINEs (long
interspersed nuclear elements) or LTRs (long terminal
repeats), thus accounting for some of the nonrecurrent
rearrangements.

The incidence of those recurrent genomic disorders
varies and their estimated incidence for well-established
recurrent disorders is indicated in @ Table 4.2.

Nonhomologous End-Joining (NHEJ)

NHE] is one of the two major repair mechanisms (the
other being homologous recombination) for double-
strand breaks (DSB) in mammals. After detection of the
DSB and molecular bridging of the broken DNA ends,
modifications are made to the ends to make them com-
patible for the final ligation step (@ Fig. 4.4). This process
implies two important characteristics of NHE]: it does not
require sequence homology at the breakpoints and it
leaves an “information scar” at the rejoining site due to
the addition or deletion of several nucleotides. Interest-
ingly, breakpoints of nonrecurrent rearrangements that
are apparently caused by NHE] are often located within
LCRs or repetitive elements such as LTR, LINE, Alu, and
MER2 DNA elements. This indicates that NHE] may be
stimulated and regulated by specific genomic features.

Fork Stalling and Template Switching
(FoSTeS)

By breakpoint sequence analysis of nonrecurrent PLP]
duplications associated with Pelizaeus-Merzbacher dis-
ease, Lee et al. discovered an unexpected complexity that
is inconsistent with a simple recombination model.
Within the duplicated sequence, they found interspersed
stretches of DNA that were triplicated or of normal copy
number and additional sequence complexity at the junc-
tions. They proposed a model of replication Fork Stalling
and Template Switching to explain these complex dupli-
cation and deletion rearrangements. During DNA replica-
tion, the replication fork stalls or pauses at a DNA lesion
and the leading or the lagging strand disengages and
switches to another replication fork where it anneals on
the invaded site by virtue of microhomology and restarts
DNA synthesis (@ Fig. 4.4). The replication forks are in
physical proximity, but may be separated by sizeable linear

distances, even megabases away. This procedure of
disengaging, invading/annealing and synthesis/extension
could occur multiple times in series (that is FoSTeS x 2,
FoSTeS x 3 and so on), causing the observed complex
rearrangements. Depending on whether the invaded fork
is located downstream or upstream, this will result in
a deletion or a duplication event, respectively.
Interestingly, the genomic positions at which FoSTeS
occurs show a very complex genomic architecture includ-
ing multiple LCRs, cruciforms, and palindromes that may
stimulate and facilitate the FoSTeS mechanism. As
opposed to NAHR and NHE], a single-strand DNA lesion
is the initiating damage rather than a double-strand break.

Microhomology-Mediated Break-Induced
Replication (MMBIR)

As an alternative to FoSTeS, the MMBIR model has been
proposed in which the rearrangement is initiated by
a single-end double-strand DNA break resulting from
a collapsed replication fork. This model is based on the
break-induced replication model observed in yeast. The
single-strand 3’ tails from the broken replication fork will
anneal with microhomology on any single-stranded DNA
nearby, where it forms a new replication fork. The repli-
cation in this new fork is of low processivity and the
extended end will dissociate and invade different tem-
plates. Multiple template switches generate complex
rearrangements until there is reestablishment of
processive replication (@ Fig. 4.5). Again, complex geno-
mic architecture may play a role in this process by gener-
ating secondary DNA structures such as cruciforms and
hairpin loops that expose single-stranded sequence.

There are several ways in which chromosomal
rearrangements can lead to a clinical phenotype. The
most obvious mechanism is altering the copy number of
dosage-sensitive genes that are encompassed within the
rearrangement (@ Fig. 4.6a). When the breakpoint is
located within a gene, it will be disrupted, leading to
loss-of-function. The disruption can occur either through
deletion (© Fig. 4.6b), duplication, or translocation,
as well as inversion (© Fig. 4.6c). Alternatively, new
transcripts can be created at the breakpoint through
gene fusion (© Fig. 4.6d) or exon shuffling. This leads

to gain-of-function mutations, a mechanism that is
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Schematic representation of microhomology-mediated break-induced replication (MMBIR). Successive switches to different
genomic positions forming microhomology junctions (filled triangles) are shown. When a replication fork encounters a nick
in a template strand (a), one arm of the fork breaks off, producing a collapsed fork (b). The single-stranded 3’ end will invade
a site of microhomology (filled triangle) and form a new low-processivity fork (c). The extended end will dissociate
repeatedly and reform the fork on different templates, using sites of microhomology (d). When the switch returns to the
original sister chromatid (e) it will form a processive replication fork that completes replication (f). The final product contains
sequences from different regions (g). Whether the return to the sister chromatid occurs in front of or behind the position of
the original collapse determines if there is a deletion or duplication (Adapted from Hastings PJ, Ira G, Lupski JR

(2009) A microhomology-mediated break-induced replication model for the origin of human copy number variation. PLoS
Genet 5:¢1000327)
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Molecular mechanisms by which chromosomal rearrangements can influence phenotypes. The rearrangement can

encompass a dosage-sensitive gene that causes disease (a); disrupt a dosage sensitive gene through deletion (b);

duplication, translocation or inversion (c); create a fusion gene (d); exert a position effect by affecting a regulatory element

(e); unmask a recessive allele (f) or functional polymorphism (g) on the homologous chromosome; and interrupt effects of

transvection (h) where the deletion of a gene affects communication between alleles. Genes are depicted as rectangles,
regulatory elements as RE and an asterisk (*) indicates a point mutation (Adapted from Lupski JR, Stankiewicz P (2005)

Genomic disorders: molecular mechanisms for rearrangements and conveyed phenotypes. PLoS Genet 1:e49 and Feuk L,
Carson AR, Scherer SW (2006) Structural variation in the human genome. Nat Rev Genet 7:85-97)

prominent amongst cancers associated with specific chro-
mosomal translocations. The rearrangement can also
influence the regulation of a nearby gene by position
effects (@ Fig. 4.6e). Deletion, duplication, or transloca-
tion of important regulatory elements may alter gene
expression at distances as far as ~1 Mb from the target
gene. Dosage-insensitive genes can also cause disease if
a deletion of the gene unmasks a recessive mutation or
a hypomorphic allele on the homologous chromosome
(© Fig. 4.6f) or when the deletion unmasks a functional
polymorphism in a regulatory element of the remaining
allele (© Fig. 4.6g). Another way in which deletions can
convey a phenotype is by interrupting transvection, where

communication and interaction between two alleles on
homologous chromosomes is disturbed (@ Fig. 4.6h).

Indications for Cytogenetic Testing

Intellectual disability and developmental disorders affect
up to 3% of the population and remains to this day an
enormous etiological challenge. The finding of the cause is
of great importance not only to the individual, his or her
parents, and family but also to the treating physician. For
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the individual, it adds to the identification of appropriate
medical and related therapies, indicates medical interven-
tions/referrals, presymptomatic screening for associated
complications, educational planning, and elimination of
further unnecessary evaluations. For the family, it forms
a step toward the acceptance of the disability and the basis
to understanding the cause, the reason and the recurrence
risks. Carrier testing and reproductive options become
a reality. It also allows social support and contact with
other similarly affected families. The ongoing etiological
evaluation in a bid to attain a diagnosis does thus have
a significant role to play in the all-round care of the
intellectually disabled individual and the family.

The etiology of intellectual disability is extensive and
ranges from acquired/environmental (sequelae of prema-
turity, pre- and postinfections, trauma, and neurotoxicity
— alcohol, metals), to chromosomal (aneuploidy, genomic
imbalances — microdeletions and duplications), and to
monogenic disorders. The rate of etiological diagnosis is
influenced by the level of the intellectual disability — the
more severe, the higher the diagnostic success. A system-
atic literature review of the usefulness of classical
karyotyping, subtelomere screening, and molecular genet-
ics investigations in institutionalized individuals with
mental retardation indicated 0% etiological detection in
borderline to mildly retarded individuals as opposed to
6.5% (range 0.8-13.0%) in those moderately to severely/
profoundly retarded. Also, the differences in setting, the
patient selection criteria, study protocols, technological
advances, definition of a positive diagnosis, method of
classification, and expertise of the clinician have been
factors resulting in the varying rate of diagnosis.

In a systematic etiological study of 471 institutional-
ized individuals with mild to profound intellectual dis-
ability, 92.6% of which were males, Van Buggenhout et al.
reported 49.5% without known cause. Chromosomal
anomalies accounted for 21.2% (87 or 18.5% of the 471
individuals had Down syndrome), monogenic disorders
13%, and acquired causes 14.6%.

This was, however, before the era of array comparative
genomic hybridization (array CGH). The initial studies
using this new technology on selected cohorts of individ-
uals with an intellectual disability and dysmorphism made
use of around 3,500 BAC clones, resulting in an average
resolution of 1 Mb. The rate of genomic imbalance detec-
tion was between 9% and 25%. The few studies at higher,
100 kb resolution, have also detected about 10% of path-
ogenic submicroscopic aberrations. The chromosome
imbalances occur throughout the genome. Once the valid-
ity of the technique to detect chromosomal constitutional
imbalances was demonstrated it was rapidly introduced

into the genetic diagnostic laboratories as a routine tech-
nique in the genetic diagnostic workup of patients with
learning disabilities and/or multiple congenital anomalies.

In addition to the identification of pathogenic imbal-
ances in patients with intellectual disabilities, several stud-
ies have proven associations of copy number variants
(CNVs) with several other conditions or specific patient
groups: Lu et al. reported an incidence of 17.1% imbal-
ances in neonates with various birth defects. Thienpont
et al. report a frequency of 17% causal imbalances in
patients with heart diseases. Finally, CNVs are now
believed to be an important cause of neuropsychiatric
conditions such as autism spectrum disorders and psychi-
atric diseases such as schizophrenia. Hence, also for these
indications it is or will be warranted to perform cytoge-
netic testing.

Balanced translocations are relatively common in the pop-
ulation. The translocation heterozygote (carrier) may have
a risk to have a child with developmental disorders
because of a segmental aneusomy. Typically, the imbalance
in the child is due to a segment of one of the participating
chromosomes being duplicated, and a segment of the
other chromosome being deleted. This confers a partial
trisomy and a concomitant partial monosomy. In families
where more than one child is born with developmental
disorders and/or families with recurrent miscarriages,
a chromosomal investigation is warranted.

In addition, when an imbalance is identified in a child,
it is common practise to determine whether or not the
imbalance is derived de novo or was inherited. When
terminal imbalances are identified, the presence of
a balanced translocation in one of the parents should be
investigated. In addition, for submicroscopic interstitial
imbalances, the presence of a balanced insertional trans-
location in one of the parents can be present.

Interpretation Issues

Chromosomal polymorphisms or heteromorphisms are
structural chromosome variants that are widespread in
human populations and have no effect on the phenotype.
These variants are most often found at the centromeric
regions of chromosomes 1, 9, and 16, the distal part of the
long arm of the Y chromosome and the short arms of the
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acrocentric chromosomes. In addition to these recurrent
imbalances, many more cytogenetically visible but appar-
ently benign imbalances have been described. An excellent
overview on this topic is provided in the article by Barber,
Directly Transmitted Unbalanced Chromosome Abnormal-
ities and Euchromatic Variants, and the collected data is
online available at the “Chromosome Anomaly Collec-
tion” at http://www.ngrl.org.uk/Wessex/collection.

Besides the identification of disease-associated CNVs,
molecular karyotyping has also uncovered large numbers
of copy number variants between normal individuals.
Thus far, single-nucleotide polymorphisms have been
considered the main source of genetic variation; hence
the discovery of an unexpected large number (12% of
the genome) of apparently benign copy number variants,
regions of 1-1,000 kb that are present in different copy
numbers in different individuals, was rightly called the
discovery of the year 2007, according to Science magazine.

A number of array CGH studies had demonstrated the
presence of polymorphic copy number variants. In a first
large systematic study, Redon et al. mapped all CNVs
using both array CGH and single nucleotide polymor-
phism (SNP) genotyping arrays on the 270 individuals
of the HapMap collection from ancestry in Europe, Africa,
and Asia. In the human genome, 1,447 submicroscopic
copy variable regions were uncovered. This involves about
12% of the genome and includes hundreds of genes in
deletions, duplications, insertions and complex multisite
variants. These nonpathogenic variations are scattered
throughout the human genome and contain also 12% of
the genes, including a large number of genes known to be
involved in genetic disorders and registered in OMIM.
Recent fine mapping studies have revealed that those
CNVs can result in intragenic variation resulting in differ-
ent splice variants, the use of different exons and even new
gene products. The most comprehensive population-
based CNV map so far consists of 11,700 CNVs and is
estimated to include about 80-90% of common CNVs
greater than 1 kb in length. Although the authors indicate
that those common CNVs are highly unlikely to account
for much of the missing heritability for complex traits,
they suggest that CNVs might contribute appreciably to
rare variants involved in common and rare diseases.

The consequence of the detection of large numbers of
benign CNVs is that, at present, the clinical significance of

a novel CNV remains often unclear. The traditional rules
of thumb used when analyzing genomes by conventional
karyotyping are not applicable anymore. The identifica-
tion of a large de novo cytogenetically visible imbalance
was usually sufficient to confidently associate it with the
disease phenotype. However, it is obvious that smaller
imbalances carrying few or no genes may not at all be
associated with a disease phenotype. Equally, it is becom-
ing clear that de novo copy number variation arises fre-
quently. Van Ommen estimated that copy number
changes arise every one in eight births. Hence, not all de
novo copy number changes would be pathogenic.

To determine which, if any, CNVs might be associated
with the disease phenotype, the collection of large num-
bers of patient genotypes and phenotypes is required.
Several efforts are currently ongoing to collect both large
numbers of phenotypes and genotypes. These efforts will
eventually allow pinpointing highly penetrant CNVs,
revealing which imbalances are causal and which imbal-
ances are spurious. The best-known open source examples
are the DatabasE of Chromosomal Imbalances and Phe-
notype in Humans using Ensembl Resources with acro-
nym DECIPHER which is organized at the Sanger institute
(https://decipher.sanger.ac.uk/) and the European Cyto-
genetics Association Register of Unbalanced Chromosome
Aberrations, ECARUCA, a register with a basis in Nijme-
gen, The Netherlands (http://www.ecaruca.net).

In addition, several large-scale collaborative efforts are
underway to map population-embedded, apparently
benign CNVs. These data are collected in the database of
genomic variants (DGV, http://projects.tcag.ca/variation/).
To fine map those imbalances, increasingly higher
resolution arrays are being used. Those efforts aim to
identify CNVs with likely minor or no developmental
consequences.

While the mapping of apparently benign and patho-
genic CNVs is an important endeavor, it is not sufficient to
predict whether an imbalance will cause an abnormal
phenotype. Apparently benign CNVs can cause autosomal
recessive, autosomal dominant, and X-linked disorders,
and imprinted regions may only cause disease dependent
on the parental origin. In addition, variable expressivity
and penetrance may obscure the pathogenic relevance of
CNVs. It is not only becoming clear that interindividual
phenotypic variation is caused by benign copy number
variations, but more and more it is realized that even well-
known disease-causing copy number variations may occa-
sionally be tolerated and be part of the normal human
phenotypic spectrum. For example, the 22q11 deletion as
well as the duplication can cause both heart anomalies and
midline defects such as cleft palate. However, both the
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familial inherited 22q11 deletion and duplication have
now recurrently been reported. The parent carrying the
22q11 duplication is phenotypically normal. Similarly,
subtelomeric imbalances are known to be a major cause
of birth defects and mental retardation. In contrast to the
view that these imbalances are always causal and result in
phenotypic anomalies, several reports indicate that several
subtelomeric imbalances, up to 10 Mb in size, may not
result in obvious phenotypic anomalies.

More recently identified recurrent imbalances with
variable penetrance are the 16p13.1 region and the 1q21
region. During the screening of patients with mental
handicap and developmental anomalies, reciprocal dele-
tions, and duplications of the 16p13.1 region were recur-
rently observed. This 1.65 Mb rearrangement involves
15 genes. At first, it was unclear whether these imbalances
were causing the developmental problems in patients
because of two reasons: First, the imbalance, be it deletion
or duplication, was often observed to be inherited from an
apparently normal parent. Second, the phenotypes asso-
ciated with either the deletion or duplication are quite
variable. An association study showed that the deletion is
a risk factor for mental handicap while the duplication is
more likely to be a benign variant. Interestingly, Law et al.
reported the prenatal diagnosis of a de novo 16p13.11
microdeletion by array CGH. Because of the unclear clin-
ical significance, the pregnancy was not terminated and an
apparently healthy baby was born. Chromosome 1q21
harbors two flanking regions, where, recently, recurrent
reciprocal rearrangements were detected in patients with
MR/MCA. The deletions and duplications are mediated
by nonallelic homologous recombination of flanking low-
copy repeats. All 30 investigated patients with thromobo-
cytopenia absent radius (TAR) syndrome carry a 200 kb
deletion on chromosome 1q21.1. Analysis of the parents
revealed that this deletion occurred de novo in 25% of
affected individuals. Intriguingly, inheritance of the dele-
tion along the maternal line as well as the paternal line was
observed in the other patients. The absence of this deletion
in a cohort of control individuals argues for a specific role
played by the microdeletion in the pathogenesis of TAR
syndrome. It is hypothesized that TAR syndrome is asso-
ciated with a deletion on chromosome 1g21.1 but that the
phenotype develops only in the presence of an additional
as-yet-unknown modifier (mTAR). Recently, the first pre-
natal diagnosis of TAR by array CGH was reported.

Mefford and colleagues identified 20 individuals
with a recurrent 1.35 Mb deletion distal from the TAR
region from a screen of about 5,000 patients ascertained
with mental retardation and/or associated congenital

anomalies (MR/MCA). The microdeletions arose de
novo in six patients, were inherited from a mildly affected
parent in three patients, and were inherited from an
apparently unaffected parent in five patients. The absence
of the deletion in about 5,000 control individuals repre-
sents a significant association with disease. In addition, the
reciprocal duplication was also enriched in children with
mental retardation or autism spectrum disorder although
very few cases have been observed to conclude statistical
significance.

It seems likely that those recurrent rearrangements with
variable penetrance and expressivity are only the tip of an
iceberg of a large number of structural variants with diverse
and complex phenotypes that will elude both traditional
syndromic classifications as well as evade traditional Men-
delian inheritance patterns. The elucidation of their associ-
ation with disease will require genotyping and phenotyping
large numbers of patients and controls. These imbalances
pose challenges to the clinician upon interpreting array
CGH data. It seems likely that, in the future, the interpre-
tation will be aided by computerized expert systems to aid
the interpretation of a genomic profile.

Quality Parameters

In a clinical setting, it is of utmost importance to detect all
chromosomal abnormalities (i.e., to avoid false negatives)
without calling false positives. In other words, both the
sensitivity, which is the ability to detect a true positive
result, and the specificity, which is the correct assessment
of true negatives, should be as high as possible. This is
dependent on the resolution of the platform, but also on
the quality of the hybridization experiment. Therefore,
strict quality parameters such as a maximum allowable
standard deviation, appropriate thresholds, and algo-
rithms for CNV calling and a minimum number of flagged
reporters (i.e., those that are excluded from analysis due to
technical artifacts) need to be maintained.

Chromosomal Rearrangements Missed by
Array CGH

Array CGH is often touted to be able to replace conven-
tional karyotyping in a diagnostic analysis of pediatric
disorders. However, it should be realized that some chro-
mosomal anomalies would be missed.
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Inherent to the technique, balanced chromosomal
rearrangements (inversions and balanced translocations)
are not detected. When balanced rearrangements are
detected prenatally on karyotypes, parents are usually
tested and if a “normal” parent carries the same
rearrangement, the translocation is considered benign. If
the rearrangement is de novo, counseling is very difficult
and the risk for developmental defects is estimated to be
6%. Array CGH analysis of patients with developmental
anomalies and de novo translocations has revealed that
about 45% of these are actually imbalanced. Considering
that de novo translocations occur in about 1/1,000 births
with 6% pathogenic and half of these detectable by array
CGH, this would leave 0.003% pathogenic translocations
undetected if no karyotype is performed.

Also neither triploidies, 69,XXX and 69,XXY, nor tet-
raploidies are readily detected. The use of DNA from
a patient with Klinefelter (47,XXY) as a control does result
in aberrant X and Y chromosome ratios, enabling the
detection of XXX triploidies and all tetraploidies.

It should also be borne in mind that array CGH results
represent the additive and not the allele-specific copy num-
ber. In this way, the true inheritance pattern can be masked
and what looks like a de novo event may actually be the
inheritance of a copy number variant in one of the parents.
Carelle-Calmels and colleagues have recently reported
a striking example. FISH analysis of the parents of a girl
carrying a deletion at 22q11.2 revealed an unexpected
rearrangement of both 22q11.2 regions in the phenotypi-
cally normal father. He carried a 22q11.2 deletion on one
copy of chromosome 22 and the reciprocal duplication on
the other copy of chromosome 22. Quantitative expression
analysis of the genes located in the critical DiGeorge/VCFS
region showed genomic compensation, consistent with the
normal phenotype of the father. As the total copy number
in the father equals the reference copy number, this would
not have been detected by array CGH and the
rearrangement would have been classified as de novo. The
finding of the mirror rearrangement in the father has
tremendous clinical consequences for genetic counseling,
as there is a 100% risk of an unbalanced outcome.

Technical Standards for Cytogenetic
Laboratories

A broad range of platforms including BAC, oligonucleo-
tide, and SNP arrays has become commercially available,
greatly facilitating the introduction of molecular
karyotyping in the diagnostic setting. For the clinical

implementation of array CGH in cytogenetic laboratories,
the following technical standards should be achieved. The
chosen methodology has to be validated with known
aberrations, the performance of the arrays evaluated by
internal and external quality controls, standard protocols
have to be established, and the effective resolution of the
platform has to be determined, as this differs from
the theoretical resolution of the array as provided by the
manufacturer. When reporting array CGH results, referral
should be made to the platform, effective resolution, pro-
cedures, and quality parameters used. The detected aber-
rations should be defined according to the ISCN 2009
nomenclature with reference to the appropriate genome
build in order to guide standardization across different
cytogenetic laboratories.

Chromosomal mosaicism can be defined as the coexis-
tence, within one conceptus, of two or more distinct cell
lines that are genetically identical except for the chromo-
somal difference between them, these cell lines having
been established by the time that embryonic development
is complete (the point at which the embryo becomes a
fetus). Thus, the different cell lines are fixed in the indi-
vidual and are a part of his or her chromosome
constitution.

The phenotype associated with any particular type
of mosaicism can be expected to be highly variable,
reflecting the differences in the proportions of normal
and abnormal cells. Mosaicism has been detected for all
different chromosome abnormalities described in the
section © Types and Incidences of Chromosomal Abnor-
malities. Mosaicism is especially common for (small)
marker chromosomes. Clinically, mosaicism can be
suspected when a patient shows nonsymmetrical features,
pigmentation lines, or specific syndromic features known
to be associated with certain forms of mosaicism.

In order to detect mosaicism, sufficiently many cells
must be analyzed. In most cytogenetic laboratories, 15-20
karyotypes are analyzed. This will allow the detection of
a chromosomal abnormality with a certainty of 95% when
present in 22-28% of the cells. With arrays it is equally
possible to detect low-grade mosaicism. With the BAC
arrays mosaicism as low as 7% could be detected. The
degree of mosaicism that can be detected depends on the
standard deviation of the array as well as on the size of the
imbalance. In general, mosaicism down to 30% should
readily be detected.
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Current State of the Art and Future of
Cytogenetic Testing

Any cytogenetic laboratory should be skilled in all
conventional and molecular cytogenetic techniques.
These include G-banded karyotyping, fluorescent in situ
hybridizations, and array CGH. G-banded karyotyping
has been available for more than 40 years and has the
advantage that there is a widely accepted and uniform
technique with an international system of cytogenetic
nomenclature (ISCN). By contrast, cytogenomic arrays
are much newer. Because of this novelty, there is still
discussion about the best platforms to use, there is not
yet a comprehensive knowledge base about the clinical
consequences of all CNVs, the language to describe
CNVs s still evolving. Currently, some recommendations
are provided by the International Standard Cytogenomic
Array (ISCA) Consortium:

e Cytogenomic array testing standards should not
be specific to a particular array platform. Arrays
based on BAC, oligonucleotide, or SNP probes can
achieve the recommended coverage and level of
resolution.

e In order to perform the same intended purpose as
a karyotype, cytogenomic arrays must have uniform
coverage to detect all areas of imbalance greater than
or equal to 400 kb throughout the genome.

e Cytogenomic array testing can be prioritized over
G-banded karyotyping. Cytogenomic arrays will
detect many more submicroscopic genomic CNVs
than the number of balanced rearrangements it
would miss.

® G-banded karyotyping should always be available
to patients with a family history of a rearrangement
or a history of multiple miscarriages. In addition,
G-banded karyotyping should still be offered
in settings where both tests will be covered by
insurance.

Cytogenomic arrays have moved from bench to bedside
for the genetic screening of patients with mental retarda-
tion and/or congenital anomalies. The advent of commer-
cially available microarrays has facilitated the
implementation of this technique in clinical diagnostic
laboratories. As described earlier, the incomplete

understanding of structural polymorphism and the appre-
ciation that many disorders show a high degree of clinical
variation and incomplete penetrance is blurring clear-cut
genotype—phenotype correlations. As a consequence, the
causality of many smaller CNVs often remains to be elu-
cidated and the clinical interpretation of the detected
CNVs has become a major challenge for diagnostic labo-
ratories. To aid in the assessment of the clinical signifi-
cance of a CNV, several decision trees that can be used as
a guideline have been proposed. These decision trees all
include three major steps as outlined in © Fig. 4.7. The
first step is to identify known causal CNVs, which include:
(1) CNVs that overlap with well-established as well as
recently recognized microdeletion and microduplication
syndromes, (2) CNVs that overlap with pathogenic CNVs
detected by other (microarray) studies in patients with
similar phenotypes, and (3) CNVs that encompass
known OMIM genes that have been associated with the
phenotype observed in the affected patient. In this way, the
pitfall of unintentionally disregarding a causal CNV as
a benign variant is avoided because the fact is that some
CNVs have been described as benign variants but reside in
regions that are known to be associated with disease or are
at recessive loci that are only pathogenic in the homozy-
gous state. The second step is to remove normal benign
variants (also known as common CNVs) that have been
detected in healthy individuals and are thus less likely to
account for the patient’s phenotype. The third step is to
determine the inheritance for the remaining CNVs. Aber-
rations that occur de novo in the patient are more likely to
be pathogenic, especially when they are relatively large
and/or contain several genes. For inherited CNVs and
CNVs of unknown inheritance, the clinical interpretation
is more complicated and these CNVs are currently classi-
fied as of unknown clinical significance. However, as inter-
national efforts are underway to map both pathogenic and
benign CNVs (see @ Submicroscopic Chromosomal Poly-
morphisms (The Blurred Boundary Between Benign and
Pathogenic CNVs)), it can be expected that a significant
proportion of these CNVs will turn out to be causal, thus
increasing the diagnostic yield in patients with mental
retardation and/or congenital anomalies.

Conventional and molecular cytogenetic testing will
remain important since it provides information about
the location of the abnormality. With the advent of arrays,
the connection between the visible localization of the
abnormality is somewhat lost. This trend is likely to
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continue with the advent of full genome sequencing tech-
niques. The latest technical revolution in human genetics
is next-generation sequencing (NGS). Its strength lies in
the ability to process millions of sequence reads in parallel
rather than 96 at a time. Several platforms using different
techniques are commercially available (Roche’s 454
sequencing, Illumina’s Solexa Genome Analyzer technol-
ogy, and the SOLID platform from Applied Biosystems),
but they all rely on cyclic-array sequencing, which involves
the sequencing of thousands to millions of immobilized
DNA features by iterative cycles of enzymatic manipula-
tion and imaging-based data acquisition. Depending on
the platform, NGS generates hundreds of megabases to
gigabases of nucleotide-sequence output in a single instru-
ment run.

It is expected that costs will drop and that genome
sequencing of individuals will be commonplace in the
foreseeable future. If it will become feasible to assemble
complete genomes as well as accurately determine copy
numbers, full genome sequencing may ultimately replace
cytogenetic as well as molecular genetic testing.

Concluding Remarks

In this chapter, the aim was to touch upon the important
aspects of cytogenetic testing and provide a basic text
on the topic for pediatricians new to the field. Consider-
ing that several books and numerous articles have
been written about this topic, it is realized that the
resume presented here is incomplete and biased. For
those interested, a number of excellent books on the
topics touched upon here are referred to. To help pedia-
tricians in the interpretation of cytogenetic results and
counseling of those results with patients, the books
“Chromosome abnormalities and genetic counselling”
as well as “The principles of clinical cytogenetics” are
recommended. Phenotypic information about chromo-
somal imbalances has been collected by Schinzel in “Cat-
alogue of unbalanced chromosome aberrations in man”.
Clinicians closely interacting with obstetricians and
involved in prenatal diagnosis can consult “Genetic dis-
orders and the fetus”. Those interested to know more
about the mechanisms underpinning genomic disorders
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are referred to “Genomic disorders: the genomic basis
of disease”.

Over the last 50 years, cytogenetics has become a cor-
nerstone of genetic testing of children with birth defects
and developmental anomalies. Conventional karyotyping
is rapidly replaced or at least complemented by array
screening. In the future possibly full genome sequencing
will enable both mutation and copy number detection in
all individuals with developmental disorders. Certainly,
knowledge about the organization and location of chro-
mosomal aberrations is important for counseling and
family planning, and therefore cytogenetics is here to
stay, perhaps under a new name — “cytogenomics?”
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5 Principles of Genetic Testing

Margaret A. Chen

An Introduction to Clinical Molecular
Genetics

There is a general misperception that heritable genetic
disorders are rarely encountered in clinical pediatrics. At
least 2% of live born infants have a genetic disease, and
genetic disorders are responsible for more than 30% of
pediatric hospital admissions. Moreover, congenital
anomalies, many of which are caused in part by genetic
factors, are the leading cause of infant mortality. It is
therefore of utmost importance for the general pediatri-
cian to recognize when a patient may have a genetic con-
dition and to be able to order the appropriate test(s).

The Human Genome Project was completed in 2003,
and with its completion it was determined that the human
genome contains 20,000-25,000 genes. By 2008, more
than 2,000 single-gene disorders were catalogued in
Online Mendelian Inheritance in Man (OMIM). The
identification of the genes responsible for these disorders
has been the result of a technological revolution in molec-
ular genetics.

Today, genetic testing is becoming increasingly impor-
tant in medical practice. Such testing can be used to
confirm a clinically based diagnosis and may be especially
helpful when disorders show clinical and/or radiographic
overlap. Moreover, genetic testing is performed for pur-
poses other than diagnosis. For example, genetic testing
can identify individuals harboring a deleterious mutation
or mutations prior to onset of symptoms, as well as
asymptomatic carriers of autosomal recessive traits.
Genetic testing is playing an increasingly important role
in diagnosis, medical management, and family planning.
Because the results of genetic testing may have implica-
tions for individuals besides the individual being tested,
genetic counseling is always recommended and most clin-
ical molecular diagnostic laboratories require informed
consent prior to testing.

Indications for Molecular Testing

The vast majority of genetic testing performed in the
pediatric population is diagnostic in nature. There are

a number of situations where molecular genetic testing is
warranted. Clinical indications include multiple congen-
ital anomalies, dysmorphic features, developmental
delay (in either speech or motor milestones), intellectual
impairment of unknown etiology, growth abnormalities,
ambiguous genitalia, failure to develop secondary sexual
characteristics, congenital heart defects, solid tumors or
hematological malignancies, and a positive newborn
screen. Genetic testing may also be performed in
asymptomatic children if there is a family history for
a single-gene disorder of childhood onset that has been
confirmed by laboratory diagnostics and such testing
contributes to medical management and/or relieves
parental anxiety.

Through careful examination of a family pedigree, it
may be possible to ascertain mode of inheritance, and this
may provide a clue to diagnosis. Although most physicians
are familiar with basic Mendelian inheritance, there are
several pitfalls in pedigree analysis. Variable expressivity
can affect the ability of the physician to diagnose a genetic
disorder. For example, there may be variation among
family members in visible features, disease severity, age
of onset, and/or rate of disease progression. Disease pen-
etrance is another factor that can affect the pediatrician’s
ability to diagnose a genetic disorder. Penetrance refers to
the expression of the mutant phenotype and is expressed
as the percentage of individuals who have the mutant allele
and are actually affected. Most genetic disorders show
incomplete penetrance, meaning that not all individuals
who have the disease genotype manifest symptoms.
Nonpenetrance refers to the situation in which the mutant
allele is inherited but is not expressed. Other factors that
might complicate pedigree analysis and impede accurate
diagnosis include the occurrence of new mutations, mosa-
icism, and phenocopies. New mutation can lead to a child
being affected without family history. Mosaicism due to
post-zygotic mutation can cause a parent to display few or
no signs of a disorder. A phenocopy mimics the clinical
picture that is usually produced by a specific genotype and
may be caused by an environmental factor. Finally, there
are multifactorial disorders that result from a combination
of both genetic and environmental factors; they often
recur in families but do not show the characteristic
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transmission typically seen with single-gene disorders.
Multifactorial traits can be common, and include neural
tube defects, non-syndromic cleft lip with or without cleft
palate, congenital heart defects, and diabetes. A non-
Mendelian inheritance pattern may also be seen with
genetic disorders that arise from mutations in the mito-
chondrial genome. Disorders that result from mutations
in mitochondrial DNA are only passed through maternal
cell lineage; as a result, while both males and females can
be affected, only females can pass the gene mutation to
their offspring. Finally, mutations in imprinted gene
regions may also show non-Mendelian inheritance; this
topic will be discussed in further detail later in this
chapter.

Genetic testing is performed for more than diagnosis
of affected individuals. For example, carrier testing is
possible. Heterozygous carriers of autosomal recessive
and X-linked recessive disorders can be identified via
direct DNA analysis. (While carrier testing is also
performed to detect individuals with balanced chromo-
somal rearrangements, such testing needs to be performed
using traditional cytogenetic techniques rather than
molecular diagnostics.) Prenatal diagnosis is also feasible
if a familial mutation (or mutations) has been identified.
Traditionally, fetal samples are obtained via chorionic
villus sampling at 10-12 weeks gestation or amniocentesis
at 15-20 weeks gestation. Because both methods are inva-
sive and pose some risk to the fetus, attempts are currently
being made to study free fetal DNA found in the maternal
circulation. This type of analysis is only being performed
in a research setting, but early reports suggest it is possible
to identify trisomies and paternally inherited mutations
using this method.

Presymptomatic testing can likewise be performed,
including predictive testing and predispositional testing.
Predictive testing and predispositional testing are differ-
ent, because a positive test result is interpreted differently
for each. Predictive testing is performed for late-onset
conditions such as Huntington disease, and a positive
result implies that the individual will eventually develop
the disorder with certainty. In contrast, a positive result
for predispositional testing implies that the person is at
increased risk for disease development, but such testing
cannot firmly establish future disease. Predispositional
testing may include ApoE genotyping for Alzheimer’s dis-
ease (where presence of the €4 allele confers increased
disease risk), and CAPN10 and TCF7L2 genotyping for
increased risk to develop type 2 diabetes. Because such risk
factors are neither necessary nor sufficient for disease
development and may not lead to effective risk reduction

strategies, many experts advise against genetic testing for
susceptibility alleles.

There are situations in which presymptomatic testing
is justified. Presymptomatic testing is often performed
for familial cancers, where test results play a critical role
in medical management. Sequencing of BRCAI and/or
BRCA2 genes can provide information regarding risk to
develop breast and/or ovarian cancer; results influence
decisions regarding surveillance, Tamoxifen treatment,
or prophylactic mastectomy and oophorectomy. Simi-
larly, mutation testing of the APC gene can provide
information regarding risk to develop colon cancer.
Mutations resulting in a truncated APC protein are asso-
ciated with familial adenomatous polyposis, a highly
penetrant disorder where mutation carriers have a near
100% risk of developing colon cancer if left untreated.
Identification of a mutation allows other at-risk family
members to be tested. Unlike many other cases of
presymptomatic testing in children,
a familial APC mutation has clear medical benefit.

testing for

Children who are at 50% risk for familial adenomatous
polyposis (i.e., children of a mutation carrier) normally
must undergo annual sigmoidoscopy surveillance begin-
ning at 10 years of age. A negative genetic test result
would allow the child to avoid the sedation and discom-
fort associated with this medical procedure.

With a few noted exceptions, such as the one described
above, genetic testing of minors in the absence of clinical
presentation remains controversial. Numerous articles
and position statements have been written on this subject.
In 1995, the board of directors of both the American
College of Medical Genetics and the American Society of
Human Genetics issued a joint report regarding the ethi-
cal, legal, and psychosocial implications of genetic testing
in children and adolescents. The primary justification for
genetic testing in minors is that the testing should provide
timely medical benefit. In addition, testing may also be
justified when there is substantial psychosocial benefit to
the competent adolescent (e.g., to help with decision-
making regarding reproduction, education, and career).
Genetic testing for adult-onset disorders or to determine
carrier status should generally be deferred until the indi-
vidual is old enough to make this decision voluntarily. Of
course, it has been argued that prohibiting genetic testing
in minors deprives the individual and the family of poten-
tially important health information that might be used to
make important lifestyle decisions, including limiting
environmental exposures and risk behaviors. @ Table 5.1
summarizes the benefits and risks of genetic testing in
children.
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@ Table 5.1
Benefits and risks of genetic testing in children

Medical Clarify diagnosis

Ineffective or potentially harmful preventive or

issues

intervention

Improve prognosis through early therapeutic or preventive

therapeutic interventions

Increase surveillance

Avoid costly and/or risky unnecessary surveillance

Limit environmental exposures

Reduce risk behaviors

Psychosocial | Reduce uncertainty and anxiety

Loss of autonomy

issues Gradual adjustment by child to diagnosis

Increased anxiety and/or guilt

Financial planning

Altered self-image/Diminished self-esteem

insurance, and personal relationships

Informed decision-making regarding education, employment, | Parents’ changed perception of child

Altered expectations regarding education,
career, marriage, and life activities

Alert other family members regarding their own risk

Stigmatization

Employment and/or insurance discrimination

Incidental determination of other family
members’ genetic status

Ordering a Diagnostic Genetic Test

Almost all clinical molecular diagnostic laboratories
examine genomic DNA derived from lymphocytes.
Blood samples are simple to collect and such testing may
obviate the need for tissue-specific biochemical testing
requiring invasive biopsy. Another advantage to DNA
testing is that heterozygous carriers of autosomal recessive
disorders can be definitively diagnosed, whereas carrier
testing using an enzymatic assay might provide an ambig-
uous result (e.g., the result may overlap with those from
either normal individuals or affected homozygotes).
DNA may be extracted from tissues and fluids besides
peripheral blood. A number of diagnostic laboratories will
accept mucosal cells from buccal swabs and saliva collec-
tions. Furthermore, genomic DNA may be extracted from
cultured fibroblasts, especially when mosaicism is
suspected. Prenatal testing of fetal cells from amniotic
fluid and chorionic villi is routinely performed. In labo-
ratories performing cancer diagnostics, DNA extracted
from a solid tumor may be compared to DNA derived
from lymphocytes; such examination may reveal either
a loss of heterozygosity or a novel oncogene in the tumor
sample. A number of laboratories in the United States
perform mitochondrial DNA testing in addition to

genomic DNA testing. Finally, a few clinical laboratories
examine cDNA derived from messenger RNA (mRNA);
such testing is performed to confirm a suspected splicing
error.

Molecular genetic testing is categorized as non-
waived, high-complexity testing. Although the Food and
Drug Administration (FDA) does not currently regulate
genetic testing in the United States, this may occur in the
future. Presently, all diagnostic laboratories that report
patient results must comply with the Clinical Laboratory
Improvement Amendments (CLIA) that were legislated by
Congress in 1988. As part of CLIA'88, regulations have
been established by the Department of Health and Human
Services (HHS) to ensure the quality and reliability of
diagnostic testing performed on human specimens for
disease diagnosis, prevention, or treatment. In addition,
the Centers for Disease Control and Prevention (CDC)
and the Centers for Medicare and Medicaid Services
(CMS) have been working with other federal agencies
and professional organizations since 1997 to promote
the quality of genetic testing and appropriate use of
genetic tests in health care. In order to maintain CLIA
certification, clinical labs must undergo inspections, usu-
ally every 2 years. CLIA-certified laboratories follow good
laboratory practice and provide information to ordering
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physicians regarding the selection of appropriate tests,
intended use of the test, indications for testing, testing
methodology and limitations, plus cost.

In 1997, the Department of Energy Task Force on
Genetic Testing proposed three criteria for the evaluation
of genetic tests, including analytic validity, clinical validity,
and clinical utility. Analytic validity refers to how well the
test predicts the presence or absence of a particular gene or
genetic change. Analytic validity includes both analytic
sensitivity and analytic specificity. Molecular genetic test-
ing may consider analytic sensitivity to be the proportion
of samples that have a positive test result or known muta-
tion and that are correctly classified as positive. In con-
trast, analytic specificity in molecular testing is the ability
of a test method to differentiate target sequences, alleles,
or mutations from other sequences (e.g., homologous
genes). A general definition of clinical validity is the accu-
racy with which a test identifies or predicts a patient’s
clinical status. Clinical validity takes into account clinical
sensitivity and specificity, as well as positive and negative
predictive values. Clinical sensitivity is the clinical detec-
tion rate, while clinical specificity is the proportion of
individuals who do not have the clinical phenotype and
test negative. The positive predictive value of a test is
indicated by the proportion of individuals with
a positive test result who have, or will develop, disease;
in contrast, the negative predictive value of a test is equal
to the proportion of individuals with a negative test result
who do not have, and will not develop, disease. Finally, the
clinical utility of a test takes into account the risks and
benefits resulting from test use. Clinical utility refers to
whether the test can provide information about diagnosis,
treatment, medical management, or disease prevention.

In March 2010, the National Institutes of Health
announced that it is creating a public database that can
be used to search for information about the availability,
validity, and utility of genetic tests. Until the NIH Genetic
Testing Registry (GTR) is operational, the GeneTests Web
site (www.genetests.org) can be used to obtain informa-
tion about molecular genetic tests currently offered by
CLIA-certified laboratories.

Types of Changes Associated with
Heritable Disorders

Disease-associated genetic changes can occur anywhere in
the genome, from the level of a chromosome down to the
level of a single nucleotide. Although most changes
may involve aberrations in gene dosage or gene sequence,
epigenetic modifications can also lead to a disease

phenotype. Cytogenetic testing, including the application
of microarrays, is covered in © Chap. 4 “Cytogenetic
Testing and Chromosomal Disorders”. In this section,
the focus is on molecular diagnosis at the level of
individual genes.

In the early days of molecular testing before the avail-
ability of direct mutation analysis, linkage studies were
performed to follow a gene mutation through a family. In
linkage studies, a genetic marker in close proximity to the
gene of interest is tracked through the family to follow
inheritance of the disorder. Because linkage analysis
requires samples from multiple family members and not
just the proband, such studies can be difficult to perform.
Furthermore, linkage testing is not always informative for
a particular family. Another limitation of linkage analysis
is that the results always involve some uncertainty, because
recombination may occur between the marker locus and
the disease locus. Nevertheless, a number of clinical
molecular laboratories continue to offer linkage analysis,
especially when the disease gene is large and mutations are
difficult to identify.

Most molecular testing performed today involves
direct mutation analysis. With the completion of the
Human Genome Project in 2003, molecular analysis is
now possible for a very large number of single-gene dis-
orders. The technique used for mutation detection is
specific for the gene being tested and the type of mutation
most likely to be found. For example, congenital myotonic
dystrophy is the result of a large CTG trinucleotide expan-
sion in the DMPK gene; this type of large expansion can
only be confirmed with Southern Blot. Multiplex ligation-
dependent probe amplification (MLPA) was first
described in 2002 as a novel method to detect copy num-
ber variants, including small-scale exon deletions and
duplications. Because this method is simple, cost-effective,
and high-throughput, MLPA is used to detect deletions
associated with many different disorders, including
Duchenne or Becker muscular dystrophies (both caused
by deletions within the DMD gene encoding dystrophin)
and Type I spinal muscular atrophy (SMA) (Werdnig—
Hoffmann disease, usually caused by homozygous dele-
tion of exon 7 in the SMN1 gene). Quantitative PCR is yet
another method used to detect gene deletions or duplica-
tions at the level of a single exon within a gene of interest.

Gene sequencing is currently the gold standard used
for mutation detection when variations at the single nucle-
otide level are the main cause of disease pathogenesis. Di-
dedeoxy terminator-based sequencing (i.e., Sanger
sequencing) has been in use for at least 30 years and
continues to be used by most clinical laboratories because
it is amenable to automation. Identifiable DNA alterations
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include frameshift mutations (due to small insertions and
deletions) and base pair substitutions (point mutations).
Although nucleotide changes may occur anywhere in the
genome, clinical diagnostic laboratories often limit analy-
sis to exons (i.e., protein coding regions) plus approxi-
mately 20 base pairs of flanking noncoding intronic DNA.

A few different types of sequence variants are easy to
classify as pathogenic. Examples include nonsense muta-
tions that lead to the production of a termination codon
and alterations at invariant GT-AG sequences at splice
donor and splice acceptor sites. In most other cases, inter-
pretation of sequence variants is complex. Many genes are
large and highly polymorphic (meaning more than one
form of DNA sequence may exist at a particular site).
Some variations are specific for particular ethnic groups
and are not associated with a disease phenotype. Base pair
substitutions may be synonymous or non-synonymous in
nature. Synonymous changes (i.e., silent mutations) are
those that lead to no foreseeable protein alteration. Such
variants can be associated with disease, however, as they
may lie in an important regulatory element and affect gene
expression. In contrast, non-synonymous substitutions
(i.e., missense mutations) are those that lead to a change
in the encoded protein. Such changes may be deleterious
or non-deleterious. To confidently classify a missense
mutation as pathogenic, several factors must be taken
into account, including the following: (1) Has the variant
been previously reported in the literature or in a public
database? (2) Does the variant co-segregate with the
disease? (3) Are other mutations found in cis (i.e., on the
same chromosome)? (4) Does the mutation fall in
a conserved protein domain? (5) Is there evolutionary
conservation of the encoded amino acid in other animal
species? (6) Does the amino acid change affect the func-
tion of the protein?

Limitations of DNA Sequencing

As with other genetic testing techniques, DNA sequencing
has limitations. First, and most important, sequencing of
DNA requires an initial suspected clinical diagnosis. Even
when a specific diagnosis is entertained, the genetic
factor(s) responsible for the disorder may not be known
or completely understood. Many genetic disorders are
heterogeneous, meaning that a mutation in one of several
genes may lead to the disease phenotype. Genetic hetero-
geneity can lead to a false-negative test result if the wrong
gene is examined.

A false-negative test result can also occur because DNA
sequencing cannot detect all possible variants. Although

small microdeletions and microduplications several
nucleotides in length can be detected, sequencing will
not detect larger-sized copy number changes. Also,
sequencing will not detect positional rearrangements of
genetic material, including gene inversions, transloca-
tions, and inversions of larger chromosomal segments.
Furthermore, because most clinical laboratories only
sequence coding regions that give rise to protein, changes
in nucleotide sequence within a promoter region or deep
within an intron may go undetected.

In contrast to false-negative results, false-positive
results can occur when variants of unknown significance
are incorrectly classified as being associated with disease.
As previously mentioned, variants of unknown signifi-
cance can be difficult to classify as benign or pathogenic;
often, parental studies are necessary to interpret an
affected child’s result.

Another limitation to direct DNA sequencing is this
test technique will not detect epigenetic modifications.
Such modifications are described in greater detail below.

Epigenetics

Epigenetic changes play an important role in pathogenesis
of some disorders. Epigenetic factors affect the expression
of genes without altering the genotype. Improper epige-
netic programming can lead to consequences similar to
the effects of a genetic mutation. Aberrant epigenetic
programming can lead to inactivation of a gene that is
normally expressed, or activation of a gene that is nor-
mally silenced.

Epigenetics is a normal cellular phenomenon that
involves heritable transmission of information from one
generation of cells to the next; this information is trans-
ferred through DNA and chromatin modifications, rather
than specific alterations in the DNA sequence. Methyla-
tion of cytosines at CpG dinucleotides in promoter regions
constitutes one form of epigenetic modification; the addi-
tion of phosphate, acetyl, and ubiquitin groups to histone
proteins constitute other forms of epigenetic modifica-
tion. Two important cellular processes, X inactivation
and genomic imprinting, are examples of normal epige-
netic mechanisms that can be associated with disease.

Although females normally have two X chromosomes
and males have one, the quantity of X-linked gene product
is usually the same in males and females due to the dosage
compensation that occurs due to X inactivation
(Lyonization). As a consequence, X chromosome aneu-
ploidy usually has a milder clinical presentation than
aneuploidy involving an autosome (chromosomes 1-22),
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and therefore monosomy for the X chromosome (Turner
syndrome) and trisomy X are relatively common. There
are other important clinical implications of
X inactivation. Awoman who carries an X-linked recessive
mutation on one of her two X chromosomes may express
the mutant phenotype if most of her cells happen to have
inactivated the X chromosome carrying the normal gene.
Female expression of X-linked recessive disorders such as
Fragile X syndrome and hemophilia has been reported.

Genomic imprinting is a developmental mechanism
that occurs during gametogenesis and early development
in a subset of genes. Imprinting mediates differential
expression of a gene depending on whether it is inherited
from the mother or the father (otherwise known as
a “parent-of-origin” effect). To achieve allele-specific
expression, special control elements known as imprinting
control regions (ICRs) are regulated at imprinted loci via
epigenetic modifications such as methylation of CpG
dinucleotides and histone modifiers normally associated
with transcriptional repression.

Several genetic disorders result from consequences of
genomic imprinting (@ Table 5.2). Diseases associated
with small deletions may occur due to lack of expression
of essential imprinted gene(s) on the intact homologue;
likewise, diseases associated with uniparental disomy
(where two copies of a chromosome are inherited from
one parent and no copies are inherited from the other
parent) may also result from failure to express essential
imprinted genes. Prader—Willi syndrome and Angelman
syndrome are two pediatric genetic disorders that are
associated with imprinting. Prader—Willi syndrome, char-
acterized by infantile hypotonia, developmental delay,
childhood obesity, and hypogonadism, can result from
either a deletion of the paternally inherited chromosomal
segment 15q11-13 or from maternal uniparental disomy
for chromosome 15. In both cases, the affected child fails
to express crucial gene products because multiple mater-
nally inherited genes in this chromosome region are
imprinted and therefore are not expressed. Angelman
syndrome, a clinically distinct condition characterized by
severe intellectual impairment, seizures, ataxia, and
apraxia, results from differential expression of other
genes at 15q11-q13; however, Angelman syndrome is asso-
ciated with a deletion of the maternal copy of chromo-
some 15q11-13 or paternal uniparental disomy. DNA
sequencing studies have shown that approximately 10%
of patients with Angelman syndrome have mutations in
the maternally expressed copy of the UBE3A gene.

Silver—Russell syndrome (SRS) and Beckwith—
Wiedemann syndrome (BWS) are two other genetic dis-
orders that are associated with genomic imprinting. SRS is

characterized by prenatal and postnatal growth retarda-
tion, relative macrocephaly, and a triangular-shaped face.
In contrast, individuals with BWS display an overgrowth
phenotype, abdominal wall defects, and a predisposition
to develop certain malignancies, including Wilms’ tumor.
The first evidence that Silver—Russell syndrome is
a disorder related to genetic imprinting came from Kotzot
et al. in 1995. This group was the first to report maternal
uniparental disomy of chromosome 7 in affected patients.
Other researchers later reported a link between Silver—
Russell syndrome and epigenetic changes in a specific
region on the short arm of chromosome 11 at 11pl5.
Interestingly, Beckwith—-Wiedemann syndrome is also
associated with methylation defects in this same region.
This specific area of chromosome 11p15 can be divided
into two distinct imprinted domains, where the imprint-
ing centers ICR1 and ICR?2 play a critical role in regulating
allele-specific expression of at least five different genes,
including HI19, Insulin-Like Growth Factor II (IGF II),
CDKNIC, KCNQI, and KCNQIOT1 (LIT1). Imprinting
center 1 (ICR1) controls the expression of two genes, H19
and Insulin-Like Growth Factor II (IGF II), in an opposite
manner. ICR1 normally ensures that IGF II, a fetal growth
factor, is expressed only from the paternal allele, and
ensures H19, a noncoding RNA, is expressed only from
the maternal allele. Loss of ICR1 methylation (so-called
ICR1 “hypomethylation”) has been found in approxi-
mately 30% of patients with Silver—Russell syndrome.
Conversely, “hypermethylation” of ICR1 can be found in
2-7% of patients with Beckwith-Wiedemann syndrome.
In these BWS patients, methylation of ICR1 on both
parental chromosomes leads to biallelic silencing of H19
and biallelic activation of IGF II. Nevertheless, most
patients with Beckwith-Wiedemann syndrome have epi-
genetic changes in the ICR2-controlled imprinting
domain as opposed to the ICR1-controlled imprinting
domain. ICR2 is normally methylated only on the mater-
nal allele. This imprinting control region regulates the
allele-specific expression of the cyclin-dependent kinase
inhibitor CDKNIC, the potassium voltage-gated channel
KCNQI, and the noncoding RNA KCNQIOTI (LIT1I).
Approximately 50% of patients with Beckwith—
Wiedemann syndrome show hypomethylation of ICR2.

Cancer Genetics in the Pediatric
Population

There are a number of malignancies predominantly found
in children. As previously mentioned, Wilms’ tumor,
a nephrogenic malignancy, may be found in association



Principles of Genetic Testing

67

@ Table 5.2
Genetic disorders associated with imprinting defects

Imprinted
(inactivated)
Genetic Estimated parental
disorder OMIM# incidence Chromosome Gene(s) allele Protein Clinical features
Prader-Willi [ 176270 | 1in 10,000 | 15q11-13 SNRPN plus Maternal Small nuclear | Infantile hypotonia,
syndrome others ribonuclear developmental delay,
(including protein childhood obesity,
MKRN3 and polypeptide N | hypogonadism
NDN)
Angelman 105830 | 1in 20,000 | 15911-13 UBE3A Paternal Ubiquitin- Severe mental
syndrome protein ligase | retardation, apraxia,
E3A ataxia, seizures
Beckwith—- | 130650 | 1in 14,000 | 11p15.5 H19 Paternal (Untranslated | Overgrowth,
Wiedemann mRNA) hemihypertrophy,
syndrome IGFII Maternal Insulin-like macroglossia,
growth factor Il | omphalocele, neonatal
CDKNIC Paternal Cyclin- hypo.glyce?rpla,
SEaErea: predisposition to
. tumorigenesis
kinase ; ;
inhibitor 1 C (especially Wilms
tumor)
KCNQT Paternal Voltage-gated
potassium
channel
KCNQ1OTI(LIT1) | Maternal (Untranslated
mRNA)
Silver— 180860 | Wide 11p15.5 H19 Paternal (Untranslated | Intrauterine and
Russell variation mRNA) postnatal growth
syndrome inreports | 7511.2-p13 | GRB10 Maternal Growth factor | retardation, relative
(Candidate receptor- macrocephaly,
locus) bound triangular-shaped
protein-10 facies

with Beckwith-Wiedemann syndrome. However, this
tumor can also be found in isolation, or in association
with another inherited syndrome called WAGR (an
acronym for Wilms® Tumor/Aniridia/Genitorurinary
anomalies/mental Retardation). WAGR is a contiguous
gene syndrome associated with a deletion of several
genes on chromosome 11p13.

Retinoblastoma is a solid tumor of the eye that is
usually not associated with a syndrome. There is a form
of retinoblastoma that is familial and presents bilaterally;
it is the result of an inherited mutation in the tumor
suppressor gene RBI. Children who have inherited an
RBI mutation on chromosome 13 tend to present at
a very early age and are six times more likely to develop
other types of cancer later in life.

Specific gain-of-function mutations in the RET proto-
oncogene on chromosome 10q11.2 are associated with
multiple endocrine neoplasia, types 2A and 2B (MEN 2A
and MEN 2B). Individuals with MEN Type 2 are at risk to
develop medullary thyroid carcinoma, pheochromocy-
toma, and benign parathyroid tumors. It is reccommended
that prophylactic thyroidectomy be performed before the
age of 6 years in children with MEN2A and before the age
of 3 years in children with MEN2B.

In contrast to the solid tumors just described, there are
several types of hematological malignancies predomi-
nantly found in infants and young children. One form of
leukemia with a poor prognosis is acute lymphocytic
leukemia (ALL) resulting from a defined translocation
of chromosomes 4 and 11. Normally, chromosome 4
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encodes AFF1, an ATP/GTP binding transcription
factor, and chromosome 11 encodes MLL, a histone
methyltransferase that acts as a global regulator of gene
transcription. The t(4;11)(q21;q23) translocation leads to
the production of an MLL-AFF1 fusion product whose
role in leukemogenesis is not completely understood.

Pharmacogenetics in Pediatrics

Pharmacogenetics is the study of heritable variation to
help determine drug metabolism and response to thera-
peutic agents. The goal is to minimize adverse drug events
and maximize efficacy. Pharmacogenetics is currently
being used in the areas of psychiatry, anesthesiology,
hematology, and oncology to prevent adverse events and
design optimal treatment regimens.

Genetic testing of the TPMT gene in children with
acute lymphocytic leukemia (ALL) has been shown to be
cost-effective. Chemotherapy for ALL typically includes
treatment with several different thiopurines, including
6-mercaptopurine (6-MP) and 6-thioguanine (6-TG).
Decreased levels of TPMT are associated with particular
polymorphisms; these weak alleles lead to decreased
thiopurine clearance and fatal toxicity in a small percent-
age of treated children. In contrast, individuals with high
TPMT activity are fast metabolizers who show decreased
therapeutic effect; these individuals may need a higher
drug dose for sufficient response.

Population-Based Genetic Screening

Genetic screening consists of genetic testing at the popu-
lation level. Carrier screening is available for people who
have no personal or family history of a condition, but who
may have a greater than average chance of carrying
a particular gene mutation due to ancestry. A negative
carrier screening test significantly lowers, but does not
completely eliminate, the risk of being a disease carrier.
This is because carrier screening detects specific mutant
alleles, and less common mutations may go undetected.
The goal of carrier screening is to help identify couples
who are at risk for having an affected child to allow them
to make informed reproductive decisions. For a screening
program to be successful, the disorder should be clinically
severe, there should be a relatively high frequency of car-
riers in a population, a reliable genetic test must exist, and
there must be access to genetic counseling.
Population-based carrier screening for Tay—Sachs dis-
ease has been performed in individuals of Ashkenazi

Jewish heritage since 1969. The scope of carrier screening
in the United States broadened in 2001 when the Ameri-
can College of Obstetricians and Gynecologists and the
American College of Medical Genetics recommended that
cystic fibrosis (CF) carrier screening be offered to all
couples planning a pregnancy or seeking prenatal care
following review by an NIH Consensus Development
Panel. The frequency of cystic fibrosis varies by ethnicity,
and includes an estimated disease incidence of 1 in 3,300
Caucasians. Therefore, approximately 1 in 28 individuals
of Northern European descent carries a mutation in the
CFTR gene. The American College of Medical Genetics
and the American College of Obstetricians and Gynecol-
ogists currently recommend population CF carrier screen-
ing for 23 specific CFTR mutant alleles.

In November 2008, the American College of Medical
Genetics published an SMA carrier screening practice
guideline recommending that SMA carrier testing be
offered to all expectant couples regardless of race or eth-
nicity. Spinal muscular atrophy (SMA) is the most com-
mon inherited cause of early childhood mortality, and the
second most common fatal autosomal recessive disorder
after cystic fibrosis. The estimated incidence of SMA is 1 in
10,000 live births, and the estimated carrier frequency
ranges from 1 in 40 to 1 in 60 individuals, depending on
heritage.

Newborn screening is another example of population-
based genetic testing. Newborn screening is a widely
accepted public health program that integrates sample
collection, laboratory testing, follow-up, diagnosis, treat-
ment of identified disease, and tracking of long-term out-
comes. Although the majority of conditions examined are
numerous inborn errors of metabolism, other conditions
include hemoglobinopathies, endocrine disorders, and
cystic fibrosis. The main goal of newborn screening is to
detect disorders that are threatening to long-term health
before patients become symptomatic, since early treat-
ment may significantly reduce mortality and morbidity.

Newborn screening began in the 1960s when Robert
Guthrie developed a system for collecting small blood
samples on filter paper (known as a Guthrie card). Guthrie
developed an initial screening test for phenylketonuria
(PKU) using a bacterial inhibition assay. This assay was
later used to detect a number of additional amino
acidopathies. By the end of the twentieth century, new-
born screening programs had rapidly expanded. Because
newborn screening programs have traditionally been
state-mandated programs, there has been inconsistency
regarding the number and types of diseases that are
screened from state to state. In order for a disorder to be
considered for newborn screening, the testing must be
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relatively cost-effective, and some early intervention must
exist that will reduce morbidity and mortality. In addition,
the screening test must be sensitive, specific, and ideally
have a high positive predictive value. Screening programs
choose quantitative cutoffs that minimize both false-
positive and false-negative test results. In 2005, the Amer-
ican College of Medical Genetics Newborn Screening
Expert Group recommended a universal panel of meta-
bolic disorders that should be included in every newborn
screening program in the United States.

All patients who have an initial positive newborn
screen require more definitive confirmatory testing. The
American College of Medical Genetics publishes ACTion
(ACT) sheets on its Web site that provide management
guidelines for infants who screen positive; in many cases,
the guidelines include DNA studies. In addition, there are
several genetic disorders covered by newborn screening
programs where molecular testing is part of the screening
process. Many states screen neonates for cystic fibrosis
using a combination of first-tier immunoreactive trypsin-
ogen testing and second-tier DNA mutation analysis. Pilot
programs in Wisconsin and Massachusetts have been ini-
tiated to screen for severe combined immunodeficiency
syndromes (SCIDs). These programs use quantitative
PCR to examine T-cell receptor excision circles (TRECs)
produced during normal T-cell development. Abnormally
low levels of TRECs may be indicative of an immunode-
ficiency syndrome and therefore require appropriate fol-
low-up. Because the Wisconsin pilot program was able to
successfully identify a newborn with SCID shortly after
program implementation, it is expected that other state
newborn screening programs will develop similar testing
in the near future.

Looking Ahead: The Future of Molecular
Genetic Testing

This chapter provides a brief overview of molecular
genetic testing, including its current uses and limitations.
Development of novel testing methodologies has greatly
advanced this subspecialty of clinical laboratory-based
genetics, and it is now possible to test for a very large
number of single-gene disorders. Many patients who
have previously tested negative for a genetic condition
may benefit from retesting, since methods have changed
substantially over the past decade. In instances where
genetic testing remains uninformative, DNA can be iso-
lated and stored (i.e., “banked”) for future analysis.

It is expected that the field of molecular genetics will
continue to rapidly evolve, and the technological

limitations present today will be overcome tomorrow.
Indeed, it is now possible to sequence the entire human
genome of a single individual. This has become possible
with the development of non-Sanger-based sequencing
(so-called next-generation sequencing) that is based on
a sequencing-by-synthesis technology first reported in
2005. This approach is extremely powerful and is capable
of greatly outperforming automated Sanger sequencing at
a fraction of the cost.

Technological advances are expected to improve the
state of human health, but they also raise complex ethical
and legal issues. To help address some of these concerns,
the National Human Genome Research Institute (NHGRI)
and the Department of Energy (DOE) set up the ELSI
research program to study the ethical, legal, and social
implications (ELSI) of genetic research. Information gath-
ered from ELST has been used to examine questions regard-
ing genetic privacy and genetic discrimination. In 2008,
the Genetic Information Nondiscrimination Act (GINA)
was signed into law by President Bush. GINA protects
Americans against health insurance and employment dis-
crimination based on an individual’s genetic information.
The passage of GINA was a milestone that now paves the
way for people to take advantage of personalized medicine
with reduced fear of discrimination.
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The medical treatment of genetic disease is now at the
stage that the field of infectious disease was at after Koch’s
postulates were formulated. The causes of disease and
malformations due to changes in the genetic sequence or
outside of the genetic code (epigenetic modification) have
been rapidly catalogued over the last few decades. Treat-
ment of genetic disease has been so far mainly palliative in
nature and generally addresses the pleiotropic manifesta-
tions. The complications of many genetic disorders are
increasingly amenable to some form of medical or surgical
treatment. Accomplishing a more disease-specific treat-
ment of genetic disorders has remained an elusive goal,
yet the growing number of therapeutic responses shows
that progress has been made in controlling and reducing
associated symptoms. The foundation of future-directed
therapy for genetic disorders is based on the understand-
ing of genetic disease at the molecular level.

Systemic Therapy

Many genetic syndromes exhibit organ or multisystem
malformations. The surgical and medical treatment of
these complications is long established, and results in
prolonged survival with improved quality of life. These
treatments include congenital heart disease repair, ortho-
pedic surgery for skeletal malformations, neurosurgery for
hydrocephalus, and many more. Although successful, these
interventions are not unique to genetic disease and do not
specifically address the underlying pathology (@ Fig. 6.1).

Organ Transplantation

Organ transplantation involves replacing the malfunctioning
organ along with the relevant somatic stem cells and differ-
entiated cells. Liver transplantation is used for a number of
metabolic disorders, including urea cycle disorders, organic
acidurias, homozygous familial hypercholesterolemia, and
severe forms of glycogen storage disease. The liver disease
associated with cystic fibrosis and o-1-antitrypsin deficiency
may also be treated with liver transplantation. Somatic stem
cells are capable of self-renewal and differentiation into
different cell types, making them excellent candidates for

cellular therapy. Liver repopulation by transplanted hepato-
cytes is a promising approach.

Hematopoietic Cell Transplantation

Transplantation of hematopoietic (multipotent) stem
cells from bone marrow (HCT) has been used for the
past 2 decades in immunodeficiency, lysosomal, and
peroxisomal disorders. The rationale of this treatment is
based on providing the missing enzyme through
donor cells within and outside the blood compartment.
The great majority of transplants have been performed in
patients with Hurler syndrome (MPSI), Hunter syndrome
(MPSII), Sanfilippo syndrome (MPSIII), Maroteaux—
Lamy syndrome (MPSVI), X-linked adrenoleukodystro-
phy, metachromatic leukodystrophy, globoic-ceroid
leukodystrophy (including Krabbe disease), and others
(Pelizaeus—Merzbacher, ~ Zellweger = syndrome, and
vanishing white matter disease).

Allogenic hematopoietic cell transplantation (HCT) is
the only treatment with curative potential for sickle cell
disease and beta-thalassemia. Successful treatment relies
on a permanently viable engraftment as opposed to
a transient engraftment. Availability of matched donor,
graft failure, and transplantation-related mortality remain
limiting factors.

Unrelated cord blood (UCB) transplantation is the
utilization of umbilical cord blood as a stem cell source.
The use of cord blood has several advantages over bone
marrow as a source of stem cells. The recipients are more
tolerant of histoincompatible blood than other donor
cells. Placental cord blood is widely available and trans-
plantation from unrelated donors appears to be as effec-
tive as from a matched donor, at least for Hurler syndrome
and neonatal Krabbe disease. Still investigational is the use
of mesenchymal stem cells (MSCs) infusions. Mesenchy-
mal stem cells are pluripotent cells that have the potential
of differentiating into various cells of meshencymal origin:
osteoblast, chondrocytes, adipocytes, and astrocytes.

In mice, inducible pluripotent stem cells (iPS cells)
have been created from skin fibroblasts and effectively
transformed into hepatocytes. In the model utilized, the
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subject mice were homozygous for fumarylacetoacetate
hydrolase deficiency (hereditary tyrosinemia). The FAH -/-
cells died and the iPS cells effectively replaced the entire liver.
Human iPS cells have been generated and considerations for
trials include the following conditions: a-1-antitrypsin defi-
ciency, familial hypercholesterolemia, glycogen storage dis-
ease type 1 (von Gierke disease), hereditary tyrosinemia, and
Crigler—Najjar syndrome.

Therapy at the Extracellular Level

Metabolic Pathway Modification

Inborn errors of metabolism are the archetype of genetic
disorders. Newborn screening programs are the most wide-
spread genetic tests performed. These programs are effective
in modifying or preventing complications because early
therapy is often easily implemented. Treatment is targeted
at restricting dietary intake of the substrates early in
the metabolic pathway, increasing excretion of toxic

metabolites, replacing deficient substances, and altering
the primary metabolic rate. To achieve metabolic balance
and stabilization of symptoms, these strategies are used
individually or in combination.

Dietary therapy is a long-established and effective
method of managing genetic disorders (@ Table 6.1).
Dietary modification has been used successfully in
aminoacidopathies, urea cycle disorders, and diseases of
carbohydrate metabolism. Dietary restriction is usually
a lifetime commitment and can be imposing to the family
and the patient. Total protein restriction is necessary and
sometimes severe for disorders of amino acid catabolism
and the urea cycle. This must be balanced by supplying
essential substrates and cofactors to allow for growth and
development. Sugar restriction for disorders of carbohy-
drate metabolism can be as simple as limiting lactose con-
sumption in galactosemia or as difficult as limiting total
glucose consumption in pyruvate dehydrogenase defi-
ciency. Patients with fatty acid oxidation defects usually
require acute management only and are otherwise allowed
a relatively unrestricted diet.



Principles of Therapeutics

75

@ Table 6.1

Disorders that respond to dietary therapy

Aminoacidopathies

Phenylketonuria

Phenylalanine

Tetrahydrobiopterin for responsive
patients

Total protein

Tyrosinemia Phenylalanine

Tyrosenemia I? or tyrosemia | and II? Tyrosine

Tyrosemia | is usually responsive with NTBC

(nitisinone) also known as: 2-(2-nitro-4-trifluoro-

methylbenzoyl)-1,3 cyclohexanedione

Homocystinuria Methionine Pyridoxine for responsive types, betaine,

folate, hydroxycobalamin

Total protein

Carbohydrate metabolism defects

Pyruvate carboxylase deficiency

High carbohydrate and high
protein diet to avoid activation
of gluconeogenesis

Citrate supplementation, biotin, aspartic
acid, triheptanoin

Thiamine, carnitine, lipoic acid

Pyruvate dehydrogenase deficiency

Glucose/Carbohydrates

Fat intake

Branched chain amino acids

Thiamine, lipoic acid

Cornstarch

Protein
Hereditary fructose intolerance Fructose, sucrose

Sorbitol

Galactosemia Galactose, lactose
Fatty acid oxidation defects
Short chain acyldehydrogenase deficiency None Carnitine
Medium chain acyldehydrogenase deficiency None Carnitine
Long chain acyldehydrogenase deficiency None MCT oil and low fat diet

Trifunctional protein deficiency

Long chain fats

MCT oil, carnitine, DHA

Organic acidemias

Branched chain organic acidurias

Maple syrup urine disease

Isoleucine, leucine, valine

Isovaleric acidemia

Leucine

Levocarnitine and glycine

Propionic acidemia

Isoleucine, valine, methionine,
threonine

Levocarnitine and biotin

Methylmalonic acidemia

Isoleucine, valine, methionine,
threonine

Folate, betaine, and levocarnitine
Cyanocobalamin for cobalamin
responsive patients

Glutaric Acidemia Type 1

Lysine, hydroxylysine,
tryptophan

Levocarnitine, riboflavin

Tryptophan

Urea cycle defects

In general

Total protein

N-Acetylglutamate synthetase deficiency

Carbamylglutamate
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Carbamoylphosphate synthetase deficiency

Ornithine transcarbamylase deficiency

Arginine, citrulline

Sodium benzoate

Sodium phenylacetate

Citrullinemia

Arginine

Arginosuccinic aciduria

Arginine

Arginase deficiency

Limited understanding of the metabolic pathway
and interactions involved in disease progression still
poses a barrier to effective treatment. Despite
a reduction in the occurrence of cataracts and mental
retardation with the institution of lactose restriction in
galactosemia patients, 81% of females with this disorder
experience premature ovarian failure and 56% of males
and females have delayed vocabulary and articulation
milestones. Additionally, intercurrent illness and stress
may provoke a crisis in otherwise stable patients. Rapid
response with dietary modifications and intravenous ther-
apy can avert deterioration in many cases.

In a number of metabolic disorders, the efficiency of the
defective enzyme or an alternative pathway can be enhanced
by the administration of large amounts of the vitamin cofac-
tor. The administration of cofactor may overcome reduced
affinity of the mutant enzyme for the cofactor or stabilize the
enzyme. Nonresponsive patients generally have a mutation
that result no residual enzyme activity.

Phenylketonuria (PKU) is the first genetic disorder for
which a screening process was introduced in the 1960s.
PKU is traditionally treated with a phenylalanine-
restricted diet. Tetrahydrobiopterin is a cofactor that
binds to the affected enzyme, phenylalanine hydroxylase.
A tetrahydrobiopterin analog, Sapropterin, is the first
non-dietary treatment for patients with phenylketonuria
(PKU). Sapropterin dihydrochloride (Kuvan®) is
a synthetic formulation of the active 6R-isomer of
tetrahydrobiopterin, a naturally occurring cofactor of phe-
nylalanine hydroxylase. The mechanism of action appears
to be related to its effect in augmenting and stabilizing
abnormal phenylalanine hydroxylase molecules, thus
increasing the clearance of phenylalanine from the body.
It is approved to treat hyperphenylalaninemia in patients
ages 4 or more years with tetrahydrobiopterin-responsive
phenylketonuria.

For disorders characterized by accumulation of toxic
metabolites, excretion of the offending substance is the

preferred therapeutic method. Additionally, the offending
substance can be reduced by activation of alternative
pathways, inhibition of normal feedback inhibition, and
pharmacologic agents used to promote elimination.

Nitrogen scavengers such as sodium benzoate,
phenylbutyrate, or phenylacetate are utilized in patients
with urea cycle disorders. They promote nitrogen elimi-
nation and avoid toxic accumulation of the ammonium
ion. Adjunct clearance mechanisms are used in disorders
characterized by failure of normal metabolic clearance to
excrete excess amounts of substrate. Chelation therapy
with penicillamine and trienetine are used to increase
copper excretion in Wilson disease. Serial phlebotomy is
the treatment of choice in hemochromatosis to remove the
excess iron.

Hereditary tyrosinemia type I is due to a deficiency of
fumarylacetoacetase, which leads to the accumulation of
fumarylacetoacetate and maleylacetoacetate. Both chemicals
are then metabolized via an alternative pathway to
succinylacetone — the metabolite responsible for many of
the neurological symptoms of this disorder. In addition to
dietary restriction of tyrosine and phenylalanine, 2-(2-nitro-
4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) is
used to divert the tyrosine catabolism pathway upstream of
homogentisic acid toward a normally dormant urinary
excretion pathway. This reduces the levels of fumarylace-
toacetate, maleylacetoacetate, and succinylacetone, thus
reducing or averting the hepatic complications of the syn-
drome such as cirrhosis and hepatocellular carcinoma. Allo-
purinol has been used similarly in disorders leading to
hyperuricemia like Lesch-Nyhan syndrome, and hematin is
used in acute intermittent porphyria to decrease the activity
of d-aminolevulinic acid synthetase, thereby reducing por-
phyrin production.

Replacement of a deficient substrate can also be an
effective treatment. Smith-Lemli-Opitz syndrome is
a disorder of cholesterol biosynthesis. Cholesterol supple-
mentation has provided some benefit to patients with this
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disorder. Large doses of carnitine are effective in carnitine
transport defects.

Protein replacement therapy refers to production, purifi-
cation, and administration of the missing protein to the
patient. This therapy is used in several hereditary disor-
ders, including cystic fibrosis, hereditary angioedema,
coagulation disorders, a-1-antitrypsin deficiency, immu-
noglobulin deficiencies, endocrine disorders, and lyso-
somal storage diseases (@ Table 6.2).

Enzyme replacement therapy is effective in the
nonneurological symptoms of mucopolysaccharidosis
types I, II, IV, and VI, Pompe, and Niemann-Pick B (not
approved), but has not yet proven to be beneficial in
storage diseases that primarily affect the central nervous
system, since the replacement enzymes do not efficiently
cross the blood-brain barrier.

Another approach to the therapy of lysosomal storage
disorders due to defects in enzymes involved in
glycosphingolipid degradation (including Gaucher disease
types 1, 2, and 3, Fabry disease, Tay—Sachs disease,

0 Table 6.2
Protein replacement therapy

Sandhoff disease, and G,, gangliosidosis) is substrate
reduction therapy (SRT). SRT is a biochemical approach
that makes use of substrates that inhibit and therefore
reduce the rate of macromolecule synthesis. Miglustat
(N-butyl-deoxynojirimycin/NB-DNJ) inhibits the initial
committed step in glycosphingolipid synthesis, therefore
reducing the substrate of the missing enzyme. For exam-
ple, children with Tay-Sachs disease accumulate high
levels of Gy, ganglioside in brain cells, which causes cell
death. Decreasing the synthesis of Gy, would presumably
decrease cell death and moderate the course of the disease.
Miglustat has been approved in Europe and the United
States for the treatment of the mild form of Gaucher type 1
and in Europe for the treatment of Neiman—Pick type C.
Miglustat is in clinical trials in adults and children with
juvenile Gy, Tay-Sachs, and Sandhoff disease, and in
young children under the age of 2 with Tay—Sachs and
Sandhoff disease. Some affected individuals or parents of
those affected do explore with their physicians the option
of using this treatment on an “off-label” basis.

Marfan syndrome affects 1 in 5,000 individuals and is
a systemic connective tissue disorder caused by mutations
in the gene for fibrillin-1. It was originally thought that the
clinical manifestations of Marfan syndrome were solely

Cystic fibrosis Digestive enzymes Multiple
Hereditary angioedema C1 inhibitor Cinryze
Coagulation disorders

For example, Hemophilia A Factor VIII

a-1-Antitrypsin deficiency o-1-Antitrypsin Prolastin
Immunoglobulin deficiencies Intravenous immunoglobulin IVIG

Gaucher disease Glucosidase

Imiglucerase (Cerezyme), velalglucerase (VPIV)

Fabry disease a-Galactosidase

Agalsidase-beta (Fabrazyme, Replagal)

Type 1 Hurler, Scheie, Hurler-Scheie a-L-lduronidase

Aldurazyme

Type 2 Hunter

Iduronate-2-sulfatase

Idurulfase (Elaprase)

Type 4 Morquio

A Galactosamine-6-sulfatase

B a-Galactosidase

Type 6 Maroteaux-Lamy

N-Acetylhexosamine-4-sulfatase

Galsulfase (Naglazyme)

Pompe Acid a-glucosidase

Alglucosidase alfa (Myozyme, Lumizyme)
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the result of the production of abnormal fibrillin-1,
resulting in changes in the structural integrity of the
affected organs. Recent molecular and animal studies
have shown that it is a developmental abnormality due
to altered transforming growth factor-beta signaling. In
the mouse model of Marfan syndrome, the use of an
antagonist (Losartan) of the transforming growth factor
beta-angiotensin II signaling pathway has been shown to
prevent and reverse manifestations of the disease, includ-
ing aortic root dilation. Losartan is currently undergoing
clinical trials.

Therapy at the Intracellular Level

Inherited mutations can disrupt native protein folding,
thereby producing proteins with an abnormal three-
dimensional conformation. These misfolded proteins,
which may otherwise be sufficiently active, are conse-
quently retained and degraded in the endoplasmic reticu-
lum-associated degradation pathways. The most widely
known of these is the AF508 mutation in the cystic fibrosis
transmembrane conductance regulator.

Among the newest therapeutic modalities is the utili-
zation of low-molecular-weight compounds known as
chaperones to stabilize the functional form or three-
dimensional shape of a mutated protein in the endoplas-
mic reticulum. The binding of the chaperone molecule
allows the protein to fold into its correct three-
dimensional conformation and be properly trafficked
through the endoplasmic reticulum. The protein then
resumes its proper path to the correct site in the cell.
Pharmacological chaperone therapy is in early stage clin-
ical trials for lysosomal storage diseases: Fabry disease
utilizing 1-deoxygalactonojirimycin which is a potent
inhibitor of a-galactosidase. The inhibitor is given in low
quantities which paradoxically enhances the intracellular
activity of the residual enzyme.

Increasing knowledge of gene expression will allow
another potential tool for therapy, transcriptional therapy.
Transcriptional therapy is aimed at modulating, modify-
ing, or reactivating genes. These types of modifications of
the genome include: reducing the expression of
a dominant mutant gene product by RNA interference
(RNAI), increasing the expression of a gene that can

compensate for the effect of the mutation at another
locus, and increasing the amount of messenger RNA
(mRNA) of silent or poorly expressed genes.

Hereditary angioedema (AD inheritance) is
a potentially fatal disorder due to a mutation in comple-
ment 1 (C1) esterase inhibitor. Affected individuals have
unpredictable episodes of submucosal and subcutaneous
edema. If the upper respiratory tract is involved, this
disease can be fatal. Danazol, an attenuated androgen, is
used in the long-term prophylactic treatment of this con-
dition, by increasing the abundance of Cl inhibitor
mRNA. Current treatment for sickle cell disease includes
hydroxyurea, which results in an increased production of
fetal hemoglobin. A promising strategy in the treatment
of hemoglobinopathies such as sickle cell disease and
B-thalassemia is the use of drugs that induce DNA
hypomethylation. These drugs increase the abundance of
fetal hemoglobin (HbF, o2y2). HbF is normally
underexpressed in adults (<1% of total hemoglobin) as
a result of normal globin switching in infancy. The
underexpression of the HbF is in part due to methylation
of the promoter of the y-globin gene. This methylation
can be inhibited by cytidine analogs, such as decitabine
(5-aza-2'deoxycytidine).

Conditions that are the result of pathologically
silenced (hypermethylated) genes could theoretically be
treated with drugs that cause DNA demethylation, thereby
reactivating normal transcription. Fragile X syndrome is
the result of pathological silencing of the FMRI1 gene
(Xq27.3) due to an abnormal trinucleotide repeat (CGG)
expansion near the FMR1 promoter. The nucleotide ana-
log 5-azadeoxycytidine (5-azadC) is an irreversible inhib-
itor of DNA methyltransferases, which predominantly
methylate CpG dinucleotides in the human genome. In
vitro treatment of fragile X cells with 5-azadC lead to
reactivation of FMRI1 transcription. Drugs that target
other forms of gene inactivation are also being investi-
gated (e.g., histone acetylation). Other candidates are
conditions that result from deletion or uniparental disomy
of an imprinted gene.

Pathological changes can result from the production
of a gene product that is toxic to the cell, as in Huntington
disease. Additionally, an abnormal collagen chain pro-
duces a structurally weakened collagen triple helix in oste-
ogenesis imperfecta. Diminishing the amount of the mutant
protein without altering the production of the normal
allele may ameliorate the phenotype. This goal might be
reached by creating double-stranded RNA molecules that
are degraded prior to translation. RNA interference (RNAi)
technology utilizes RNAi directed against the mutant
mRNA, which inactivates the specific mRNA transcribed
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by the mutant allele while not binding and inactivating the
mRNA transcribed by the normal allele.

Translational Therapy: Stop-Codon Read-
Through Drugs

One-third of inherited diseases are the result of mutations
that create premature termination codons. These include
cystic fibrosis, muscular dystrophy, hemophilia, familial
hypercholesterolemia, lysosomal storage disorders, and
several types of cancer. Aminoglycosides (gentamicin)
can suppress premature translational termination induced
by nonsense mutations and prompt ribosomes to generate
full-length proteins. In preclinical and pilot clinical stud-
ies, this therapeutic approach shows promise in reducing
or eliminating the phenotype by promoting protein

synthesis. The challenge ahead is to maximize efficacy
and minimize side effects.

Pathway Modification

Several genetic syndromes are the result of mutations in
known pathways that control transcription. Sirolimus
(rapamycin) is an immunosuppressant medication with
activity in the mTOR pathway (see © Fig. 6.2). This
results in blocking of cytokine-initiated signaling. The
mTOR pathway is affected in several syndromes such as
tuberous sclerosis complex (TSC) and the Ras pathway
syndromes — neurofibromatosis, Noonan syndrome,
cardiofaciocutaneous syndrome, Costello syndrome, and
LEOPARD syndrome. These syndromes are marked by
the constituitive activation of ras-signaling the mTOR
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pathway. Rapamycin and other mTOR inhibitors are cur-
rently in clinical trials to gauge effectiveness in preventing
the formation and growth of neurofibromas in NF1 and
various manifestations of TSC.

Cell Replacement Therapy

The isolation and utilization of pluripotent and totipotent
embryonic stem cells has previously been restricted to the
creation of recombinant animal models of human disease.
Recently, these stem cells have been stimulated to follow
known differentiation pathways which yield specific cell
types. These manufactured cells might then correct
human disease resulting from the lack of secreted prod-
ucts, or urged to differentiate in situ to replace the diseased
cells. There are currently multiple entries in ClinicalTrials.
gov regarding stem cell research. Some examples of dis-
eases are listed in @ Table 6.3.

Gene Therapy

In principle, this approach seems straightforward. It is
possible now to create mutant animal phenotypes and to
correct them utilizing recombinant technology. The

application to humans is problematic. One cannot reverse
the embryologic development of a human fetus; therefore,
altering a structural defect is not currently possible. The
diseases considered for gene therapy are thus restricted to
those associated with continuously replicating cells such
as hematopoietic cells and epithelial cells, or enzyme
defects in accessible cells. The mechanism of molecular
modification utilizes both random insertion of a correct
genetic sequence into the genome and homologous
recombination to correct the specific mutation. For each
specific combination of vector, transgene and target tissue
one or two of the following problems predominate: gene
silencing, insertional mutagenesis, phenotoxycity,
immunotoxicity, horizontal transmission of the donated
DNA, vertical transmission (Mingozazi F, High KA. Ther-
apeutic in vivo gene transfer for genetic disease using AAV:
progress and challenges).

The vectors utilized to deliver the DNA therapy must
be taken up by mammalian cells and ultimately the DNA
must travel to the nucleus and become incorporated either
by insertion or homologous recombination. Eukaryotic
viruses such as adeno-associated viruses (AAV) have
been most commonly utilized. The mammalian cells are
efficient in the uptake of AAV, and the therapeutic DNA
sequence is effectively delivered to the nucleus where
recombination or insertion takes place.

@ Table 6.3

Conditions amenable to stem cell therapy
Disease Organ Therapy Phase Sponsor
Multiple sclerosis Brain PBSCT 3 Northwestern University
Myasthenia gravis Brain Hematopoietic stem cells |1 Northwestern University
Pressure sores Skin Hematopoietic stem cells |1 University Hospital Basel, Switzerland
Coronary artery disease Heart | Cardiac stem cells 1 University of Louisville
Congestive heart failure Heart | Hematopoietic stem cells |3 Johann Wolfgang Goethe University Hospitals
Brachial plexus denervation | Arm Hematopoietic stem cells |3 Leiden University Medical Center

0 Table 6.4

Conditions amenable to DNA therapy
Disease Organ Therapy Phase Sponsor
Leber congenital amaurosis Eye rAAV2-hRPE65 1 Hadassah Medical Organization
Chronic granulomatous disease Hematopoietic Retroviral 0 NAIAD
Advanced malignant thyroid tumors | Thyroid rAd-p53 4 Shenzhen SiBiono Genetech
Malignant glioma Brain ADV-TK 2 Huazhong University
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If the desired effect is to suppress gene expression, then
small inhibitory RNA strands (siRNA) can be used. The
siRNA binds selectively to mRNA strands and the
resulting double-stranded RNA is degraded by the cell
prior to translation. The delivery systems for siRNA are
numerous and summarized in a table. The siRNA incor-
poration is transient and does not yield a long-term
solution.

Children with cystic fibrosis have temporarily incor-
porated exogenous DNA in their lungs utilizing an ade-
novirus vector, but the underlying stem cells were not
transfected and the effect was transient. Another setback
occurred with the death of a patient with OTC deficiency.
It is believed that an immune response to the vector was
the cause of death. The same results have occurred with
a child who was being treated for severe combined immu-
nodeficiency disorder (SCID). These issues have been
addressed and therapies have been formulated for many
disease states.

Newer trials are being undertaken with the hope of
correcting mutations in target organs. There are currently
many trials utilizing gene therapy. A few examples are
listed in © Table 6.4.
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7 The Field of Neonatology

William Oh

During the eighteenth century, the care of sick infants was
extremely primitive resulting in an extremely high infant
mortality rate: 290/1,000 live birth or a whopping 29%. In
the next century, persistently high infant mortality rate
raised concerns of depopulation and potential lack of mil-
itary enrollees which prompted the European governments’
initiatives to improve maternal and child health. The late
nineteenth century witnessed the beginning of some
attempts to improve neonatal care with the advent of
primitive but effective warming devices. This simple inter-
vention resulted in improvement of infant mortality rate.
In the United States the reduction of infant mortality
was dramatic dropping from 100/1,000 to approximately
35/ 1,000 live birth from 1915 through 1940s (© Fig. 7.1).
This reduction was in part a result of the decline in
neonatal mortality rate from 44 to 25/1,000 live births.

In the nineteenth century, attempts to provide better care
of the high risk infants were done by midwives and obstetri-
cians. Ironically, pediatricians were not involved. A French
obstetrician Stephane Tarnier was credited for developing
the incubator, which markedly reduced the mortality rate of
infants under 2,000 g from 66% to 38%. Pierre Budin
another French obstetrician was generally considered as
one of the pioneers in improving neonatal care by extending
the works of Tarnier and introducing the principles and
methods of neonatal care. Martin Couney, a physician who
championed the cause of premature care immigrated to the
United States and brought the idea of improving premature
care by the use of incubators. He was a clinician as well as
a showman. He took the advantage of novelty of the care of
premature infants with incubator and brought it to the
public by showing them in various venues including fairs
in cities such as Buffalo, New York, and Chicago. One
vignette regarding the Chicago exhibition is that Dr. Couney
presented the premature babies in the incubators to the
public charging fees and made quite a bit of profit. Unfor-
tunately, many of the infants developed diarrhea ending in
death to some that prompted the closure of the show.

At about the same time, the first premature nursery
was established at Sarah Morris Hospital of Michael Reese
Hospital in Chicago in 1934. The nursery was directed by
Dr. Julius Hess with the assistance of a very dedicated
nurse, Evelyn Lundeen. This probably marked the

beginning of modern Neonatology because in addition
to being an excellent and dedicated clinician for this nurs-
ery, Dr. Hess started to engage in research for new knowl-
edge to improve the care of the premature infants. The
two pioneers also published textbook devoted to the prin-
ciples and methods of premature care, many of which are
still valid today. Other publications that enhanced the
knowledge in the care of newborn soon followed and
a new science was born. This era also marked the gradual
introduction of pediatricians into the care of the newborns
both in the delivery room and in the nursery.

At the end of World War 1I, several advances were
responsible for the marked improvement of neonatal
care. In addition to continued use of the incubator as
a warming device for premature and other high risk
infants, the discovery of blood type, introduction of
blood transfusion, use of oxygen, fluid therapy, and anti-
biotics markedly improved the outcomes of the high risk
infants. Advances in knowledge through clinical investiga-
tion such as establishing the diagnosis of congenital rubella
syndrome, and identification of the cause of Rh erythro-
blastosis continued to improve the progress of the field.
Some notable technological advances included the use of
tiny needles (butterfly needles) designed by Dr. Robert
Usher that allowed for intravenous fluid infusion as well
as provision of sodium bicarbonate that improved
outcomes of infants with respiratory distress syndrome.
The technique of exchange transfusion was extremely
valuable for the treatment of severe Rh erythroblastosis.

Some of the interventions were made without solid
evidence of efficacy or freedom from potential harms. An
example of this phenomenon was clearly illustrated with
the oxygen treatment story. Liberal use of oxygen became
commonplace in the 1950s not only to treat respiratory
distress, but also more benign conditions, such as periodic
breathing. While oxygen was responsible for saving many
infants by reducing death or morbidity form hypoxia,
ignorance of its potential adverse effects led to the tragic
epidemic of retrolental fibroplasia (now known as reti-
nopathy of prematurity) that blinded thousands.

During the past 5 to 6 decades, the emergence of the
vibrant and productive subspecialty of Neonatology
within Pediatrics has been witnessed; the evolution of the
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@ Figure 7.1

US infant and neonatal mortality rate per thousand live births

specialty was very nicely documented by Alistair Philip. It
is not entirely clear when and how the term Neonatology
came about, although it is most likely that the term was
introduced by Alexander Shaffer who used the term in his
textbook in 1960. The emergence of this subspecialty
along with tremendous advances in medical care for the
high risk infants have resulted in marked improvement in
neonatal mortality rate in industrialized countries. Lee
et al have shown that from 1950 to 1975, the US neonatal
mortality rates have fallen significantly from 20 to
11.5/1,000 live births. This fall was not associated with
any change in important demographic variables such as
birth weight and gestational age that might affect neonatal
mortality rates, clearly suggesting that the improvement is
a result of improved medical care provided by the clini-
cians in this specialty. In 2005, the US neonatal mortality
rate has fallen further to a low of 4.54/1,000 live births.
This remarkable change in statistics was associated with
the lowering of gestational age range for viability. In the
1950s and 1960s, only the very preterm infants (32 plus
weeks of gestation) had a realistic chances of survival. In
fact, in those days, in many countries, the neonatal sur-
vival statistics only list those who are 28 weeks in gestation
or above. Today, the threshold of viability in the developed
countries is close to 24-25 weeks. Unfortunately, the
improvement in survival rate in the most immature
infants has not been associated with improved outcomes

of these infants at 2 years corrected age and in resource-
limited circumstance, provision of intensive care to these
infants may not be appropriate. The lowering of the
threshold of viability also sparks intense debate among
neonatologists, ethicists, and many concerned parties as to
how far is too far in saving these tiny babies. The debate is
also a result of very high morbidity rates among survivors
of the extremely low birth weight and preterm infants.
Most parties in this debate consider 22-23 weeks gestation
as futile while the center of intense disagreement is for
infants in the 24-25 weeks gestation because of increasing
chances of survivors but the rate of poor neurodeve-
lopmental abnormality remains high. Substantial differ-
ences exist even between industrialized countries with the
Dutch drawing the line for intensive care at 25 weeks and
the Japanese attempting to save infants as immature as
22 weeks. These difficult issues are further addressed in
the chapter on @ Chap. 37, “Ethics and Decision Making
in Neonatology” elsewhere in this section.

The improvement in neonatal mortality rates during
the past half century is a result of many advances derived
from plethora of accomplishments in basic science, trans-
lational and clinical research, and the implementation of
these research findings into clinical practice by the neo-
natologists as the core clinician leaders working with obste-
tricians, medical and surgical subspecialists, along with
a cadre of multidisciplinary personnel who are involved in
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neonatal care. These advances include, among others, the
use of antenatal steroids for acceleration of fetal maturation,
surfactant for the treatment of hyaline membrane diseases,
antibiotics for neonatal sepsis, inhaled nitric oxide for per-
sistent pulmonary hypertension, and hypothermia for
infants with hypoxic ischemic encephalopathy just to
name a few. A more detailed list of these advances
is presented in © Table 7.1. These therapies are also
described in detailed in various chapters of this section.

Historically, in the 1950s and 1960s the venue for the
care of sick neonates was primarily located in a number of
premature nurseries around the country which were asso-
ciated with obstetrical wards and were designed primarily
for the care of premature babies. The high risk term
infants were generally cared for in the pediatric wards.
The responsibility for the care of these infants was generally
assumed by pediatricians who were interested and dedi-
cated to this particular group of high risk infants. These
clinicians were ably supported by dedicated and experience
nurses. As more sophisticated and useful medical advances
such as mechanical ventilation, were introduced to the
field, there was a transition of the venue from premature
nurseries to neonatal intensive care units (NICUs). The
high risk term infants were integrated into the neonatal
intensive care units. The clinicians who were responsible
for the delivery of care in these units gradually organized
themselves into a distinct group of physicians and over
time, the specialty of Neonatology became a reality.

At around the mid-1960s an important event occurred
that was in part responsible for improved neonatal out-
comes: the implementation of perinatal regionalization.
The concept emerged from the clear demonstration in
a Canadian study that neonatal mortality rate was markedly
lower when the high risk infants were cared for in institu-
tions with neonatal intensive care units. At about the same
time, there was strong interest in regionalizing medical
programs which include cardiac care and others; the neo-
natal regionalization program was benefitted by the
endorsement of the American Medical Association which
strengthened its implementation. The strategy was further
enhanced by the publication by March of Dimes and
supported by key medical organizations including Ameri-
can Academy of Pediatrics (AAP) and American College of
Obstetricians and Gynecology (ACOG) of a document enti-
tled “Toward Improving the Outcomes of Pregnancy.” The
Program called for the designation of various levels of
obstetric and neonatal facilities in a region in accordance
with their capabilities to care for infants with graded levels
of risk. The Program established the core infrastructure
nationwide of having the Tertiary Care Center in a region
serving as the leader in providing care to the high risk

@ Table 7.1
Introduction of perinatal therapies that improved neonatal
care and outcome during the past six decades

1950s First-generation antibiotics

Blood transfusion; exchange transfusion

Incubators: Armstrong, Hess bed

1960s Assisted ventilation: Intermittent positive

pressure ventilation

Incubator: Air shields isolette

Negative pressure ventilator

Usher’s butterfly needles; umbilical vessel
catheterization

Newborn screening (PKU and Hypothyroidism)

1970s Assisted ventilation: Continuous positive airway

pressure

Antenatal steroids

Tocolysis for preterm labor

Phototherapy for hyperbilirubinemia

Central line placement/parenteral nutrition

Rhogam for prevention of Rh disease

Cyclooxygenase inhibitors for patent ductus
arteriosus

Noninvasive diagnostic technology
(echocardiography, cranial ultrasound, other
advanced imaging techniques)

1980s Assisted ventilation: High-frequency ventilation;

extracorporeal membrane oxygenation

Cardiac surgery for congenital heart disease

Extracorporeal oxygenation for cardiac surgery
and cardiorespiratory failure

1990s Surfactant therapy for hyaline membrane disease

Inhaled nitric oxide for pulmonary hypertension

Indomethacin prophylaxis for intraventricular
hemorrhage

Intraparatum antibiotic prophylaxis for neonatal
group B Streptococcus sepsis

Fetal surgery

Laser therapy for severe retinopathy of
prematurity

Assessment of neurodevelopmental outcomes of
high risk infants

2000s Hypothermia for term infants with hypoxic

ischemic encephalopathy

Gentle ventilation to prevent bronchopulmonary
dysplasia

Probiotics for prevention of necrotizing enterocolitis
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mothers and infants. Each tertiary care center is associated
with several Level I and II facilities with appropriate transfer
and retrotransfer guidelines for the high risk mothers and
infants. The AAP and ACOG published specific guidelines
that defined the various levels of perinatal care facilities that
serve as the blue print for local implementation.

To support the medical staffing of these facilities, the
American Board of Pediatrics have approved a 3-year Fel-
lowship Program for Neonatal Perinatal Medicine to train
a cadre of neonatologists to deliver high-quality clinical
care. The 2007 statistics showed that there are approxi-
mately 5,000 + board certified or eligible neonatologists in
North America who served this function. Because of
unabated high preterm birth in the United States, it appears
that there will be continuing need for this workforce to staff
the neonatal intensive care units. Many of the trainees came
from various parts of the world. Most of them returned to
their home countries and set up neonatal programs
to deliver intensive care for the high risk newborns.
The establishment of these programs in part account for
the improvement of the neonatal mortality rates worldwide,
particularly in the developing countries.

The Future

Clinicians and scientists in the field of Neonatology have
come a long way in achieving improved outcomes of the
high risk newborns worldwide. There are many challenges
ahead that may positively or negatively impact continuing
efforts to achieve the goal of improving the outcomes of
pregnancy. The list below in by no means all inclusive but
deserves consideration.

® Preterm birth — Over the past decades, there have been
significant monetary investment and efforts by many
scientists to uncover the cause of preterm birth with
the goal of reducing its incidence. Unfortunately, to
date, the etiology of preterm labor is still incompletely
understood and during the past several years, the inci-
dence of preterm birth has inched up, in part due to an
increase in the birth of late preterm infants. This group
of infants has higher neonatal morbidity rate than
term infants and has required NICU admission. The
reduction of late preterm birth from planned cesarean
section by quality improvement approach would be an
appropriate and likely an effective approach.

e Congenital anomalies, which occur in approximately
3% of live birth, represent an important risk factors
for admission to the NICU. Both syndromic and
nonsyndromic congenital anomalies account for
a significant portion of admissions to the NICU,

taxing medical and surgical resources in their care.
To date, very little is known in regard to the causes of
various significant anomalies. Research in this area
should be of high priority.

Treatment-related Injury — This is another area that
deserves high priority in basic science and clinical
investigation. Our attempts to increase survival involve
therapies that often produce iatrogenic consequences.
Prime examples are bronchopulmonary dysplasia from
treatment of neonatal respiratory failure in very low
birth weight infants, retinopathy of prematurity in
extremely low birth weight infants due to oxygen tox-
icity, and short bowel syndrome in very low birth
weight infants with surgical necrotizing enterocolitis.
Strategies that will prevent the occurrence of these
posttreatment complications are urgently needed,
because these conditions produce long-lasting disabil-
ity, often with poor neurodevelopmental outcomes.
Adoption of lower oxygen saturation targets may be
one effective intervention, because virtually all compli-
cations of prematurity are meditated to some degree by
oxygen radical injury.

Technology evaluation — Delivery of care to high risk
infants often requires sophisticated technology. The
intervention may produce harms if its safety is not
fully evaluated. The use of the technology should be
evidence based and fully evaluated for safety and
potential adverse effects. Drugs used in newborns
should undergo similar rigorous evaluation for safety
and efficacy.

The impact of noxious environmental stimuli on the
neurodevelopmental outcome of critically ill new-
borns is being increasingly recognized. Attention to
these environmental factors and on pain control along
with developmentally supportive care hold promise
for improving functional outcomes in extremely pre-
term survivors of neonatal intensive care.

Behavioral research — As the survival of high risk
infants (particularly the extremely low birth weight
infants) increases there is a need to evaluate the
neurodevelopmental and behavioral outcomes of the
survivors. The goal is to identify potential deficits and
formulate appropriate neuroprotective and other
behavioral interventions to improve outcomes.
Family Center Care — Involvement of families in the
care of high risk infants has been shown to benefit both
patients and their families. Future model of care in
neonatal intensive care unit needs to incorporate the
family center concept in its construction and design to
allow for operational implementation of this impor-
tant concept.
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While the history of neonatology is a story of triumph
over life-threatening conditions and enormous improve-
ments in survival of extremely premature infants it has
been punctuated by a multitude of serious missteps and
errors that led to unnecessary morbidity and mortality in
thousands of infants. Sadly, the well-publicized retrolental
fibroplasia epidemic is but one example of the conse-
quences of uncritical acceptance of new therapies. Other
examples include such apparently benign interventions as
routine use of Sulfa drug prophylaxis in all preterm
infants, which led to a sixfold increase in kernicterus and
a doubling of mortality affecting thousands of infants and
empiric treatment with large doses of Chloramphenicol,
which led to the Gray baby syndrome and numerous
unnecessary deaths in the 1950s. Hexachlorophene baths
for prevention of staphylococcal infection led to neuro-
toxicity and permanent brain damage in thousands of
infants in the 1960s. More recent examples from the
1990s and beyond indicate that modern neonatology
is not immune from serious errors in judgment.
Hyperventilation/hyperoxia was widely used to treat
persistent pulmonary hypertension without ever being
subjected to prospective clinical trials and resulted in
increased rates of chronic lung disease, periventricular
leukomalacia, and sensorineural hearing loss in large num-
ber of term infants. Liberal use of dexamethasone for treat-
ment/prevention of bronchopulmonary dysplasia was
a universally accepted therapy for more than a decade before
a significant increase in cerebral palsy was recognized.

The urgent nature of our work makes it tempting to
embrace new promising therapies without waiting for
adequate evidence of safety and efficacy. The examples
cited above should serve as a cautionary note for
neonatologists around the world to remember the first
dictum of medicine: “Primum non nocere” (first, do
no harm).
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Hector Mendez-Figueroa - Edward Chien

General Introduction

Knowledge of obstetrical complications and its impact on
the condition of the newborn is of valuable interest to the
Pediatrician. Complications can occur in normal pregnan-
cies that can be associated with neonatal depression.
High-risk pregnancies are associated with increased risk
of preterm birth and intrauterine growth restriction.
These complications are associated with both increased
infant morbidity and mortality. The condition of the
newborn maybe impacted by both antepartum and
intrapartum events. Understanding terminology and com-
mon obstetrical complications will allow for more directed
management and improved communication between
Obstetricians and Pediatricians.

The complete assessment of the neonate should
include knowledge of the antenatal course. Maternal-
fetal interactions can impact overall fetal well-being. For
example, maternal nutrition and exposure to tobacco
affects fetal birth weight. Socioeconomic, education, and
employment status affect pregnancy outcomes indirectly.
Chronic medical conditions such as hypertension, diabe-
tes, and autoimmune diseases are associated with adverse
perinatal outcomes, including a direct impact on birth
weight (@ Table 8.1). Even methods of conception can
have implications for the newborn (e.g., assisted repro-
ductive techniques and imprinting errors). All these fac-
tors highlight the importance and the need for
Pediatricians to understand and appreciate maternal sta-
tus and its implications. This chapter focuses on common
obstetric conditions and practices that will assist
a Pediatrician in evaluation of the newborn.

Antepartum Fetal Assessment

The health of the fetus is assessed multiple times through-
out pregnancy using a variety of different tools. These
assessments often begin prior to conception and continue
through pregnancy up to delivery. A variety of tests are
used to define risk or identify fetal anomalies. Tests
performed in the third trimester are often used to assess

fetal well-being. The overall basic principles, indications,
and implications for each test will be reviewed.

Prenatal Diagnosis

One of the greatest advances in modern perinatal medi-
cine is the evolution of prenatal diagnosis. The major
factors contributing to these advances include the wide
use and development of ultrasound technology and
understanding of genetic basis of human diseases. These
advances have allowed for earlier diagnosis and earlier
intervention. Earlier diagnosis has allowed parents more
time for preparation and adjustment to the special needs
of their future children. Prenatal identification of congen-
ital malformations allows the neonatal team to prepare for
interventions immediately at delivery.

Noninvasive Prenatal Diagnosis

Ultrasound

In the past three decades, ultrasound has become the one
of the most common obstetrical procedures performed
prenatally. In developed countries, the use of ultrasound
is almost universal. The increase in power outputs has
provided better resolution and sensitivity, allowing iden-
tification of smaller lesions at earlier gestational ages. The
introduction of three-dimensional (3-D) and four-
dimensional (4-D) ultrasound in the past decade is likely
to further advance prenatal diagnostic accuracy. Ultra-
sound has not been shown to produce any adverse out-
comes to the fetus, although the increase in power output
limits can have biological effects. Because of these poten-
tial effects, the American College of Obstetrics and Gyne-
cology (ACOG) continues to recommend its use only for
specific medical indications.

Gestational-age determination/confirmation is one of
the most valuable pieces of information obtained as well as
one of the most common indications for first trimester
ultrasounds. This diagnostic tool provides the most

accurate method for confirming or establishing
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B Table 8.1
Chronic maternal medical conditions associated with low
birth weight

0 Table 8.2

Standard list of items to be evaluated during obstetrical

ultrasound after first trimester

Chronic hypertension Pregestational diabetes

mellitus

Systemic lupus
erythematous

Antiphospholipid syndrome

Other collagen vascular
disease

Hemoglobinopathies

Chronic pancreatitis Inflammatory bowel disease

Malabsorption disorders Cyanotic heart disease

Chronic respiratory disease | Chronic kidney disease

Various medical conditions can affect birth weight directly and should
be taken into consideration when treating low birth weight neonates

gestational age. Studies have demonstrated that biologic
variability from LMP varies from 4 to 7 days, depending
on if the examination is performed early or late during the
first trimester. Examinations performed during the second
trimester vary from 10 to 14 days, while those during the
third trimester can be as great as 21 days. The use of
ultrasound to confirm or determine gestational age has
narrowed the gestational length distribution so that only
3% of pregnancies progress past 42 weeks compared to
10% prior to the wide use of ultrasound. Ultrasound
confirmation is widely used to assist in delivery timing.
Ultrasound is also widely used to detect fetal
malformations (birth defects). First trimester ultrasound
is becoming more widely used to assess risk for aneuploidy
and identify congenital malformations. Ultrasound exam-
inations performed during the second trimester are
performed routinely to evaluate fetal anatomy. In the
United States, these exams are performed by individuals
with diverse training and background (radiologists, obste-
tricians, and maternal-fetal medicine subspecialists).
Examinations are often categorized as screening or
targeted examinations. The ACOG and the American
Institute of Ultrasound in Medicine (AIUM) provide
a standard list of items to be evaluated in each type of
examination (@ Table 8.2). The screening exam (aka, fetal
survey, level 1, anatomic survey) is the most widely
ordered evaluation and is commonly performed by obste-
tricians and radiologists. Targeted exams (aka Level 2 and
higher, detailed, genetic sonogram) are performed for an
identified risk factor such as advanced maternal age,

Anatomy in addition to level | anatomy

Maternal adnexa and cervix

Fetal number

Fetal presentation

Amniotic fluid volume

Placental location

Umbilical cord insertion into
placenta

Cardiac activity

Fetal biometry
Biparietal diameter
Head circumference
Abdominal circumference
Femur length

Long bone biometry if
indicated

Head, face, and neck
Cerebellum
Choroid plexus
Cisterna magna
Lateral cerebral ventricles
Midline falx

Measurements of
Nuchal fold when
appropriate
Atrium of lateral ventricle
Cerebellum
Cisterna magna

fetal heart

Cavum septi pellucidi Hard palate

Upper lip Nasal bone
Chest Left outflow

4-Chamber view of the Right outflow

Three vessel view

Abdomen
Stomach (presence, size,
and situs)
Kidneys (presence)
Bladder (presence)
Umbilical cord insertion site
Umbilical cord vessel
number

Echogenicity of bowel
Renal collecting system

Spine
Cervical Spine
Thoracic Spine
Lumbar Spine
Sacral Spine

Extremities (presence or
absence)

Identification of 12 long bones
Hands
Feet

Sex (when indicated)

From AIUM practice guidelines for obstetrical ultrasound October
2007 and the ACOG practice bulletin on ultrasound in pregnancy Feb-

ruary 2009
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suspected congenital malformation, exposure to terato-
gens, or family history of a congenital malformation.
These exams are commonly performed by individuals
with advanced training in prenatal diagnosis (Maternal-
Fetal Medicine or Radiologists with advanced training
in ultrasound). Ultrasound is routinely used late in preg-
nancy to clarify a specific characteristic such as fetal
presentation, placental location, and fetal size.

Another important aspect evaluated by ultrasound is
fetal growth. Patterns of growth are impacted by various
factors including race, age, fetal gender, maternal health
status, cigarette smoking, and presence of congenital
anomalies. The original nomograms for fetal size and
weight were established in individuals residing around
Denver, Colorado. It has been shown that altitude above
sea level can impact fetal size. Various groups and investi-
gators have developed nomograms from other populations
that are specific for multiple gestations, fetal gender, mater-
nal ethnicity, and geographical location. Definitions for
growth abnormality are often regionally dependent. Two
common terms that are often used interchangeably are
small for gestational age (SGA) and intrauterine growth
restriction (IUGR) but can imply different clinical mean-
ing. SGA is most commonly used when referring to a fetus
with an estimated fetal weight (EFW) less than the 10% but
growing parallel to growth curve lines; this is often referred
to as constitutionally small. TUGR, on the other hand, is
a term used to infer a pathologic cause as the source for
small size or decelerating growth.

Serum Screening

Much interest and resources have been invested in detecting
abnormal fetuses by evaluating analytes of fetal and placen-
tal origin in maternal serum. Maternal serum alpha-
fetoprotein (MSAFP), one of the original analytes found
to have clinical utility, identified individuals at higher risk
for neural tube defects. The association of low MSAFP
values in women carrying a fetus with Down syndrome
(trisomy 21) began the search to develop additional
methods for screening low- and high-risk pregnancies.
The majority of methodologies have been geared toward
the identification of Down syndrome (@ Table 8.3), mainly
focusing on combinations between first and/or second
trimester analytes with and without ultrasound. These
methods assess risk but are not diagnostic.

Screening has also expanded into single gene disorders
by identifying carrier status for many conditions based on
family history or other risk factors. These disorders
include recessive metabolic disorders common to specific

@ Table 8.3
Different strategies for detecting fetuses with chromosome
abnormalities

Measurement occurs between
10 3/7 weeks and 13 6/7 weeks

Measurement of
nuchal translucency
alone

Measurement of serum PAPP-A and
free BhCG

Nuchal translucency measurement
with first trimester serum screen

First trimester serum
screen

First trimester
combined

Measurement of second trimester
alpha-fetoprotein, total hCG, and
unconjugated estriol

Triple screen

Measurement of second trimester
alpha-fetoprotein, total hCG,
unconjugated estriol, and inhibin A
First trimester PAPP-A levels and
nuchal translucency measured, as
well as Quad screening during
second trimester

Quad screen

Full integrated screen

Various strategies with different sensitivity and specificity have been
developed over the years. PAPP-A pregnancy-associated plasma
protein A, fBhCG free beta subunit human chorionic gonadotropin,
hCG human chorionic gonadotropin

populations or disorders that have higher frequencies
in the general population (i.e., cystic fibrosis, spinal mus-
cular atrophy, etc.). The advances in human genetics
has allowed for prenatal diagnosis in situations where sin-
gle nucleotide abnormalities are known. ACOG and the
American Society of Human Genetics (ASHG) continue to
modify and expand recommendations for screening of
inheritable disorders. These screening techniques identify
a fetus at risk for specific disorders but are generally not
diagnostic. Currently, positive screens will often require an
invasive test for confirmation. Newer, less-invasive tech-
niques are in development that will allow for both screen-
ing and diagnosis. These methods are based on detection of
fetal DNA/RNA in maternal serum.

Cell-Free Fetal DNA

In 1997, the isolation of fetal DNA in maternal serum
paved the way for new methods in prenatal diagnosis.
Since this discovery, methods for isolating fetal DNA and
RNA have improved. Disease processes that can be iden-
tified by DNA analysis have grown with sequencing of the
human genome. Private corporations have now started to
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offer diagnostic kits capable of diagnosing fetal sex and
RhD genotype. As our knowledge increases and technol-
ogy advances, these newer methods will expand and
replace current procedures.

Invasive Prenatal Diagnosis

Screening techniques are widely used to identify subsets of
the population at greater risk for specific conditions. Inva-
sive diagnostic techniques are still required to identify
affected individuals. This section describes the various
techniques available to confirm a suspected diagnosis.
Each of these techniques can be associated with increased
pregnancy loss and, therefore, decisions to proceed must be
weighed against the benefit from the information obtained.

Chorionic Villous Sampling

Chorionic villous sampling (CVS) entails obtaining
a small amount of developing placental tissue during
early gestation. First described in the early 1950s, it can
be done at an earlier gestational age than other techniques.
CVS is usually done between 10 and 12 weeks and can be
done transcervically or transabdominally. The sample
obtained contains both maternal and fetal cells that must
be separated, making maternal contamination a concern.
The risk of this procedure is pregnancy loss. A recent
meta-analysis reported an average increase in pregnancy-
loss rates of 0.7% within the first 14 days. CVS is not
generally performed prior to 10 weeks gestation due to
reports describing an increase in oromandibular-limb
hypogenesis in procedures performed at earlier gestational
ages. This procedure is referred to as a placental biopsy
when performed in the second or third trimester and is
associated with higher complication rates.

Amniocentesis

The removal of amniotic fluid through needle aspiration
done under ultrasound guidance for years was considered
the “gold standard” for prenatal diagnosis. This procedure
is more commonly done in the second trimester after
15 weeks of gestation. There is a lower risk for maternal
cell contamination. Cells recovered from the amniotic
fluid are of fetal origin. Pregnancy-loss rates are generally
lower than those reported for CVS. Recent studies have
suggested loss rates as low as 0.2% within 14 days of the
procedure. Amniotic fluid can be found to leak transiently
in 1-2% of cases. Early amniocentesis is performed in
some center prior to 15 weeks, but earlier procedures are
associated with higher failure and loss rates. Amniocente-
sis can be used to assess fetal lung maturity during the
third trimester in at risk pregnancies.

Percutaneous Umbilical Blood Sampling

Generally considered a more invasive procedure with
increased morbidity, PUBS allows direct access to the
fetal circulation. Under ultrasound guidance, a needle is
introduced into the umbilical cord to obtain fetal blood.
This allows for both diagnostic testing and therapeutic
interventions. The main concern with PUBS is the higher
risk of fetal loss when compared to other invasive
procedures. The reported procedure related loss at insti-
tutions with expertise is approximately 2.3%. Indications
and use of this procedure have decreased in recent years.
The most common indication is hemolytic disease. In
recent years, the incidence of this disease has dropped
with the use of anti-D immunoglobulin. As techniques
for isolating cell-free fetal DNA advance, the use of PUBS
will become even more uncommon. PUBS has also been
used as a method to administer medications directly to the
fetus in a variety of disorders.

Prenatal Diagnosis of Congenital
Malformations

The detection of congenital anomalies has increased in the
past three decades. The development of microprocessors
has revolutionized ultrasound technology and prenatal
diagnosis. Preparation for the delivery of a newborn with
a congenital abnormality is an obvious advantage
provided by prenatal diagnosis. It is now possible to detect
both lethal and nonlethal malformations during the
prenatal period. The breadth of congenital malformations
that can be detected prenatally has become too extensive
to be covered in this format. More details can be obtained
for specific disorders in other sources. ® Table 8.4 pro-
vides a list of disorders that are commonly detected using
antenatal ultrasound.

Central nervous system (CNS) malformations are one of
the most common anomalies found antenatally with an
incidence of approximately 1-2 cases per 1,000 births.
The examination of the fetal brain and spine consists of
identification of the falx cerebri, thalami, lateral cerebral
ventricles, cistern magna, cerebellum, cavum septum
pellucidum, and the bony structures enclosing the CNS.
The structures evaluated during routine second trimester
examination allow for detection of many major structural
abnormalities. Neural tube defects such as anencephaly are
routinely identified from visualization of the calvarium
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0 Table 8.4
Commonly detected fetal disorders detected during
antenatal ultrasound

Multiple gestations
Monozygosity
Conjoined
Twin reverse arterial perfusion (TRAP) syndrome
Twin-to-twin transfusion syndrome
Monoamniotic multiple gestations

Central nervous system
Hydrocephalus
Dandy-Walker malformation
Anencephaly
Encephalocele
Microcephaly
Holoprosencephaly
Hydranencephaly
Porencephaly
Agenesis of corpus callosum
Arachnoid cyst
Choroid plexus cyst
Spina bifida

@ Table 8.4 (Continued)

Abdominal wall
Gastroschisis
Omphalocele
Bladder exstrophy

Gastrointestinal system
Esophageal atresia
Duodenal atresia
Intestinal atresia
Intestinal malrotation
Meconium peritonitis
Anal atresia
Splenomegaly
Hepatomegaly
Enteric duplication
Megacolon

Face
Proboscis
Cleft lip
Cleft palate
Micrognathia
Macroglossia

Neck
Goiter
Cystic hygroma

Genitourinary anomalies
Renal agenesis
Hydronephrosis
Duplication of collecting system
Ureteropelvic junction obstruction
Infantile polycystic kidney disease
Renal dysplasia
Posterior urethral valves
Prune belly syndrome
Congenital mesoblastic nephroma
Neuroblastoma
Hydrocele
Ambiguous genitalia
Ovarian cysts

Cardiovascular system
Tetrology of Fallot
Atrial septal defect primum
Ventricular septal defect
Endocardial cushion defect
Ebstein’s anomaly
Transposition of the great vessels
Pulmonic stenosis
Aortic stenosis
Anomalous pulmonary venous return
Truncus arteriosus
Double outlet right ventricle
Arrythmias
Ectopia cordis
Rhabdomyomas

Musculoskeletal system
Arthrogryposis
Achondrogenesis
Thanatophoric dysplasia
Campomelic dysplasia
Osteogenesis imperfecta
Hypophosphatasia
Achondroplasia
Mesomelic dysplasia
Syndactaly
Polydactaly
Club feet
Rocker-bottom feet

Pulmonary system
Congenital cystic adenomatous malformation (CCAM)
Broncho pulmonary sequestration (BPS)
Congenital diaphragmatic hernia
Chylothorax

Placenta
Previa
Abruption
Accreta
Vasa previa
Chorioangioma
Umbilical cord cysts

Amniotic band syndrome

Ultrasound evaluation of the fetus have allowed for more disorders to

be diagnosed prenatally
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above the level of the orbits typical of anencephaly as early
as the latter half of the first trimester (@ Fig. 8.1). Spina
bifida is commonly associated with an abnormally shaped
cerebellum (banana sign), calvarium (lemon sign),
and enlarged ventricles (hydrocephalus/ventriculomegaly)
(® Fig. 8.2). High-resolution ultrasound examinations
have led to a decline in the use of amniocentesis for
detection of open neural tube defects. Although ultra-
sound provides high specificity and sensitivity, the
detection of amniotic fluid acetyl cholinesterase remains
the gold standard. Evaluation of the falx and ventricular
atrium allows for identification of hydrocephaly,
porencephalic cysts, holoprosencephaly, and other cystic
abnormalities of the brain. Other imaging modalities

@ Figure 8.1
Transvaginal ultrasound done at 12 weeks gestation,
revealing a fetus with anencephaly. (a) Coronal view of the

fetal spine reveals an abrupt interruption in the caudal area
(white arrows). (b) Coronal view of the fetal skull reveals
exposed neuronal tissue with no calvarium (white arrows)

such as fetal MRI can often assist in diagnosis but require
special expertise.

Our current understanding of structural abnormalities
and their implications is far from complete. Part of the
limitation is secondary to imaging limitations and in part
from understanding the progressive development of the
fetal brain. Our ability to differentiate outcomes based on
ultrasound findings is still limited. The advance in three-
dimensional imaging may improve our ability to diagnose
abnormalities.

Congenital heart disease is the most common group of
severe congenital anomalies. The overall incidence is
approximately 8-9 per 1,000 live births. Certain maternal
conditions/exposures increase the incidence of these
anomalies, e.g., poorly controlled pregestational diabetes,
lithium therapy for bipolar disorder, and valproic acid for
seizure disorders. More recently, commonly used medica-
tions have been associated with anomalies in the fetal
heart; although, this relationship still needs to be con-
firmed. The standard examination of the fetal heart con-
sists of evaluation of relative heart to thorax size,
orientation of the heart, chamber size and number, and
sometimes evaluation of outflow orientation. These views
allow for detection of congenital heart defects such as
hypoplastic left or right heart, significant stenotic valvular
lesions, tetralogy of Fallot, and endocardial cushion
defects that often distort the standard views. Conotruncal
anomalies, septal defects, and lesions that are not associ-
ated with flow disturbance through the heart are less
commonly detected because the standard views are often
not distorted. The majority of septal defects are not asso-
ciated with significant hemodynamic instability at birth
and may not be appreciated during the fetal period
(© Fig. 8.3). Prenatal diagnosis provides the opportunity
to deliver within a facility that is able to manage neonatal
circulatory changes after birth.

The normal fetal pulmonary system is characterized by
homogeneous echogenicity. Abnormalities in develop-
ment are identified based on relative proportion of tho-
racic and cardiac silhouettes, nonhomogeneous echo
density, or the absence of amniotic fluid. Congenital tho-
racic lesions are being detected with increased frequency
in recent years. Improvement in ultrasound technology
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8 Figure 8.2

Ultrasound images of myelomeningocele diagnosed at 22 weeks. (a) 3-D skeletal reconstruction of fetal spine. Note the
abnormal formation of the third sacral vertebra at the level of the defect (white arrows). (b) Transverse view of the
fetal spine demonstrating the myelomeningocele sac (white arrow)

a

O Figure 8.3

Ultrasound images of an atrioventricular canal defect. A ventricular septal defect detected at 21 weeks gestation.
(a) Four-chamber cardiac view reveals the central defect and a single atrioventricular (AV) valve (white arrow).
(b) Color Doppler confirming the presence of a defect in the interventricular septum. Right to left shunting is seen through

the defect

and recognition are probably contributing factors. The
two most common masses, bronchopulmonary sequestra-
tion (BPS) and congenital cystic adenomatoid malforma-
tion (CCAM), present as hyperechogenic lesions in or
near the thoracic cavity (© Fig. 8.4). They are often
difficult to differentiate from each other. Both of these
space occupying lesions can be associated with severe
pulmonary hypoplasia by preventing normal growth and
development of normal fetal pulmonary tissue.
Congenital diaphragmatic hernia (CDH) is another
malformation that is frequently detected antenatally and

can impact intrapartum management. It is defined as
a defect in the embryologic development of the dia-
phragm, allowing herniation of abdominal organs into
the thoracic cavity. Its overall incidence is approximately
1/2,500 to 1/5,000 live births. They are typically recog-
nized due to a cystic chest lesion (stomach/intestine her-
niation) but can also present as a solid homogenous lesion
(liver herniation). The compression effect of the abdom-
inal organs in the thoracic cavity cause both pulmonary
hypoplasia and pulmonary hypertension, leading to an
overall mortality rate as high as 50%. Additional findings
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@ Figure 8.4

Congenital cystic adenomatous malformation (CCAM). (a) Parasagittal view through the fetal chest revealing the presence

of hyperechogenic lung tissue suggestive of a CCAM (white arrow). (b) Transverse view of the chest at the level of the

fetal heart (white asterisk). Note the presence of a hyperechoic tissue posterior to the heart (white arrow). (C). Another view

of the CCAM revealing the difference in echogenicity characteristics between CCAM (white arrow) and normal lung

tissue (white asterisk)

on ultrasound include deviation of the heart in the tho-
racic cavity. Prenatal detection may lead to improved out-
comes by allowing for delivery in specialized neonatal
centers.

Other structural abnormalities and complications can
impact pulmonary development. Compression of the
lungs by pleural effusions or absence of amniotic fluid
during the midtrimester from renal anomalies can prevent
normal lung development, leading to pulmonary hypo-
plasia. Skeletal dysplasias associated with restricted devel-
opment of the thoracic cage can have similar effects.
Unfortunately, current ultrasound technology prevents
definitive determination of lung maturation or adequacy
of pulmonary tissue.

The majority of antenatally detected abdominal lesions do
not impact management in the delivery room but often
require evaluation and/or intervention postnatally. Renal
tract anomalies are detected in approximately 5/1,000

births. Obstructive renal lesions preventing normal egress
of urine into the amniotic space, absence of kidneys or
bilateral multicystic dysplastic kidneys can lead to pulmo-
nary hypoplasia and impact delivery-room management.
Intestinal atresias as a group are inconsistently identified
antenatally. Proximal lesions can present with
polyhydramnios or cystic abdominal lesions due to disten-
tion of the hollow viscous as in duodenal atresia (double
bubble sign). Distal lesions are less frequently recognized.
They more frequently present as echodense areas within
the abdominal cavity rather than cystic lesions due to the
lack of fluid from intestinal reabsorption.

Defects in the abdominal wall are the most common
lesions of the abdominal cavity impacting delivery-room
care. Gastroschisis is characterized by a right-sided
periumbilical defect in the anterior abdominal wall
(© Fig. 8.5). Isolated gastroschisis is rarely associated
with chromosomal abnormalities. Omphalocele, also
a defect of the anterior abdominal wall, differs from
gastroschisis in that the defect is covered by a peritoneal
sac and is associated with abnormal development of ante-
rior abdominal muscles, fascia, and skin. The incidence of
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Fetal gastroschisis detected at 13 weeks gestations. (a) Sagittal view of fetal spine, note the interruption on the abdominal
wall with protrusion of abdominal organs into amniotic sac (white arrow). (b) Cord insertion noted (white arrow) with

intestines protruding from the right of cord insertion (white star)

this defect ranges between 1.5 and 3 per 10,000 births.
Contrary to gastroschisis, omphaloceles are associated
with a high rate of aneuploidy. Upon delivery of the
affected neonate with an abdominal wall defect, the intes-
tines and involved organs are draped in sterile wrapping to
avoid loss of fluid and heat.

Tests of Fetal Well-being

A number of tests have been developed to assess the status
of the fetus while in utero. These tests are based on recog-
nition of normally developing fetal physiological processes
or responses. The clinical context is important when
interpreting these tests. @ Table 8.5 shows the different
antenatal fetal testing modalities available.

Maternal assessment of fetal movements has historically
been used as a screening tool for detecting fetal compro-
mise. Although it is widely used, the ideal protocol and
interpretation remains controversial. Structured fetal
movement monitoring is performed while the mother is
sedentary so that she can focus on fetal movements.
The goal is to perceive ten distinct movements in a 1-2 h
period. Given the inexpensive nature of this method,
most obstetricians recommend daily fetal movement
assessment during the third trimester. The presence of
fetal movement is considered a reassuring sign of fetal
health.

Nonstress testing (NST) is one of the most commonly
used tests in obstetrics (@ Fig. 8.6). The basic principle
governing this method of testing is the presence of fetal
heart rate accelerations associated with fetal movement.
The fetal baseline heart rate is assessed along with vari-
ability. Fetal heart rate variability indicates an intact auto-
nomic regulatory system. Loss of this mechanism in the
heart can result from depression of the central nervous
system. Decreased variability is most commonly seen dur-
ing normal fetal sleep cycles but can also result from
pathological states that are associated with fetal acidosis
occurring during anaerobic metabolism.

An NST is cataloged as reactive or nonreactive. The
standard definition is an increase in fetal heart rate of
15 beats/min (bpm) from the baseline, lasting 15 s, occur-
ring two or more times during a 20 or 30 min period in
conjunction with fetal movement. The degree of heart rate
acceleration is gestational age dependent with 15 bpm
commonly seen at gestational ages of 32 weeks and
above. At gestational ages less than 32 weeks, reactivity
has been defined using an increase of only 10 bpm from
baseline. The NST is considered reactive if there are two or
more fetal heart rate accelerations within a 20-30 min
period. An NST is considered nonreactive if it lacks
a sufficient number of fetal heart rate accelerations. Test-
ing is commonly extended for up to 40 min since fetal
sleep cycles typically last less than 40 min. The NST is
associated with a high false positive rate and is generally
not recommended to be used in isolation for the assess-
ment of fetal well-being when nonreactive.
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B Table 8.5
Tests used to assess fetal status

Name Normal Equivocal Abnormal Frequency
Fetal movement >10 Movements in 1 h | 1-9 Movements | No movements Daily
in1h
Nonstress test Reactive = Nonreactive 2x /week
(NST)
Contraction stress test (CST) Negative Equivocal Positive 1-2x /week
Biophysical profile (BPP) 8-10/10 6/10 0-4/10 1-2% /week
Umbilical artery Doppler (systolic/ | Gestational age - Absent or reverse end- 1-2x /week
diastolic ratio) dependent diastolic flow
Middle cerebral artery peak velocity | <1.5 MOM for - >1.5 MOM for gestational | 1x/week
(MCA) gestational age age
Fetal status can be evaluated with multiple testing modalities
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Nonstress fetal testing revealing two fetal heart rate accelerations in a 20-min period (Black arrows). Note the absence of

contractions on the tocometer

Amniotic Fluid Index

In certain circumstances, ultrasound measurement of the
amniotic fluid index (AFI) provides reliable information
on fetal status. During the second half of the pregnancy,
fetal urine is the major source of amniotic fluid. Similar to
adults, the fetal circulatory system can redirect flow to
maintain perfusion to vital organs. A decrease in placental
perfusion can cause the fetus to redirect flow and decrease

renal perfusion, leading to a decrease in urine/amniotic
fluid production. The most widely used method of amni-
otic fluid assessment is the amniotic fluid index. This is
performed by dividing the uterus into four quadrants and
measuring the largest vertical amniotic fluid pocket in
each quadrant. The sum of these four measurements is
the AFIL. During the third trimester, the AFI generally is
between 8 and 25 cm. Oligohydramnios is generally
defined as an AFI less than 5 cm and polyhydramnios
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greater than 25 cm. Both abnormal measurements are
associated with increased incidence of adverse perinatal
outcomes. Oligohydramnios is associated with an increase
in cesarean section rate for fetal distress and an increased
risk of low Apgar score. Polyhydramnios has been associ-
ated with an increase in perinatal mortality rates, fetal
anomalies, and an increased cesarean section rate.
Oligohydramnios with intact membranes are often
a reflection of a chronic condition impacting fetal well-
being.

Biophysical Profile

Biophysical profile (BPP) is a more comprehensive test
used to evaluate fetal status. The test is based on the
principle that fetal well-being is associated with adequate
oxygen delivery. With inadequate oxygen delivery, the
fetus attempts to decrease oxygen consumption to pre-
serve oxygen delivery to vital systems such as the CNS.
These conservation efforts manifest itself in decreased fetal
activity that can be evaluated by ultrasound.

The BPP consists of five components, an NST, and
four parameters evaluated by ultrasound: fetal movement,
fetal breathing, fetal tone, and amniotic fluid volume. The
presence of each component is scored with a value of 2 if
present or zero if not identified to be adequate. Scores

range from 10 to 0. An inverse relationship has been
observed between BPP scores and perinatal mortality.
Scores have also been related to cord pH values obtained
at cordocentesis, rates of admission to NICU, and low
5-min Apgar scores. Reassuring BPP scores are 8 and 10,
while lower scores are followed by additional evaluation or
delivery. The BPP is often used when a nonreactive NST is
obtained.

Contraction Stress Test

The basis for this test is to assess placental functional
reserve. The test is based on the principle that during
contractions maternal blood flow to the placenta is
interrupted, decreasing oxygen delivery to the fetus
(© Fig. 8.7). This transient reduction will be tolerated
in a fetus with adequate reserves. In a fetus with inade-
quate placental reserve, the contractions will increase
anaerobic metabolism producing fetal acidosis. The aci-
dosis causes flattening of the fetal heart rate baseline.
Hypoxia can also contribute to decreased myocardial
function that is associated with late decelerations.
A negative contraction stress test (CST) (normal/
reassuring test) is defined as the absence of late decelera-
tions; whereas a positive CST is one that has late deceler-
ations in 50% or more of the contractions. Since its
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Contraction stress test done on a mother with pregestational diabetes at 34 weeks. Note the presence of more than
three contractions (lower panel) in a 10-min period and the absence of late decelerations seen on the fetal heart rate

(upper panel)
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introduction into clinical practice, the use of CST in high-
risk pregnancies has led to a reduction of stillbirth and
unnecessary fetal interventions. It is most commonly used
in pregnancies complicated by chronic maternal medical
conditions.

During the past two decades, research assessing fetal status
has focused on patterns of blood flow in the fetal circula-
tion. The vessels with blood flow patterns having the
greatest clinical utility are the middle cerebral artery and
the umbilical artery. Peak velocities in the middle cerebral
artery have been used to monitor for fetal anemia due to
hemolytic disease but has found utility with other com-
plications. The umbilical artery Doppler is most
commonly used to evaluate pregnancies suspected of
TUGR. The umbilical circulation is associated with declin-
ing resistance as pregnancy progresses. In pregnancies
complicated by IUGR, the presence of increased vascular
resistance  suggests  decreasing  placental
(© Fig. 8.8). This increase in resistance is reflected by an
increase in the systolic to diastolic (S/D) ratio measured in
the umbilical artery. The loss of continuous forward flow
in the third trimester is associated with increased perinatal

reserve

mortality in TUGR pregnancies and is often an indication
for delivery to avoid stillbirth. Research into other arterial
and venous fetal vessels have shown significant promise
for assessing fetal status and may have additional clinical
utility in the future.

Intrapartum Fetal Monitoring

Monitoring of the fetal heart rate by auscultation or with
electronic monitors during labor has become universal in
most developed countries. Although auscultation is still
considered acceptable, most labor and delivery units have
switched to electronic monitoring for a variety of reasons,
including lower staffing requirements and improved
documentation. Although the major goal of this obstetri-
cal intervention is to detect fetal hypoxia and prevent
subsequent injury, its implementation into clinical
practice has not lead to a decrease in the rates of cerebral
palsy. Other methods have been tested and have not been
found to improve outcome (fetal pulse oximetry).
New methods are undergoing clinical trials with initial
studies suggesting some promise (STAN-ST-segment
analysis).

Electronic fetal monitoring (EFM) is generally performed
using an external Doppler device mounted on the anterior
abdomen (© Fig. 8.9). A Doppler signal is used to calcu-
late the fetal heart rate. Internal fetal monitoring, using
a fetal electrode attached to the fetal skin, is used in
a similar fashion but measures the fetal heart rate by
detecting fetal cardiac electrical activity. Technological
advances have resulted in nearly identical patterns when
comparing external and internal monitoring. Monitoring
has been associated with high interobserver and
intraobserver variability. In an effort to standardize inter-
pretation, the National Institute of Child Health and
Human Development in association with other medical
professionals and experts developed a classification system
aimed at standardizing fetal heart tracing analysis by all
health care workers. Many of the obstetrical decisions,
including route and timing of delivery, are based on indi-
vidual interpretations of the fetal heart rate.

Fetal pulse oximeter (FOX) has been studied in an attempt
to identify fetuses with diminished oxygen delivery to
tissues. The technology consisted of a specialized sensor
placed against the fetal face inserted through a dilated
cervix after membrane rupture. The device measured fetal
oxygen saturation through changes in light absorbance and
emission of oxyhemoglobin. A large randomized con-
trolled trial supported by the NICHD revealed fetal pulse
oximetry monitoring did not lead to a reduction in the rate
of cesarean sections nor did it result in improved newborn
outcomes. A recent Cochrane review examining published
trials of intrapartum pulse oximetry concluded that its use
was not associated with a decrease in the overall cesarean
section rate for non-reassuring fetal status.

Recently, a new testing modality was introduced to evalu-
ate fetal function and perfusion. ST-segment analysis is
based on changes in repolarization of cardiac muscle asso-
ciated with acid-base status and metabolism. The princi-
ple behind this technology was first observed in animal
models; anaerobic myocardial metabolism was shown
to be associated with changes in fetal ST waveforms.
Small trials have reported mixed results with the introduc-
tion of this new device. Information from several large
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Umbilical Doppler velocimetry. Three different waveform patterns in umbilical artery Dopplers. (a) Normal umbilical artery
blood flow as seen with a forward flow in diastole and a normal S/D ratio. (b) Absent end-diastolic flow. Note the

forward flow during systole and the absence of flow during diastole. (c) Reverse end-diastolic flow. Flow is seen during
systole, but there is retrograde flow during diastole (white arrows)
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@ Figure 8.9

lllustration showing a case of late deceleration in the fetal heart rate. Notice the nadir of the heart rate occurs after
resolution of the uterine contraction (white arrows). The fetal heart rate is also noted to have tachycardia after recovery
suggestive of acidosis. The patient was taken to the operating room for an emergent cesarean section

randomized controlled trials currently underway will
hopefully provide data that could allow its generalized
clinical use.

Common Obstetrical Complications

Complications developing during or prior to pregnancy
can have a negative impact on the fetus and neonate.
The main factor outside of congenital malformations
impacting neonatal outcome is prematurity. Preterm
birth can result in chronic health problems and increased
economic burden. Preterm birth is commonly divided
into three major groups: spontaneous preterm birth,
PPROM, and indicated preterm birth (© Fig. 8.10).
Conditions specific to pregnancy such as preeclampsia
and gestational diabetes can impact neonatal condition.
In addition, chronic health conditions such as essential
hypertension and pregestational diabetes mellitus also can
adversely impact neonatal health. Basic knowledge of
these complications can allow for a more directed and
tailored approach by the neonatal team.

No other subject in obstetrics has received more attention
than preterm birth. The incidence of preterm birth has
risen in the past two decades with current estimates of
12.7% in the United States, a 20% rise since 1990. Late
preterm delivery, defined as the delivery between 34 and

Preterm Labor

Preterm birth
from PPROM
30%

@ Figure 8.10
Pie chart distribution of preterm birth causes. Note that the
most common cause of preterm birth is spontaneous

37 weeks, has seen the greatest increase. The rate of pre-
term birth is unequal across socioeconomic, ethnic, and
racial groups. Non-Hispanic whites have seen the greatest
increase in number of cases, although blacks still have the
highest incidence overall.

Various factors have been linked to the increased rate
of preterm birth. One factor believed to contribute signif-
icantly in the past decade is multiple gestations largely
secondary to the increased use of assisted reproductive
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@ Table 8.6
Risk factors for preterm delivery

Multiple gestation

Cervical instrumentation/surgery

Low socioeconomic status

Race

Smoking

Use of alcohol

Low maternal body mass index

Short interval between pregnancies

Advances maternal age

Previous preterm birth

Periodontal disease

Various risk factors have been associated with developing preterm labor

technology. In singleton pregnancies, a variety of risk
factors are associated with an increase rate of preterm
birth (© Table 8.6). Both cervical length and fetal fibro-
nectin (FEN) have been used as screening tests. A short
cervix less than 25 mm and a positive FFN have shown to
have the highest relative risk for preterm birth
(© Table 8.7). Prematurity is a major cause for increased
perinatal morbidity. The complications of prematurity
can affect all organ systems; it is the primary contributor
to three of the most significant neonatal complications:
respiratory distress syndrome (RDS), necrotizing entero-
colitis (NEC), and intraventricular hemorrhage (IVH).
The frequency of these complications is directly related
to gestational age (@ Table 8.8). The incidence of major
neurological morbidity, such as cerebral palsy (CP), is also
inversely proportional to gestational age.

Because of the detrimental effects on fetal health
caused by prematurity, much interest has been placed on
prevention and management strategies. Antenatal steroids
have been one of the most successful therapies introduced
into modern obstetrics to decrease both morbidity and
mortality. The American Congress of Obstetrics and
Gynecology (ACOG) has endorsed the use of corticoste-
roids between 24 and 34 weeks with impending preterm
birth to improve fetal lung maturity. Antibiotic prophy-
laxis for group B streptococcus is also a common strategy
implemented when the carrier status has not yet been
assessed. Tocolytic agents are widely prescribed with lim-
ited evidence of long-term benefit. The current indica-
tions for tocolytic use rests on delaying delivery to allow
for administration of antenatal steroids or to transfer to
a tertiary care center. Recently, magnesium sulfate has

@ Table 8.7

Singleton preterm-birth risk factors
Short cervical length < 25 mm 3.5 (2.7-4.6)
Fetal fibronectin positive 33 (2.5-4.2)
Previous spontaneous 2.7 (2.1-3.5)
preterm birth
Low body mass index 2.5 (1.8-3.5)
Uterine contractions 1.8 (1.4-23)
Vaginal bleeding 1.5 (1.1-2.1)
Black race 1.5 (1.2-1.9)
Pelvic infection 1.3 (1.0-1.6)
Bacterial vaginosis 1.3 (0.98-1.6)

A short cervix (<25 mm) and a positive FFN have shown to have the
highest relative risk for preterm birth

shown promise as a neuroprotective agent to prevent
cerebral palsy. These limited therapies have been shown
to have the greatest effect on improving neonatal out-
comes. To date, therapies designed to treat preterm labor
have been disappointing.

Prevention trials have shown some promise in reduc-
ing preterm birth. The treatments found to have the
greatest effect in the past decade has involved the use
of progesterone or its analogs. Two large randomized
placebo-controlled trials have shown a benefit from
17 alpha-
hydroxyprogesterone caproate or daily administration
of intravaginal progesterone in women at high risk for
preterm birth. Other therapies, including bed rest, antiox-
idant vitamins, and fish oil, have not been shown to reduce

weekly administration of intramuscular

preterm birth. Interventions such as smoking cessation
can reduce a woman’s overall risk for preterm birth.
Surgical techniques such as cerclage placement have also
been explored in an attempt to reduce preterm birth.
Historically, cervical cerclages have been employed to
decrease fetal loss and preterm labor in women with
cervical insufficiency. Studies suggest some limited benefit
in specific situations. The rate of preterm birth has para-
doxically increased despite the use of different approaches,
indicating the need for more research.

Fetal membranes are composed of two layers: chorion and
amnion, which become fused by the 14th week of gesta-
tion. They serve as a physical barrier, preventing bacteria
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@ Table 8.8
Frequency of complications by gestational age at birth
Complication <24 weeks |24-28 weeks |28-32 weeks |33-36 weeks | >37 weeks
RDS (%) 95-98 90-97 86 15-30 >5
IVH (%) 9-30 5-13 10 7-10 2-5
NEC (%) 5-15 9-13 8 8-10 1-4
PDA (%) 54-60 42-55 32 15-19 >1
ROP (%) 88-96 49-79 32 11-18 1-4
Abnormal neurological exam at age 2 (%) | 75-85 43-60 21-35 5-9 -

Common medical complications found in preterm infants. The overall frequency is expressed in percentages

from entering the amniotic cavity at the same time serving
as a “container” for amniotic fluid. Preterm premature
rupture of membranes (PPROM) is a significant contrib-
utor to prematurity. A growing body of evidence has
linked intraamniotic infections with local weakening and
subsequent membrane rupture. Polyhydramnios, because
of increased pressure on the membranes, can also lead to
PPROM. Other risk factors have been identified that pre-
dispose women to PPROM (© Table 8.9). They including:
low socioeconomic status, multiple gestations, cigarette
smoking, history of prior PROM and cervical conization.
Labor is more likely to ensue after membrane rupture.
Ninety-five percent of women that develop PROM will
deliver within 22 h of rupture. If rupture of membranes
occurs at less than 37 weeks, 75% of these cases will deliver
within 1 week.

The diagnosis of fetal membrane rupture is based on
history, examination, and confirmatory tests. Each of these
tests has a high sensitivity and specificity but do not have
100% positive predictive value. To improve test perfor-
mance, multiple tests are often combined to improve spec-
ificity and predictive value. Pooling, the visualization of
fluid in the posterior vaginal fornix, can be amniotic fluid
or urine. The nitrazine test is an assessment of pH. Amni-
otic fluid is neutral, typically above 6.0, and turns nitrazine
to a deep blue color but can also turn blue from small
amounts of blood. Ferning, allowing a sample of fluid to
dry on a microscope slide, is the visualization of salt crys-
tallization pattern that has similarity to the appearance of
fern leaves. A variety of additional tests have also been
introduced that detect specific proteins found at high levels
in the amniotic fluid but absent or at low levels elsewhere
(e.g., Amniosure).

Management of PPROM has focused on balancing
the risk for infection and prematurity. The loss of
the protective barrier function increases the risk for

O Table 8.9
Risk factors for premature rupture of membranes

Intrauterine infection

Polyhydramnios

Low socioeconomic status

Multiple gestations

Cigarette smoking

h/o prior premature rupture of membranes

Cervical conization

Various risk factors have been associated with developing premature
rupture of membranes

chorioamnionitis with reported incidence as high as
24%. The loss of amniotic fluid can also lead to pulmo-
nary hypoplasia (when occurring in the second trimester),
umbilical cord compression and contraction deformities
secondary to prolonged compression. These risks are bal-
anced against the known risks of prematurity.

Once rupture of membranes has been confirmed, the
management often depends on gestational age. If PROM
occurs at term or after 34 weeks, labor induction is gener-
ally reccommended. For rupture of membranes occurring
prior to 34 weeks, conservative management is considered.
When rupture occurs between 32 and 34 weeks gestation,
assessment of fetal lung maturity is advocated and delivery
induced if mature; since prolonging latency would
increase the potential risk of intrauterine infection with
diminishing benefit to the fetus. For rupture less than
32 weeks, prolonging pregnancy with the administration
of corticosteroids in the absence of intrauterine infection is
recommended. Antibiotic prophylaxis in the setting of
PPROM has been shown to improve outcome by
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increasing the latency period from rupture to labor onset.
A variety of antibiotic combinations have been evaluated
that generally involve providing broad spectrum coverage
of known perinatal pathogens. The most common com-
bination involves ampicillin and erythromycin. Prophy-
laxis is commonly administered for a specified duration,
typically 7 days. Patients are typically monitored as an
inpatient with frequent assessments for infection.
PPROM prior to 24 weeks is managed on a case by case
basis due to the high morbidity and mortality.

Abnormalities of placental location, function, and devel-
opment are common contributing factors leading to
a depressed neonate at birth. The two most common
disorders associated with obstetric hemorrhage are
discussed in this section.

Placental Abruption

Placental abruption is defined as the separation of
a normally implanted placenta prior to birth. The overall
incidence has been reported at 6.5 per 1,000 births.
A variety of factors have been associated with higher
rates (© Table 8.10). Abruptions have been shown to
present with varying severity from minor separation with
limited symptoms (majority of cases) to complete separa-
tion associated with both maternal and neonatal morbid-
ity/mortality. Abruption involving more than 50% of

0 Table 8.10
Risk factors for placental abruption

Chronic hypertension

Mild/severe preeclampsia

Cocaine use during pregnancy

Multiparity

Cigarette smoking

h/o prior premature rupture of membranes

Multiple gestations

Chorioamnionitis

Premature rupture of membranes

Various risk factors have been associated with developing placental
abruption

the placenta has been associated with fetal demise.
The classical signs of abruption include third trimester
vaginal bleeding with painful uterine contractions. Bleed-
ing associated with placental abruption is typically mater-
nal in origin, although fetomaternal hemorrhage can
occur from disruption of the maternal-fetal interface.
The separation can impact uteroplacental perfusion and
fetal hypovolemia if fetomaternal hemorrhage occurs pro-
ducing a depressed neonate. The majority of the observed
infant morbidity is secondary to preterm delivery.

The diagnosis of abruption is clinical. A retroplacental
collection of blood is seen in only 20% of cases. This high,
false, negative rate for ultrasound has made this of limited
value in diagnosis. Fetomaternal hemorrhage can be
detected using the Kleihauer-Betke (KB) test. Fetal blood
can be identified using the Apt test. Since the majority of
bleeding is maternal in origin, this test is often negative.
Vaginal bleeding is the presenting symptom in the major-
ity of cases. Preterm contractions and uterine tenderness
are also reported. Fetal compromise may be the only
clinical finding in the absence of visible bleeding.

The management of abruption will depend on multi-
ple factors, including gestational age, degree of bleeding,
and overall fetal status. If abruption is suspected prior to
34 weeks but not severe enough to require immediate
delivery, administration of corticosteroids is considered.
The decision for delivery is individualized and dependent
on the maternal and fetal status. Rapid progression of an
abruption can lead to a precipitous delivery or an

B Figure 8.11

MRI image at 32 weeks in a pregnancy, complicated by
placenta previa. Notice the location of the placenta over the
bladder and cervical os. P placenta, B bladder
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emergent section. Neonatal anemia is
a consideration at delivery in a depressed newborn.
Abruptions can present as a chronic disorder that may
be associated with intrauterine growth restriction and

oligohydramnios.

cesarean

Placenta Previa

The implantation of the placenta over the cervix is referred
to as placenta previa (@ Fig. 8.11). The placenta can cover
the cervix either completely or partially, commonly clas-
sified descriptively (complete, marginal/partial, low
lying). Studies suggest that implantation of the placental
edge within 2 cm of the internal cervical os is associated
with significant hemorrhage, frequently leading to opera-
tive delivery in labor. This has led to the use of 2 cm as
defining normal versus a low-lying implantation. Hemor-
rhage is the principal complication of a previa. The bleed-
ing is mainly of maternal origin similar to an abruption.
The incidence of placenta previa has been reported to be
approximately 0.55% of all deliveries and is associated
with a variety of risk factors (@ Table 8.11).

The presenting symptom in most cases of placenta
previa is painless vaginal bleeding. The diagnosis of
placenta previa is based on a clinical suspicion that is
confirmed by ultrasound examination. It is important to
note that placentas are found close to or on the cervix
commonly during ultrasound examinations performed
during the second trimester. Reevaluation in the third
trimester is generally recommended for confirmation.
The management of placenta previa depends on both the
maternal and fetal status similar to abruptions. The goal is
to try to reach a gestational age close to term. Because
labor can increase the risk of bleeding, conservative

@ Table 8.11
Risk factors for placenta previa

Prior cesarean deliveries

Prior suction curettage

Uterine surgery

Age

Multiparity

Cocaine use

h/o Prior placenta previa

Various risk factors have been associated with developing placenta
previa

management past 38 weeks is not typically advocated.
The decision to manage these patients in an outpatient
setting versus in-house observation is individualized. If
delivery is anticipated at less than 34 weeks, corticoste-
roids for fetal lung maturity are often administered. Cesar-
ean section is the recommended mode of delivery. In the
presence of acute hemorrhage, neonatal depression can
occur due to diminished uteroplacental perfusion. Fetal
hypovolemia or anemia secondary to hemorrhage can
occur and can lead to a depressed neonate, but this is far
less common.

Placenta Accreta

Placenta accreta is the abnormal invasion of the placenta
through the decidua into the myometrium. In recent
years, an upward trend in overall incidence has been
observed due to the increased rate of cesarean section.
With each cesarean section, the risk of developing
a placenta accreta and placenta previa increases. Studies
have found that the risk of previa with an associated
accreta can range from 11% to 24% in women with history
of one prior cesarean delivery. Placenta accreta can be
associated with abnormal fetal growth due to abnormal
placentation but is more of a problem for the mother with
a high risk of severe hemorrhage, more so the deeper the
abnormal invasion of the placental tissue into the
myometrium (increta) or even beyond the uterus
(percreta).

Vasa Previa

The presence of fetal vessels traversing within the fetal
membranes in the vicinity of the cervix is defined as
a vasa previa. These vessels can occur from insertion of
the umbilical cord away from the placenta (velamontous
insertion) or from vessels traversing between accessory
(succinturate) lobes of the placenta. The exposure and
lack of protection of these vessels makes them vulnerable
to injury with the associated risk of severe fetal hemor-
rhage. Disruption of the vessels can lead to fetal exsangui-
nation in a few minutes. The associated mortality with
a ruptured vasa previa is close to 60%. The incidence is
approximately 1 in 2,500 deliveries. The use of high-
resolution and color Doppler ultrasound has increased
the antenatal detection rate allowing for planned delivery.
The timing of delivery is an area of much controversy, with
some authors suggesting delivery at 35-36 weeks without
assessment of fetal lung maturity.
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One of the main methods of assessing fetal health is by the
evaluation of fetal growth. Prior to the development of
fetal ultrasound, growth was assessed by measurement of
uterine size/fundal height. Since the development of ultra-
sound in the early 1980s, a combination of fetal measure-
ments have served as the basis for determining fetal weight
and growth. Today a variety of terms are used interchange-
ably to describe a fetus that is at risk for adverse outcome
due to size or growth rate, including SGA (small for
gestational age), FGR (fetal growth restriction), and
IUGR (intrauterine growth restriction). Fetal growth is
known to be influenced by gender, race, nutrition, and
geographic location. It is recognized that fetal size at less
than the 10% is associated with increased adverse out-
come, but the majority of fetuses are normal. Differenti-
ating a constitutional small fetus (SGA) from
a pathologically small fetus (IUGR) is difficult by size
alone. In addition, IUGR can be defined as a fetus that
has not reached its growth potential, given that some
pathological conditions in the mother will affect fetal
growth without causing the weight to be below the 10%
percentile. Differentiation is important because it can
impact management decisions. A variety of different fetal
growth curves have been developed that can be specific for
a given population. Determining the cause of IUGR can be
a daunting task. IUGR is often divided into fetal causes,
maternal causes, and placental factors. IUGR occurs more
commonly in the presence of fetal anomalies, aneuploidy,
and congenital infections (@ Table 8.12).

Antenatal testing is generally prescribed after the diag-
nosis of IUGR has been made. Protocols for monitoring
vary between institutions but generally
a combination of monitoring of fetal movement, NST,
amniotic fluid volume, ultrasound biometry, and vascular
Doppler measurements. Doppler interrogation of the

involve

umbilical artery has been shown to aid in the evaluation
of TUGR fetuses. Doppler studies that fail to show forward
flow (absent or reverse flow) during diastole in the umbil-
ical artery are at significant risk for stillbirth and is also
associated with increased morbidity and mortality in the
newborn period. Decision for delivery is dependent on
antenatal testing results, progressive fetal growth, and
gestational age.

The incidence of multiple gestations has been on the rise
in the past decade mainly due to assisted reproductive

@ Table 8.12
Common causes of intrauterine growth restriction

Maternal Chromosome Confined

hypertension (chronic | abnormalities placental

hypertension, mosaic

preeclampsia)

Renal disease Anomalies Placenta
(congenital previa/accreta

diaphragmatic
hernia, congenital
heart disease)

Autoimmune Multiple gestation | Placental
disorders abruption
Cyanotic heart Fetal infection Placental
diseases (cytomegalovirus, | infarction

toxoplasmosis,
malaria, rubella)

Circumvallate
placenta

Hemoglobinopathies

Severe lung disease Large

hemangiomas

Velamentous
cord insertion

Malnutrition

Drugs (alcohol,
cocaine, medications)

Intrauterine growth restriction can have a maternal, placental, or fetal
cause

technology. Although multiple gestations account for less
than 3% of all live births, they disproportionately contrib-
ute to perinatal morbidity and mortality. When compared
to singletons, multiple gestations have an increased risk of
low birth weight (relative risk [RR] of 8.6) and neonatal
death (RR of 7.06). Preterm birth occurs in over 50% of
twin gestations and even greater with higher-order multi-
ples. The incidence of congenital abnormalities is also
increased in multiples, occurring more than twice as
often than singleton gestations.

Zygosity and placentation are important factors that
can be used to assess risk. In twin gestations, birth out-
comes and complications are related to type of placenta-
tion. Monozygotic twins have significantly greater
morbidity and mortality than dizygotic twins. In mono-
zygotic twinning, the timing of division determines the
type of placentation (© Fig. 8.12). Other pregnancy
complications are also increased in individuals having
multiple gestations, including a 2.62 RR for preeclampsia
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@ Figure 8.12

Triplet gestation. Intrauterine pregnancies seen at 9 weeks. Note the presence of three separate gestational sacs.

The membranes separating each sac appears thick, consistent with a triamniotic-trichorionic placentation

and a 1.8 RR for gestational diabetes that can impact
newborn health. IUGR is also more common with multi-
ple gestations.

Management of multiple gestations involves monitor-
ing for these complications often with more frequent
antepartum visits, testing, and ultrasounds. Twin-to-
twin transfusion syndrome (TTTS) is a complication
unique to monozygotic twins. This syndrome is charac-
terized by unequal shunting of blood amongst twins
through placental vascular communications. Interven-
tions such as laser ablation of communicating vessels
and reduction of amniotic fluid have been shown to
improve outcomes. Monochorionic monoamniotic
(mono-mono) pregnancies are at greater risk of morbidity
and mortality than monochorionic diamniotic twins.
Mono-mono twins are at high risk of cord entanglement
in up to 71% of cases with a reported mortality rates of
50%. The timing of delivery in these cases should balance
the risk of prematurity versus the risk of fetal death.

Maternal Medical Complications

Maternal medical complications frequently impact new-
born outcomes. Some of these complications are specific
to pregnancy such as gestational diabetes and preeclamp-
sia, while other disorders are unrelated. As technology
improves, individuals with chronic diseases often choose
to bear children. It has become more important for phy-
sicians to understand potential implications of chronic

diseases on pregnancy. Medical therapies can increase the
risk for malformations and impact fetal development.
Maternal medical diseases such as autoimmune diseases
can cause neonatal effects such as neonatal lupus or neo-
natal Graves disease which are generally self-limited until
clearance of the offending antibody. Optimal treatment of
maternal medical diseases such as Type 1 diabetes mellitus
or phenylketonuria (PKU) can decrease the risk of
malformations. In this section, we will discuss two of the
more common medical complications impacting new-
born health.

Diabetes mellitus is a common maternal condition, com-
plicating 1-14% of all pregnancies. It is often classified
based on time of diagnosis: during pregnancy (Gestational
Diabetes) and prior to pregnancy (Type 1 and 2). Gesta-
tional diabetes and pregestational diabetes are generally
associated with different risks to mother and fetus. Diabe-
tes mellitus diagnosed during pregnancy may be
preexisting but not diagnosed prior to pregnancy, which
can occur in individuals for a variety of reasons. Manage-
ment is based on the implicit risk in pregnancy.

Gestational Diabetes

Gestational diabetes (GDM) is the most common form of
diabetes occurring during pregnancy. This disorder is
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typically characterized by insulin resistance similar to
type-2 diabetes mellitus. The main risks to gestational
diabetes on pregnancy outcome are related to fetal and
neonatal complications, although it is associated with
higher incidence of cesarean section. A number of large
multicentered studies evaluating the implications of mild
gestational diabetes support routine screening in order to
initiate therapy. These studies demonstrated that pregnan-
cies complicated by mild gestational diabetes were at
increased risk for fetal macrosomia and cesarean section.
Pregnancy outcomes were associated with degree of hyper-
glycemia. In addition to increased birth weight, poorly
controlled GDM has been associated with increased rates
of respiratory insufficiency, neonatal hypoglycemia, poly-
cythemia, hyperbilirubinemia, myocardial hypertrophy,
and electrolyte abnormalities.

The associated neonatal morbidities can be directly
associated with degree of maternal hyperglycemia,
resulting in fetal hyperglycemia. Fetal hyperglycemia is
associated with increased fetal pancreatic production of
insulin that is believed to contribute to excessive fetal
growth and neonatal hypoglycemia. In addition, the
increased circulating glucose requires an increase in
metabolic demand, resulting in increased oxygen con-
sumption. This increased metabolic demand can lead
to fetal acidosis and even fetal demise. Fetal acidosis can
inhibit surfactant production that increases the need
for respiratory support after birth. Increased oxygen con-
sumption is likely to be the cause of increased red cell
production, resulting in polycythemia and hyperbilir-
ubinemia. In well-controlled GDM, the incidence of neo-
natal complications approaches that of the general
population supporting the benefit of monitoring and
medical interventions.

Pregestational Diabetes

In addition to the complications of GDM, pregnancies
complicated by either Type-1 or -2 diabetes mellitus are
at increased risk for additional complications. These com-
plications are also related to the degree of hyperglycemia
occurring during the first trimester. The main fetal risk is
due to the increased risk of congenital malformations.
Although malformations can occur in any organ system,
the two most frequently affected by hyperglycemia in
the first trimester are the cardiovascular system and the
central nervous system. Congenital heart defects and neu-
ral tube defects are more frequently seen in fetuses of
mothers with hyperglycemia during the first trimester.
Glycosylated hemoglobin level obtained during the first

trimester is used commonly to assess the degree of hyper-
glycemia affecting the fetus during the period of organo-
genesis. Patients identified at increased risk are often
screened with targeted ultrasound examinations to evalu-
ate for these complications as well as serum analytes like
alpha-fetoprotein.

Fetal malformations are not the only factors contrib-
uting to the increased morbidity and mortality in
pregnancies of women with pregestational diabetes.
These pregnancies are at increased risk for indicated pre-
term birth from a variety of causes. Preeclampsia (PE)
occurs more frequently and more often at earlier gesta-
tional ages. The duration of preexisting diabetes mellitus
and the degree of end-organ disease can be associated
with the risk for poor pregnancy outcome and frequency
of early delivery. This is reflected in the commonly used
White’s Classification for diabetes in pregnancy
(© Table 8.13). Although large for gestational age, infants
are commonly associated with diabetes in pregnancy,
growth-restricted fetuses occur more commonly with
White’s class D and higher.

Hypertension frequently complicates pregnancy leading
to premature birth. Preeclampsia similar to GDM is
a pregnancy specific disorder that resolves after delivery

O Table 8.13
White’s classification for diabetes during pregnancy

A Diagnosed during pregnancy

A1 Diet-controlled

A2 Diabetes controlled with medication

B Duration of disease <10 years or age of onset
>20 years

C Duration of disease between 10 and 19 years or

age of onset between age 10 and 19

D Duration of disease >20 years or age of onset
prior to 10 years age

F Nephropathy (>500 mg/day proteinuria)

H Atherosclerotic heart disease

R Proliferative retinopathy or vitreous hemorrhage
T After renal transplant

Classification used to stratify diabetes during pregnancy



112

Intrauterine Development/Pregnancy

of the fetus. In contrast to GDM, therapeutic interventions
to control blood pressure have shown limited benefit on
neonatal outcomes. Women with preexisting hyperten-
sion are also choosing to become pregnant more fre-
quently. The increase can be attributed to the delay in
reproduction in many developed countries. Although
most hypertensive women have successful pregnancy out-
comes, these pregnancies are associated with increased
maternal and neonatal morbidity and mortality.
Preeclampsia superimposed onto chronic hypertension
can occur at higher rates as well as higher incidence of
growth restriction and stillbirth. Antihypertensive therapy
can also affect pregnancy outcome. Angiotensin
converting enzyme inhibitors, a commonly used class of
antihypertensive therapy, are associated with significant
adverse pregnancy outcomes and are proscribed during
pregnancy.

Preeclampsia is a disease occurring during the second
half of pregnancy. Although the cause for this disorder
remains unknown, research over the past two decades has
demonstrated that factors associated with angiogenesis
and placental growth are involved. Similar to preterm
birth, a variety of conditions can predispose to this com-
plication including preexisting hypertension, nulliparity,
renal disease, diabetes mellitus, and autoimmune diseases.
The characteristic maternal findings associated with PE
include hypertension and proteinuria but is not limited to
the cardiovascular and renal systems. Although edema is
no longer used as one of the defining characteristics, third
spacing of fluid also contributes to significant morbidities.
PE can affect any organ system in the body. Central ner-
vous system vasoconstriction can lead to cerebral edema
that may manifest as seizure activity (eclampsia) or in
cortical blindness (amaurosis fugax). Hepatic vasocon-
striction can lead to subcapsular bleeding and elevated
transaminases. Microvascular angiopathy is a finding
associated with PE that can be associated with increased
platelet consumption and red blood cell fragility. PE
manifesting as a combination of hemolysis, thrombocyto-
penia, and elevated hepatic transaminases is referred to as
HELLP syndrome. Increased capillary leak can lead to
pulmonary edema. Third spacing of fluid can lead
to decreased intravascular volume that affects both renal
and uterine perfusion. These serious complications
often necessitate preterm delivery in order to prevent
further deterioration of the maternal condition.

The neonate can also be affected directly by PE.
Because PE is associated with abnormal placentation and
increased vascular resistance, fetal growth restriction may
be discovered at the onset of clinical symptoms. Decreased

perfusion can result in fetal acidosis and a depressed
neonate. Thrombocytopenia is commonly observed in
the neonate born to mothers with severe forms of
preeclampsia, probably due to increased platelet activa-
tion and consumption in the neonate similar to the
mother. Neutropenia is also commonly seen in the infant.
Delivery is generally prescribed when PE develops at term.
Delivery is generally delayed when mild forms of PE
develop prior to term. Delivery is expedited when indi-
viduals develop severe forms of PE, although in some cases
delivery is delayed to allow for the administration of
corticosteroids.

Summary

Effective communication between the obstetrician and
pediatrician can positively affect the transition of the
neonate after birth. Prenatal care has evolved over the
past five decades from mainly monitoring maternal health
to include assessing fetal health. The field of prenatal
diagnosis has grown exponentially, allowing for the health
care team to anticipate neonatal needs at birth and during
the neonatal period. Obstetric care has also evolved with
greater understanding of the effects of various therapeutic
interventions on fetal health. Selection of medical therapy
is often based on balancing the potential adverse effects on
the fetus with the therapeutic benefit on the mother. This
chapter summarizes the many different assessments and
interventions used during pregnancy to monitor and
improve pregnancy outcome. Although the timing of
delivery may not always be to the benefit of the neonate,
the obstetrician’s decisions are an attempt to balance the
needs of the mother and the fetus.
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9 Transition to Extrauterine Life

Anton H. van Kaam

Introduction

The transition from intrauterine to extrauterine life is
a complex process involving virtually every organ system
in the body. The most dramatic changes are seen in the
lung and the cardiovascular system, resulting in the tran-
sition from placental to pulmonary gas exchange. Failure
to adequately make this transition can be life-threatening
and these infants often require supportive care. In order to
select the optimal intervention, it is essential to under-
stand the normal physiology of respiratory and cardiovas-
cular transition. It is important to realize that most data
on neonatal transition are obtained from animal studies,
because of the limitations in studying human fetuses and
newborn infants at this critical time.

Respiratory Transition

The Fetal Lung

During intrauterine development the fetal lungs are filled
with fluid, receive little blood flow, and take no part in gas
exchange. Experimental studies in fetal sheep have shown
that lung fluid is produced by the pulmonary epithelium
as the net result of active chloride secretion via Cl™
channels and relatively low reabsorption activity of Na*
channels. There is some efflux of liquid from the lung via
the trachea, but this process is restricted by the fetal upper
airway (mainly the glottis), thereby promoting the reten-
tion of fluid and causing a continuous distending pressure
within the fetal lungs, which is critical to normal lung
growth and development. Besides lung fluid, fetal breath-
ing movements, which start as early as 10 weeks’ gestation,
also play an important role in maintaining fetal lung
distension. During fetal breathing movements rhythmic
contractions of the diaphragm seem to oppose the pul-
monary recoil pressure, thereby preventing lung deflation.
Although never directly measured in humans, animal
studies indicate that the fetal lung volume is probably at
or above functional residual capacity (FRC), i.e., the
volume that remains inside the lung after a normal expi-
ration. Fetal lung distension and the associated lung tissue

stretch is an essential stimulus for normal lung growth and
structural development. Studies in fetal lambs have shown
that a reduction (lung liquid drainage, absent fetal breath-
ing) or an increase (tracheal occlusion) in lung expansion
causes, respectively, a decrease or an increase in lung
growth.

As the fetal lung slowly matures to an organ capable
of extrauterine gas exchange, it undergoes enormous
structural and biochemical changes. Structurally, the
lung passes through four developmental stages: the
pseudoglandular (5-17 weeks), the canalicular (16-26
weeks), the saccular (24-38 weeks), and finally the
alveolar stage (36 weeks 2 years). The most important
hallmark of the biochemical maturation is the forma-
tion of pulmonary surfactant. Lamellar bodies —
containing pulmonary surfactant — in the type II
pneumocytes appear between 20 and 24 weeks’ gesta-
tion, but actual secretion is delayed until 30 weeks’
gestation. Besides playing a role in host defense, the
most important function of pulmonary surfactant is
stabilization of the alveoli after birth when air has
entered the lung and the alveolar surface tension has
greatly increased by the creation of an air-liquid
interface.

As the fetal lung grows and matures, intrauterine gas
exchange is governed by the placenta. It is important to
realize that, compared to extrauterine life, the fetus lives in
a relatively hypoxemic environment with arterial oxygen
saturation of approximately 60%.

Clearance of Lung Fluid at Birth

In order to make the transition from placental to pulmo-
nary gas exchange successful, fluid need to be cleared
rapidly from the newborn lung. Although the precise
mechanisms are still unclear, animal and a few human
studies have provided some of the answers.

With the onset of labor, there is a dramatic change in
the transepithelial ion and fluid movement in the fetal
lung. The pulmonary epithelial cells stop secreting and
start reabsorbing lung liquid by activating the so far dor-
mant epithelial sodium channels. This shift from fluid

Abdelaziz Y. Elzouki (ed.), Textbook of Clinical Pediatrics, DOI 10.1007/978-3-642-02202-9_9,

© Springer-Verlag Berlin Heidelberg 2012



116

Transition to Extrauterine Life

excretion to absorption seems to be mediated by epineph-
rine, which is secreted in large amounts by the fetus at the
onset of labor. Maternal thyroid hormone and glucocor-
ticoids also play an important role by augmenting the
absorptive response to epinephrine.

During labor, intrauterine pressures can increase up to
75 cmH,0 and these pressures are transmitted to the fetus
causing changes in fetal posture and chest wall configura-
tion. As a result, the intra-abdominal and intrathoracic
pressures increase leading to an efflux of lung fluid. As the
infant passes through the distal part of the birth channel,
the pressure on the thorax may increase to as much as
200 cmH,0, causing further egress of lung fluid (vaginal
squeeze).

Despite these prenatal mechanisms promoting lung
liquid clearance, the lungs and airways are still filled with
fluid prior to the first breath after birth. Studies in rabbit
pups using phase contrast imaging have shown that the
entry of air into the airways is an essential part for com-
pleting the process of liquid clearance. As air enters the
airways, fluid is pushed distally and moves into the inter-
stitial compartment where it is gradually cleared via the
pulmonary circulation and lymphatics.

The basic goal of lung aeration after birth is to replace
lung liquid by air and to build up a normal FRC of about
30 ml/kg of body weight. Although many theories such as
thoracic recoil, frog breathing, and pulmonary capillary
erection have been postulated to explain the start of lung
aeration in spontaneously breathing newborn infants, it is
now believed that the most important mechanism for air
entry is the generation of a negative transpulmonary pres-
sure via an inspiratory effort of the infant. Studies in
newborn infants have shown that this inspiratory effort
during the first breath consists of a diaphragmatic con-
traction and results in mean subatmospheric intrathoracic
pressure of 52 cmH,O (range 28-105 cmH,0) producing
a mean tidal volume of 38 ml (range 6—69 ml). Immedi-
ately after the first inspiration, expiration is postponed by
closure of the upper airways (glottis), which prevents the
inspired air to escape. This process, also called expiratory
breaking, generates a high positive intrathoracic pressure
(mean 71 cmH,O0, range 18-115 cmH,0) during expira-
tion, which facilitates the distribution of air within the
lung and promotes lung liquid clearance. Following this
first breath, almost half of the inspired tidal volume is
maintained in the lung. It usually takes several hours to
achieve a normal FRC.

The moment air enters the lung, it creates an air—
liquid interface at the alveolar level, which greatly
increases the surface tension and thereby the elastic recoil
force of the lung. This increased recoil force tends to
collapse the lungs as it encounters little resistance from
the relatively compliant newborn chest wall. Pulmonary
surfactant which lines the alveolar surface helps to coun-
teract this tendency by reducing the surface tension. Nor-
mally surfactant is already present in the lung during the
transition at birth, as it is secreted in the lung liquid from
30 weeks’ gestation. Alveolar stretch during tidal breathing
after birth results in the secretion of large quantities of
surfactant from the type II pneumoctyes in the alveolar
space. The newborn infant also maintains end-expiratory
lung volume by extending the process of expiratory break-
ing beyond the first breath after birth. Studies in term
newborn infants have shown that 90% of the breaths in
the first minutes after birth contain some form of expira-
tory breaking, such as crying and grunting.

As mentioned previously, the placental gas exchange
provides a hypoxemic fetal environment compared to the
postnatal conditions. Studies in healthy vigorous term
newborn infants have shown that oxygen saturation mea-
sured by pulse oximetry gradually increases from a median
saturation of 65-70% at 1 min to 85-92% at 5 min and do
not reach 95% until 7-10 min of life. However, many
normal healthy term newborns do not reach saturation
of 90% until after 10 min of life. Data on carbon dioxide
(PCO,) changes after birth in term newborn infants are
limited, but seem to indicate that PCO, remains stable at
approximately 50 mmHg during the first 5 min of life,
after which there is a steady decline toward 40 mmHg at
30 min after birth.

There are several reasons why preterm infants have an
increased risk for failing to achieve normal respiratory
transition at birth. First, studies in fetal sheep have indi-
cated that the epinephrine-induced reabsorption of fetal
lung liquid during labor is compromised during preterm
delivery. Studies in preterm infants with respiratory dis-
tress syndrome also showed a reduced sodium transport
capacity in the nasal epithelial cells. This less efficient
prenatal clearance of lung liquid may hinder aeration of
the preterm lung at birth. The fact that many preterm
newborn infants are born by cesarean delivery contributes
to these problems (see below).

Second, the preterm infants’ muscle strength is often
insufficient to create the high inspiratory pressures
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needed to aerate the lungs during the first breaths. The
highly compliant chest wall deforms during diaphrag-
matic contraction, thereby limiting the inspired tidal
volume. Due to the deficit of pulmonary surfactant and
the high chest wall compliance, preterm infants are
unable to effectively counteract the high recoil forces of
the lung, which reduces the lung gas volumes at the end of
expiration (FRC). This is probably the reason why
preterm infants frequently continue to use expiratory
breaking during spontaneous breathing (manifested as
grunting).

Finally, the preterm lung is structurally immature with
the lungs of most infants still being in the saccular stage.
This will reduce lung surface area and thus compromise
gas exchange.

Today, most preterm infants receive antenatal steroids,
which stimulate both the structural and biochemical
(surfactant) maturation of the lung and the prenatal clear-
ance of lung liquid in response to epinephrine. This way
many preterm infants are now able to successfully aerate
their lungs at birth and create a stable FRC with only nasal
continuous positive airway pressure.

Due to the above mentioned differences in respiratory
transition between preterm and term infants, most pre-
term infants will take a longer time to reach a preductal
oxygen saturation of 90% (preterm 6.5 min vs term
4.7 min). In contrast to term infants who often do not
need supplemental oxygen during their transition, greater
proportion of the preterm infants less than 30 weeks’
gestation need supplemental oxygen at some point during
their transition.

Most preterm infants will need some supportive care
during their respiratory transition after birth. Studies in
preterm rabbit pups have shown that supporting the first
breath with positive pressure at the airway opening using
prolonged inspiration time (sustained inflation) and
a positive end-expiratory pressure (PEEP) facilitates lung
aeration. Applying this strategy in preterm infants
significantly reduces the need for intubation in the deliv-
ery room and within 72 h of age. It is, however, important
to realize that this support needs to be accurately tailored
to the needs of each individual infant because inappropri-
ate ventilator support (high tidal volumes, insufficient
PEEP) during the first minutes after birth can cause
irreversible lung injury which increases the risk for
bronchopulmonary dysplasia (BPD).

Several randomized controlled trials have shown that
restoring the surfactant function in preterm infants by
administration exogenous surfactant soon after birth
(prophylactic use) improves lung function and reduces
mortality.

Several studies have documented the high incidence of
respiratory distress and neonatal intensive care admission
in infants born by Cesarean section (CS) before the onset
of spontaneous labor (elective CS). There are strong
indications that this increased risk for pulmonary mor-
bidity is caused by an abnormal respiratory transition.

As mentioned previously, lung liquid clearance starts
before birth in response to the epinephrine surge at the
onset of labor. Studies in fetal rabbits have shown that
absence of labor and thus epinephrine results in excessive
retention of lung fluids. Studies in infants with transient
tachypnea of the newborn are consistent with this finding
showing an immaturity of the transepithelial sodium
transport.

Lung liquid clearance is facilitated by the intrauterine
contractions prior to delivery and the vaginal squeeze
as the infants passes through the birth canal. During
elective CS, intrauterine contractions are absent and a
study in newborn infants showed that the delivery pres-
sures are halved compared with vaginal delivery. In addi-
tion, significantly fewer infants born by CS retained air at
the end of their first breath. This probably explains the
slower increase in postnatal oxygen saturation in newborn
infants delivered by CS.

Cardiovascular Transition

The fetal circulation differs considerably from the extra-
uterine circulation because the placenta and not the lung
provides intrauterine gas exchange. Placental oxygenated
blood needs to be directed to the left side of the heart as
efficiently as possible and poorly oxygenated blood
returning to the right side of the heart needs to be directed
to the placenta without passing through the liquid-filled
lungs. This is accomplished by the presence of central
shunts via the foramen ovale and the ductus arteriosus.
After passing through the umbilical vein and the ductus
venosus, oxygenated blood returning from the placenta
enters the right atrium via the medial aspect of the inferior
vena cava. The latter facilitates oxygenated blood to cross
the foramen ovale into the left atrium. The left ventricle
delivers the majority of its output to the heart, brain, and
upper body for optimal oxygen use. Poorly saturated
blood returning from the upper body via the superior
vena cava and the lower body via the lateral aspect of the
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inferior vena cava predominantly crosses the tricuspid
valve. Most of the right ventricular output passes through
the patent ductus arteriosus into the distal aorta and
reaches the placenta via the umbilical arteries. Studies in
fetal lambs have shown that only 8-10% of the right
ventricular output passes through the lung. In human
fetuses, this percentage increases from 13% at 20 weeks
to approximately 20-25% in the third trimester. The main
reason for the right ventricular output to bypass the lungs
via the ductus arteriosus is the relatively high pulmonary
vascular resistance compared with the low systemic
vascular resistance. It has been suggested that the high
pulmonary vascular resistance is caused by compression
of small pulmonary arteries by the liquid filling the
alveolar space, but hypoxic pulmonary vasoconstriction
mediated through several vasoactive substances is the
most important mechanism. The placenta is the biggest
contributor to the low systemic vascular resistance.

For a successful transition from placental to pulmonary
gas exchange at the time of birth, lung liquid clearance and
aeration needs to be accompanied by a rapid increase in
pulmonary perfusion. This means that the intrauterine
central right-to-left shunts must close or reverse,
a process triggered by a fall in pulmonary vascular resis-
tance and an increase in systemic vascular resistance.

The fall in pulmonary vascular resistance, resulting in
an eight- to tenfold increase in pulmonary blood flow at
birth, is caused by physical changes at lung expansion and
the concomitant increase in oxygenation. Studies in fetal
lambs have shown that lung expansion decreases PVR by
unkinking of small pulmonary arteries and by exerting
a direct dilating effect on these same vessels via the
increased alveolar surface tension at the air-liquid inter-
face. In addition, pulmonary vascular resistance is
decreased by the stretch-induced release of prostaglandins
(PGI,, PGD,).

Oxygenation causes pulmonary vasodilatation via the
synthesis of nitric oxide (NO), although the exact stimuli
for NO production are not yet fully defined.

The systemic vascular resistance increases as soon as
the umbilical cord is clamped and the low-resistance
placental circulation is cut off. This will further decrease
the ratio between the pulmonary and systemic vascular
resistance and increase pulmonary perfusion.

Studies in newborn infants have also shown a rapid
decrease in the ratio between pulmonary and systemic
arterial pressure during the first 12-24 h after birth.

This was accompanied by a decrease in ductal right-to-left
shunt and an increase in left-to-right shunt. In most
term infants, the ductus arteriosus will close within
48 h after birth. As soon as pulmonary blood flow increases,
the left atrial filling pressure becomes higher than the right
atrial filling pressure, causing the foramen ovale to close
functionally; anatomical closure occurs days to weeks later.

Cardiovascular transition also results in a significant
increase in cardiac output. Although the precise mecha-
nisms responsible for this increased output are not fully
understood, several explanations have been suggested.
First, studies in fetal lambs have shown a thyroid hormone
mediated increase beta-adrenoreceptor responsiveness
during the last weeks of pregnancy, which potentiates the
ability of the heart to increase its output in response to
the catecholamine surge that occurs at birth. Second, the
decrease in right ventricular afterload after birth probably
reduces the constraining effect of the right ventricle on the
left ventricle, allowing the latter to contract more effi-
ciently in response to the large increase in preload at
birth. Finally, cardiac output is probably stimulated by
the increased cardiorespiratory and thermoregulatory
work after birth.

Animal studies and human data clearly demonstrate
that the process of labor is also important for cardiovas-
cular transition. Labor results in key changes in the hor-
monal milieu of the fetus and impacts on the key
mechanisms responsible for postnatal fall in pulmonary
vascular resistance. Slower fall in pulmonary vascular
resistance and increased incidence of persistent pulmo-
nary hypertension have been documented in infants born
by elective Cesarean delivery without labor, compared to
infants born vaginally.

It is clear from the above that cardiovascular transition
is a complex process consisting of several physical and
biochemical changes. Failure of just one of these changes
can jeopardize normal cardiovascular transition and
lead to severe disease states such as persistent pul-
monary hypertension of the newborn (see @ Chap. 15,
“Respiratory System”).
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Newly Born Infant

Maximo Vento

Definition/Concept

According to WHO estimates, between 0.5% and 3% of
approximately 120 million infants born every year suffer
birth asphyxia requiring resuscitation, and some 900,000
of these newborns die each year, and a similar number will
develop motor and/or neurocognitive dysfunctions. The
incidence of birth asphyxia is higher in developing coun-
tries because of a higher prevalence of risk factors, namely,
women are in poor health when they become pregnant; the
incidence of pregnancy and delivery complications in
these women is high; care during labor and delivery is
often inadequate or nonexistent. Delivery room stabiliza-
tion of the newborn is the most frequent intervention in
the neonatal period; however, many newborns do not
receive adequate care in the delivery room (DR) because
birth attendants have not been adequately trained, neces-
sary equipment is lacking, international guidelines are not
put into practice and certain traditional practices are not
only ineffective but may be also harmful.

In this chapter, the pathophysiology of asphyxia and
resuscitation procedures will be described based on
ILCOR 2010 guidelines and evidence-based information
published in recent years.

Pathophysiology of Asphyxia

Cardiocirculatory Changes During Fetal to
Neonatal Transition

Life in utero occurs in a low oxygen atmosphere. The
fetus is persistently hypoxemic compared to the adult,
and whereas human maternal arterial and venous pO,
is ~12 kPa (90 mmHg) and 5.3 kPa (40 mmHg), respec-
tively, the highest arterial or venous pO; in the late gesta-
tion fetus rarely exceeds 4 kPa (30 mmHg) .The pCO, of
the fetus is slightly higher than adult levels with an umbil-
ical venous pCO, from 35 to 45 mmHg (4.6-6 kPa).
During labor, the fetus experiences brief periods of
ischemia and hypoxemia because with each uterine

contraction, flow to the placenta (and the fetus if there is
cord compression) decreases transiently, impairing pla-
cental gas exchange. However, the fetus is able to recover
between each contraction and blood gases performed in
the umbilical cord immediately after birth are within
a “normal” range. Overstimulation of the uterus with
oxytocin may lead to excessively frequent contractions
with limited recovery time and thereby compromise fetal
well-being.

To achieve successful transition to extrauterine life,
the infant must accomplish dramatic cardiorespiratory
changes. In the first minutes after cord clamping, with
the initiation of breathing, lungs must be expanded and
fluid inside the alveoli and airways must be rapidly
absorbed. Pulmonary blood flow must increase dramati-
cally, and intracardiac and extracardiac shunts initially
reverse direction and subsequently close. The first breaths
of a normal-term neonate exert negative pressures that
may reach pressures as high as —80 cmH,O. Expansion
of the lungs and the increase in alveolar oxygen tension
both mediate the fall in pulmonary vascular resistance and
increase in pulmonary blood flow after birth. Premature
infants and infants born by cesarean section, without the
effect of labor, do not clear the lung fluid and expand their
alveoli as easily as term babies born by vaginal delivery.

Pathophysiologic Changes During Asphyxia

Dawes et al. performed experiments with rhesus monkeys
asphyxiated by sealing their heads in a bag containing
saline immediately after delivered by cesarean section
(© Fig. 10.1). Respiratory rate increased for a few
breaths and then stopped (primary apnea). However,
after 1 or 2 min, gasping was re-initiated with vigor and
higher frequency and was accompanied by thrashing
movements of the extremities. In this period, spontaneous
ventilation could be still induced by appropriate sensory
stimuli. Simultaneously, HR dropped from 200 to 100 bpm.
Respiratory efforts gradually decreased and completely
ceased at around 8 min. Cardiac activity continued until
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Time course of vital signs and acid base balance in an animal model of acute total asphyxia. The time course of partial and/or

intermittent asphyxia may differ. Note the rapid response in HR following initiation of positive pressure ventilation (Source:
Dawes GS, Jacobson HN, Mott JC et al (1963) The treatment of asphyxiated, mature foetal lambs and rhesus monkeys with
intravenous glucose and sodium bicarbonate. J Physiol 169:167-184)

approximately 10 min. The period between the last gasp
and cardiac arrest is known as secondary or terminal apnea.
The time gap between secondary apnea and initiation
of resuscitation correlates directly with the success of
resuscitation.

Asphyxia is characterized by periods of hypoxia and
ischemia. During hypoxia, limited oxygen availability
decreases oxidative phosphorylation, resulting in a failure
to resynthesize energy-rich phosphates, especially ATP,
leading to alterations in cellular ion flux leading to
cell cytotoxic edema. If an excess oxygen is given during
reoxygenation, a burst of oxygen free radicals will be

formed, further increasing cellular damage and inducing
cell apoptosis, thus amplifying the initial damage caused by
hypoxia/ischemia. Thus, limiting the oxygen amount given
during resuscitation of the asphyxiated neonate is essential
to prevent further increase in damage upon resuscitation.

Initial Actions

Personnel

Caregivers responsible for attending births in the DR should
have an adequate training in basic neonatal resuscitation
skills, which include evaluation of clinical status of the
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newborn (HR, respiratory efforts, color, and tone), bag and
mask ventilation, and cardiac compressions. One person
should be always available for the care of each infant. In
addition, a skilled caregiver trained in advanced neonatal
resuscitation (intubation, ventilation, IV cannulation, use
of drugs and fluids) should be available for second call for
low-risk deliveries and present for all deliveries at high risk,
where he or she should take the leadership of the procedure.

Equipment

Ideally, basic DR installations should be based on the
DRICU concept (Delivery Room Intensive Care Unit)
which means that technology used in the intensive care
unit should be available in the delivery room to adequately
provide care immediately after birth. Equipment should be
applicable to any gestational age (23—44 weeks of gestation),
and it should be regularly checked to ensure it is complete
and operational (detailed description in @ Table 10.1).

Communication with the Obstetric Team
and Identification of Newborn at Risk

Caregivers in charge of the neonate should request infor-
mation from the obstetric eam regarding maternal medi-
cal condition, medication, and fetal status (@ Table 10.2).

Temperature

Neonates, and especially preterm infants, have a tendency
toward hypothermia because of their diminished capabil-
ity of generating heat (inability to shiver) and an increased
ability to lose it (increased surface area to body-weight
ratio, thin stratum corneum and extremely thin insulator
of subcutaneous tissue). Therefore, if measures are not
promptly initiated to counteract this negative heat bal-
ance, body temperature will fall, independently of the
environment temperature, during the first 12 h of life.
For the full-term newborn, both standard thermal care
(removing wet blankets, promptly drying, and wrapping
the infant in a warm blanket) and placing the dried
infant under a radiant heater in a draft-free room at
minimum 25°C are effective in maintaining normal
body temperature. For preterm infants <28 weeks gesta-
tion, randomized controlled trials have shown that cover-
ing infants up to the neck in a transparent heat-resistant

@ Table 10.1
Equipment and drugs in the delivery room

Equipment

Resuscitator with overhead warmer and light, and firm,
padded, and heated mattress

Two sources of medical oxygen

Two sources of medical air

Two blenders (air/oxygen)

Clock with timer in seconds

Warmed towels or other covering

Polyethylene bag, or wrap, big enough for a baby less
than 1,500 g birth weight.

Stethoscope, neonatal size

Suction catheters (6 F, 8 F, 10 F, 12 F)

Oxygen/Air admixture supply (flow rate up to 10 L) with
flow meter and tubing

Face masks (various sizes)

Oropharyngeal airways (sizes 0 and 00)

Positive pressure ventilation (Two in case of twin
deliveries):

e T-piece device

e Self-inflating bag with an oxygen reservoir and
a manometer if available

o Flow-inflating bag with a pressure safety valve and
manometer

Laryngoscopes with straight blade (00, 0, 1), spare
bulbs, and batteries

Endotracheal tubes (sizes 2.5, 3, 3.5, and 4 mm ID)

Endotracheal stylet or introducer

Magill forceps, neonatal size

Supplies for fixing endotracheal tubes and IVs (e.g.,
scissors, tape)

End-tidal carbon dioxide detector (to confirm
intubation)

e Chemical detector (e.g., Pedicap®)

e End-tidal CO, monitor

Meconium suction device (to apply suction directly to
endotracheal tube)

Feeding tubes for gastric decompression

Umbilical vein catheterization set and umbilical
catheters (5 F) with suitable skin prep solution

Syringes with needles (assorted sizes)

Intravenous cannulae (assorted sizes)

Pulse oximeter with sensors adequate for different
gestational ages
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B Table 10.1 (Continued)

Drugs

— Adrenaline: 1:10 000 concentration (0.1 mg/mL)

- Volume expanders: Normal saline, O Rh —ve blood needs
to be readily available for a profoundly anemic baby

- Sodium bicarbonate: 0.5 mmol/mL solution (4.2%
concentration, or diluted 8.4%)

Naloxone hydrochloride: 400 pig/mL solution

Sterile water for injection

plastic (polyethylene/polyurethane wrapping) without
previous drying results in a higher body temperature at
admission (@ Fig. 10.2). Only the head is dried and covered
with a cap. All resuscitation interventions can be performed
with the plastic cover in place. Currently, there is no direct
evidence that this procedure improves mortality or long-
term outcome. Monitoring of body temperature should be
considered, especially when resuscitation is prolonged, to
avoid the small risk for inducing hyperthermia. When
resuscitation is not required, the mother’s body can keep
the infant warm by using her as a heat source, placing the
infant skin-to-skin on the mother’s chest or abdomen and
putting a blanket or warm wrap on top.

Avoidance of Hyperthermia

Of note is that babies born to febrile mothers (>38°C)
have an increased risk of death, perinatal respiratory
depression, neonatal seizures, and cerebral palsy. There-
fore, normothermia (36.5-37.2°C) should be the target
body temperature for newly born infants and iatrogenic
hyperthermia must be avoided.

The assessment of the newborn’s postnatal adaptation
in the DR is usually done using the Apgar score, which
evaluates five clinical signs: heart rate, respiratory effort,
color, tone, and response to stimuli at 1 and 5 min
(© Table 10.3). To avoid interobserver variability, caregivers
should be trained in assessing the different parameters of
the Apgar score in a uniform manner, and objective means
of evaluation should be pursued (e.g., pulse oximetry).
Thus, an apneic infant should score “0”, even if the infant
is ventilated and inadequate respiratory efforts should score
“17, also if the infant is ventilated. The premature infant that
is hypotonic scores “1” for muscle tone, even though this
may be physiologic for the gestational age.

@ Table 10.2
Identification of the newborn at risk

Maternal risk factors

e Prolonged rupture of membranes (>24 h)

® Bleeding in second or third trimester

e Severe pregnancy-induced hypertension

e Chronic hypertension

e Substance abuse

e Drug therapy (e.g., lithium, magnesium, adrenergic
blocking agents, narcotics)

e Diabetes mellitus

e Chronic illness (e.g., anemia, cyanotic congenital heart
disease)

o Maternal infection

o Chorioamnionitis

e Heavy sedation

e Previous fetal or neonatal death

e No prenatal care

Fetal risk factors

e Twins or triplets

® Preterm gestation (especially <35 weeks)

e Post-term gestation (>41 weeks)

e Large for dates

e Fetal growth restriction

e Rhesus, or other types of isoimmunisation, especially
those causing hydrops fetalis

e Polyhydramnios and oligohydramnios

e Reduced fetal movement before onset of labor

e Congenital abnormalities which may affect breathing

e Intrauterine infection

Intrapartum risk factors

e Non-reassuring fetal heart rate patterns on CTG

e Abnormal presentation

e Prolapsed cord

e Prolonged labor (or prolonged second stage of labor)

® Precipitate labor

Antepartum hemorrhage

Thick meconium in the amniotic fluid

Narcotic administration to mother within 4 h of delivery

Forceps delivery

Cesarean section under general anesthesia

Heart rate (HR) is the most relevant clinical sign
indicating adequate postnatal adaptation and/or response
to resuscitation. In addition, HR in the first minutes of
life has prognostic value regarding mortality in the early
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Newly born infant wrapped in poly-ethylene bag

@ Figure 10.2
Preterm newborn infant wrapped in polyethylene bag

@ Table 10.3
The Apgar score for evaluation of adaptation of the new-
born infant after birth (32)

Heart rate Absent <100 bpm >100 bpm

Respiratory | Absent Slow, irregular | Good, crying

effort

Muscle tone | Flaccid Some flexion | Active motion
extremities

Reflex No respond | Grimace Vigorous cry

irritability

Color Pale Cyanotic Completely

pink

neonatal period. HR may be assessed by palpation of
umbilical cord pulsations or direct auscultation of the
precordium; however, randomized studies have shown
that both of these methods could delay or underestimate
the heart rate, compared to electrocardiography. There-
fore, it is advised to use pulse oximetry for monitoring
HR, especially in case of an extended resuscitation.
Healthy newborn achieve a HR around 130 bpm
(110-160 bpm) within the first minute of life; impor-
tantly, it should be consistently above 100 bpm within
a minute after birth. Hence, if HR is persistently below
100 bpm, resuscitation should be initiated.

Assessment of the color also shows high interobserver
variability, especially in preterm infants. This can be
avoided with the use of pulse oximetry. It is important to
understand that healthy-term newborns do not reach
preductal oxygen saturations greater than 85-90% until
5 min and preterm infants not until 10~15 min after birth.

After initial breathing efforts, the newborn should
then establish a regular pattern of respiration sufficient
to maintain the HR >100 bpm. If a newborn exhibits an
irregular respiratory pattern but is able to maintain an
adequate HR, he/she should be closely observed but not
given respiratory aid. However, if irregular breathing
movements are unable to sustain HR >100 bpm, positive
pressure ventilation (PPV) should be immediately
applied. Importantly, in the presence of suprasternal,
intercostal, and subcostal retractions, distending airway
pressure should be immediately applied to help establish
functional residual capacity. Finally, the absence of respi-
ratory movements with persistent apnea generally associ-
ated with hypotonia non-responsive to stimuli, and
bradycardia (HR <100 bpm) requires immediate PPV.

Newborns moving their extremities soon after birth do
not require any assistance. However, if these responses are
absent or weak, stimulation by rubbing the back with a dry
soft towel should suffice. Other methods such as slapping,
foot flicking, shaking, spanking, or holding the baby
upside down are potentially dangerous and should not
be used. If the infant does not respond promptly, PPV
should be started.
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An infant with good tone (moving the limbs and with
a flexed posture) is unlikely to be severely compromised,
whereas a floppy infant (not moving and extended pos-
ture) is likely to need active resuscitation. However, as
indicated above, special attention should be paid espe-
cially to very premature infants for whom a hypotonic
state is physiologic.

Airway and Breathing

The newborn that needs PPV should be positioned on his/
her back with the head in a neutral or slightly extended
position (sniffing position) (@ Fig. 10.3).

Routine oropharyngeal suction is not recommended;
a normal newborn clears its airways effectively. However,
if secretions are obstructing the airway, it should be
suctioned with a special catheter with an adequate size
(French gauge 10-12) and pressure not surpassing 133
cmH,O (13 kPa). Suction should be brief (10 s) and
performed carefully (not further than 5 cm from the
lips) because it may cause laryngeal spasm, bradycardia,
and/or delay the onset of spontaneous respiration.

If meconium is passed into the amniotic fluid, it may be
inhaled before or during delivery and lead to inflammation

Sniffing position

B Figure 10.3

Infant in the “sniffing” position. Because of the prominent
occiput of infants, positioning is facilitated by a rolled
blanket placed under the shoulders (not under the neck!)

of the lung and airway obstruction. Complications of meco-
nium aspiration are more likely in infants small for their
gestational age, those born after term, and especially those
with significant perinatal compromise.

In the presence of meconium-stained amniotic fluid,
2-9% of the neonates will develop meconium aspiration
syndrome (MAS). Intrapartum oronasopharyngeal
suctioning of meconium before delivery of the shoulders
is no longer recommended. However, if meconium is thick,
the baby is hypotonic and respiration is shallow or absent;
the mouth, pharynx, and trachea should be suctioned under
direct vision with the laryngoscope. If the infant is vigorous,
endotracheal suction is not recommended because it may
cause harm and does not improve the outcome.

The establishment of adequate gas exchange by performing
effective PPV at a rate of 30-60/min is without any doubt
the single most effective maneuver to overcome bradycardia
and hypoxemia. If HR does not improve and no thoracic
expansion is observed, positioning of the face mask
should be corrected to avoid leakage, which causes ventila-
tion to be ineffective. Ensuring that the head position is
correct (sniffing position described above) is essential to
maintaining airway patency. In term infants, initial infla-
tions, either spontaneous or assisted, create a functional
residual capacity (FRC). The optimum pressure, inflation
time, and flow required to establish an effective FRC have
not been determined. However, peak inflating pressures of
30-40 cmH,O have been shown to be effective to ventilate
unresponsive term infants. Importantly, sustained infla-
tion pressure of 30 cmH,O for 5 s for the first breath seems
to be more effective in achieving FRC than lower pressures
for shorter periods of time. Once the newborn has
achieved an adequate FRC, lower pressures in the range
of 15-25 cmH,O and a pace of 30-60/min seem to be
adequate. However, the ILCOR 2010 guidelines state that
optimal ventilation rates and pressures should be individ-
ualized according to each infant’s response. The goal is to
achieve a visible, but not excessive, chest rise and audible
breath sounds. Excessively large tidal volume can lead to
lung injury in less than a minute; therefore, careful atten-
tion to the pressure being applied is essential.

Three different devices have been successfully employed to
ventilate newborn infants: self-inflating bag, flow-inflating
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(anesthesia) bag, and T-piece mechanical device designed
to regulate pressure.

Self inflating bags (@ Fig. 10.4a) are devices consisting
of an elastic bag that re-expands due to its intrinsic recoil
and does not depend on a gas source for inflation
(although a gas source may be attached for administering
gas admixture). It is simple and portable, allowing its use
outside the hospital. It has a pressure limited pop-off valve
that usually triggers at 40 cmH,O, although these valves
activate at a wide range of pressures, and therefore it is
difficult to adjust to desired target values. Self-inflating
bags do not administer PEEP effectively, even with a PEEP
valve, are not capable of providing CPAP for infants with
adequate respiratory effort but needing help to establish

Patient valve

O, inlet

Air-inlet

o J
reservoir
O, reservoir Preslsurel
socket valve .
Patient

%{_/

Compressible
a unit

Patient
connector

Gas admixture

O Figure 10.4

FRC, and do not permit adjustment of inspiratory times,
therefore unable to deliver sustained inflation. Inspiratory
fraction of oxygen cannot be precisely adjusted, and only
with an additional reservoir administration of close to
100% oxygen may be achieved. The preferred size in
neonatology is of 240 mL because it covers tidal volume
needs of newborn infants (5-8 mL/kg).

Flow-inflating (anesthesia) bag (® Fig. 10.4b) must be
connected to a compressed gas source, which provides the
gas admixture to inflate the bag when in use. If the face
mask is not perfectly adjusted (leaks) or the flow is too low,
the bag will collapse and ventilation will be rendered impos-
sible. Special attention should be paid to the inspiratory
pressure since these devices can reach very high pressures

Inspiratory pressure/time
regulation

Devices for administering positive pressure in the delivery room (a) Self-inflating bag with reservoir and pop-off valve (b)
Flow-inflating bag with oxygen supply and pressure manometer (c) T-piece resuscitator with gas admixture supply,

inspiratory pressure/time regulation
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which could cause pulmonary leaks. To avoid this, incor-
porating a pressure gauge and blow-off valve in the circuit is
mandatory. Expiratory pressure (CPAP or PEEP) can be
provided by controlling the pressure in the bag by adjusting
the flow of gas into the bag and the rate of gas escape from
the bag at the outlet valve. Flow-inflating bags can be used
to deliver sustained inflations. However, these bags require
substantially more skill and training than self-inflating bags
and are generally limited to hospital settings.

The T-piece device (@ Fig. 10.4c) consists of an inlet
arm to the patient through which the gas flows into
a facemask or endotracheal tube (ETT). Positive inspira-
tory pressure (PIP) is achieved by interrupting the escape
of gas through an outlet hole using a thumb or finger, so
that the pressure rises and is displayed by a manometer.
PIP is controlled by adjusting the release valve. The infla-
tion time is voluntarily regulated by the caregiver by
varying the duration of occlusion of the outlet hole; there-
fore, sustained inflation is easily administered. CPAP or
PEEP is delivered automatically and the pressure varied by
adjusting the outlet valve. This controls the rate of escape
of gas when the outlet is not occluded (i.e. in expiration)
and generates a set level of PEEP or CPAP. The level of
PEEP or CPAP can also be adjusted by altering the gas flow
in the system. T-piece resuscitator has been shown to
deliver PIP and tidal volume that was closer to target
values and more consistent than self-inflating bags. How-
ever, the preferred system may be that with which the
caregivers are most acquainted and self-confident.

Interfaces for Administration of Respiratory
Support

Noninvasive ventilation is generally performed with face
mask (FM), although nasal prongs may also be used, and
invasive intubation is performed using an endotracheal
tube (ETT). Indications, advantages, and disadvantages of
each interface will depend on the severity, gestational age,
and/or experience of the caregiver. As a rule, FM is the first
choice for moderately depressed neonates, while endotra-
cheal intubation (ETI) is preferred for more severe condi-
tions or as second choice when FM fails to adequately
recover the newborn’s HR.

FM is more gentle to the airway, easier to use and
maintain expertise because it is frequently used in the
DR. It is important that the FM is of the appropriate
diameter according to the infant’s birth weight and pref-
erably with cushioned rims to avoid leakage. Available
masks have diameters ranging from 35 to 72 mm that
will provide adequate seal in newborns from 24 to

40 weeks gestation (@ Fig. 10.5). Adequate application of
the mask is essential, and adequate training significantly
reduces air leakage (© Fig. 10.6). Controlled studies com-
paring FM versus intubation have shown that although
inflation pressures were similar, inflation volumes, espe-
cially expiratory volumes, were difficult to assess with
mask ventilation because of frequent leakage even with
higher inflation pressures. FM ventilation seems to induce
breathing by Head’s paradoxical reflex, and therefore
successful resuscitation is dependent to a substantial
degree on the baby’s spontaneous respiration. In severely
asphyxiated babies, a brief trial with FM should be
performed, but if after 30 s there is no improvement in
HR (persistently <100/m) or the infant does not make
effective respiratory effort or is profoundly bradycardic
(<60 bpm), intubation should be considered, if a skilled
person is available. Intubation is potentially the most
injurious invasive procedure performed during neonatal
resuscitation. Every effort should be made to stabilize
an infant before attempting intubation to mitigate occur-
rence of bradycardia/hypoxia. Surfactant administra-
tion should be delayed until the baby has recovered.
It’s important to be gentle to avoid damaging the anatom-
ical structures (oral route is easier for the non-experienced
resuscitator), use an appropriate laryngoscope blade size
— 0 0r 00 (7.5 cm) for preterm babies, 1 (10 cm) for term
infants, and ETT size, and depth of insertion

(© Table 10.4). Location of the ETT should always be
clinically verified. The tip of the laryngoscope should be
advanced over the tongue to the vallecula or on top of the
epiglottis and elevated gently to reveal the vocal cords

(© Fig.

10.7a). Cricoid pressure may be helpful

.'.‘j".“.'_f'_",.'ﬂ".i'"'"'""_1!""""'.':'"‘n"'f: R R R e
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B Figure 10.5

Different size masks for use in term and preterm infants.
Choice of correct size is critical to achieve good seal
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@ Figure 10.6

Correct technique for holding a face mask. Note the
position of the fingers under the chin and the way they are
able to position the infant’s head while firmly holding the
mask against the face. The mask should not press on the
eyes, which could trigger a vagal reflex bradycardia

@ Table 10.4
Endotracheal tube sizes and depth of insertion from the lips

Gestation Tube size Depth of insertion
Weight (g) | (weeks) (mm) from lip (cm)
< 1,000 <28 25 6.5-7
1,000-2,000 |28-34 3.0 7-8
2,000-3,000 |34-38 3.0/3.5 8-9
> 3,000 > 38 3.5/4.0 >9

(© Fig. 10.7b). ETT should be inserted through the vocal
cords to a depth indicated by marks on the tube, which
should be annotated, and safely secured to avoid
extubation or bronchial intubation (@ Fig. 10.7c). Com-
mon problems experienced during neonatal intubation:

e If the laryngoscope is advanced too far, the larynx will
not be seen (© Fig. 10.7d).

e If the blade does not support the tongue, it will
obscure the view of the larynx.

e If the laryngoscope is not held slightly toward the left
side, the larynx will not been seen.

e If the neck is flexed or overextended the larynx may
not be seen.

The use of a stylet inside the ETT should be done with
care to prevent damaging the trachea.

Most of the caregivers are successful in intubating in
30 s, and saturation and HR will not differ from those

C

@ Figure 10.7
Technique of endotracheal intubation. Please see the text
for explanation

intubated in <20 s. Once the tube is secured, the position
of the tip should be verified as soon as possible to avoid
hypoxia/hypercapnia. Air entering both lungs and absence
of sounds in the stomach can be detected by auscultation;
however, in preterm infants, in special situations such as
diaphragmatic hernia, or pneumothorax, this may be dif-
ficult. End-tidal carbon dioxide (ETCO,) detectors or
colorimetric CO, detectors may be used to rapidly verify
if the ETT tip is in a correct position. Remarkably, color-
imetric CO, detectors have been shown to be effective in
confirming ET intubation or detecting a misplaced ETT
within six inflations even in babies of less than 400 g.
When CO, is detected, the color changes from purple to
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yellow. If there is no color change, the likely causes are: the
ETT is not in the trachea, the PIP is inadequate, or no CO,
is being excreted because of absent lung perfusion due to
cardiac arrest. If a colorimetric detector indicates the
presence of CO,, the operator can be certain that the
airway is patent and fresh gas is being delivered into
the lungs. Interestingly, the CO,-detector has been
shown to indicate the return of circulating rhythm during
chest compressions, an observation recently confirmed in
an animal model of neonatal resuscitation.

Postnatal adaptation of preterm infants <29 weeks
requires almost always some respiratory support to estab-
lish functional residual capacity (FRC). Frequently, the
infant has adequate respiratory effort, but is retracting.
In that situation, provision of CPAP via a T-piece resusci-
tator, anesthesia bag, or ventilator is indicated to help the
infant establish FRC, a task made more difficult for the
preterm infant because of relative surfactant deficiency
and very compliant chest wall. If atelectasis is allowed to
develop, the marginal surfactant pool will be further
reduced by surfactant inactivation, leading to respiratory
failure. The benefits of sustained inflation to rapidly
recruit lung volume and achieve homogeneous lung infla-
tion remain unproven, but the maneuver is physiologically
attractive. The dilemma between early intubation and
surfactant administration or noninvasive CPAP is still
under debate; however, the trend is toward noninvasive
support in the DR. Observational studies have suggested
that using early CPAP in very preterm infants may reduce
intubation rate, need for oxygen, and incidence of BPD
without increasing morbidity. The COIN trial, which
compared early CPAP in spontaneously breathing infants
born at 25-28 weeks with intubation showed no difference
in mortality between both groups. Interestingly, at
28 days, the CPAP group had a significantly lower inci-
dence of death or oxygen requirement, although by
36 weeks’ gestation the differences disappeared. However,
the CPAP group had significantly fewer days on ventila-
tion. There were no significant differences in any compli-
cations of prematurity, except for an increased rate of
pneumothorax in the CPAP group. Thus, preterm infants
25-29 weeks breathing spontaneously at birth should be
initially supported with CPAP, titrating pressures and
FIO, to meet HR and saturation targets. In case of respi-
ratory failure, intubation and positive pressure with PEEP
should be administered.

Laryngeal masks (LMA) are rarely used in newborn resus-
citation. They only come in full-term size, although they
have been successfully employed even in preterm new-
borns but not below 1,500 g. With increasing use of
noninvasive ventilation in the DR and in the NICU, intu-
bation skills might be increasingly difficult to maintain.
Therefore, LMA insertion should be considered a valid
alternative for problematic intubations and included in
every resuscitation training program.

Term Infants

The ILCOR 2005 statement concluded that there was
insufficient evidence to specify the FIO, for initiation of
resuscitation in the DR. Recently, a new meta-analysis was
published including ten studies under which six random-
ized controlled trials in European countries fulfilled strict
methodological criteria. A subgroup analysis of these
European studies showed a reduction in mortality with
RA resuscitation from 3.9% to 1.1% with a number
needed to harm by use of 100% of 36. These recent data
question the decision of the ILCOR 2005 guidelines and
open the door to start resuscitation of full-term infants
with room air and to adjust FIO, according to the infant’s
response, keeping in mind the normal course of SPO, in
the first 10 min of life. Hence, in the ILCOR 2010 guide-
lines, air has been recommended as the preferred gas
admixture to initiate ventilation of the depressed term or
near term neonate. Nevertheless, a subgroup of newborn
infants will benefit from the additional supply of oxygen
(e.g., persistent pulmonary hypertension). At present, no
scientific guidelines are available for the use of oxygen in
newborns not responding to the initial steps of newborn
resuscitation. Therefore, it seems reasonable to start sup-
plying additional oxygen whenever a newborn is not
responding despite adequate ventilation with room air.
The focus for assessing response should be HR, keeping
in mind that even normal newborn infants do not become
pink (reach O, saturation >85%) until after 5 min.
Importantly, it must be always emphasized that lung infla-
tion/ventilation should be the priority. Once adequate
ventilation is established, if HR remains low, there is no
evidence to support or refute a change in the oxygen
concentration that was used initially. Monitoring of
SpO, by pulse oximetry makes it possible to adjust FIO,
to achieve physiologic levels of oxygen saturation.
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Preterm Infants

More limited information is available for resuscitation of
preterm infants, in whom normal lung function cannot be
assumed. Recently a series of studies reported that very
preterm infants especially <27 weeks gestation will need
additional oxygen in most cases, typically in the range of
30—40%. Therefore, for preterm infants, a higher initial
FIO, may be appropriate, although evidence is currently
not sufficient to recommend an optimal initial oxygen
fraction.

Recommendations for therapeutic use of oxygen dur-
ing and after resuscitation: (1) Positive pressure ventila-
tion should be initiated with 21% oxygen in term infants.
(2) Supplemental oxygen should be used if the baby
remains deeply cyanotic or the heart rate is <100 bpm at
90 s of age. (3) Blended gases should be available in the DR
and during transport to the NICU. (4) To avoid
hyperoxemia, pulse oximetry should be available in DR
were babies <32 weeks are delivered. It seems reasonable
to avoid saturations >95% when supplemental oxygen is
used, especially in preterm infants and those who suffered
perinatal depression and thus are uniquely susceptible to
oxygen free radical injury.

Circulation

In the newborn, cardiac output correlates with HR and
rates <100 bpm will not support optimal tissue oxygena-
tion. If HR is absent or intense bradycardia (<60 bpm)
non-responsive to adequate ventilation is present >30 s,
chest compressions (CC) should be initiated at a rate of
approximately 100/min. The main goal of CC is to
achieve/sustain sufficient diastolic blood pressure to
assure coronary perfusion and restore effective myocardial
function. The two-thumb method, which is generally con-
sidered more effective than the two-finger method, is
performed by placing both thumbs on the lower third of
the sternum, gripping the chest with the hands and
supporting the back with the fingers, depressing the ster-
num about 1/3 of the anterior—posterior diameter of the
chest or about 5 cm in term infants (@ Fig. 10.8). The
official recommendation (although not evidence-based) is
that CC should be coordinated with ventilation at a ratio
of 3:1 and a rate of 120 “events” per minute to achieve
approximately 90 compressions and 30 breaths per
minute. However, there is good experimental evidence
that adequate diastolic pressure is only achieved after
several compressions and each interruption causes the
diastolic pressure to fall back to 0, putting in question

@ Figure 10.8
The preferred two-thumb technique for cardiac
compressions

the appropriateness of frequent interruption of CC. Com-
pressions are only effective if the lungs have first been
successfully aerated, making the quality of the breaths
and compressions more important than the rate. Cardiac
compressions do not substitute for lack of adequate venti-
lation in the newborn infant; therefore, CC should not be
allowed to interfere with the establishment of an airway
and adequate ventilation.

Medication and Fluids

Epinephrine

Medications and fluids are rarely needed for resuscitation
of newborn infants if the ABCs of resuscitation are carried
out effectively. Bradycardia is usually caused by hypoxia
and inadequate ventilation, and apnea is due to insuffi-
cient oxygenation of the brainstem. Both can be readily
reversed in most newborns with adequate ventilation of
the lungs and brief cardiac compressions, if indicated.
However, if the infant remains bradycardic (<60 bpm)
despite adequate ventilation and chest compressions for
1-2 min, drugs may be needed to improve cardiac con-
tractility. Epinephrine is a sympathetic monoamine pro-
duced by the adrenal gland. It exerts its effects through the
o -adrenoreceptors, causing peripheral vasoconstriction,
and the B;-adrenoreceptors, increasing HR, output, and
cerebral blood flow. Importantly, cardiac effects are
obtained by epinephrine’s direct action on the myocardial
fibers, and therefore it is essential to administer it as close
to the heart as possible.
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Umbilical vein is the most accessible and recommended
site for administering drugs and fluids. Umbilical artery is
not recommended because of serious side effects of vasoac-
tive or hypertonic solutions administered into an artery.
Access to peripheral veins in a shocky newborn is extremely
difficult, and only very expert caregivers can access this
route rapidly enough. Intraosseous lines are not commonly
used in neonates because of the fragility of small bones and
the small intraosseous space, particularly in the preterm
infant. The intratracheal route should exclusively be used
for epinephrine when umbilical venous access is not imme-
diately available.

Epinephrine is recommended via the intravenous
route (preferably via the umbilical venous catheter), and
the dosage should be 0.01-0.03 mg/kg. The dosage can be
repeated every 1-3 min. Intratracheal route may be used at
higher dose (100 mcg/kg). Canadian guidelines recom-
mend the use of the intratracheal route first flushed with
5 mL of saline while preparing for insertion of the umbil-
ical catheter. Subsequent doses, if necessary, should be
administered by the umbilical vein.

A flow diagram of newborn resuscitation is represented
in® Fig. 10.9.

Intravascular fluids should be considered when there is
suspected blood loss and/or the infant appears to be in
shock (pale, poor perfusion, weak pulse) and has not
responded adequately to other resuscitative measures.
The clinical assessment of shock is difficult in a
hypovolemic neonate, and shock may not be evident at
first in the asphyxial process. Early, there may be periph-
eral vasoconstriction, which helps maintaining an ade-
quate perfusion of the vital organs (myocardium and
brain). If resuscitation is effective, clinical signs of
shock may become more evident and the clinician will
be able to asses indication for fluid expanders with
greater acuity. Most infants with mild to moderate
depression are not hypovolemic, and their peripheral
perfusion will improve spontaneously without the need
for volume expansion.

In the absence of suitable blood for neonatal transfu-
sion (preferably O-negative blood cross-matched against
the mother’s blood), isotonic crystalloid (normal saline)
should be used. The initial dose is 10 mL/kg given by quick
IV push. This dose may be repeated after observation of
the response. In preterm infants, rapid push of intravas-
cular fluids should be avoided because of increased risk
of intraventricular hemorrhage. When needed, volume

expansion should be given more slowly over 10 min,
unless frank hemorrhage is present.

Routine use of Sodium bicarbonate is no longer
recommended during newborn resuscitation. Mounting
evidence indicates that it may not only lack benefit but
may potentially make the situation worse by lowering
intracellular pH, especially when adequate ventilation
cannot be assured.

General Supportive Management

Glucose administration is essential for adequate brain and
cardiac metabolism, and it should not be delayed. Anaer-
obic metabolism is inefficient and increases glucose deple-
tion. Low blood glucose at admission to the NICU after
resuscitation was associated with poorer neurological out-
come. A glucose rate of 8 mg/kg/min will assure brain
metabolic needs and myocardial glycogen restoration.
Administration of intravenous glucose should be started
in the DR only after adequate oxygenation has been
achieved because anaerobic metabolism of carbohydrates
leads to the formation of additional lactic acid, worsening
the acidosis.

The urine output of any baby who has gone through an
asphyctic episode should be closely monitored since
a certain degree of renal insufficiency is always present in
moderate to severe asphyxia. Thus, the possibility of fluid
overload and electrolyte disturbance is present.

Human studies have reported intestinal injury occurring
in 6-29% of severely asphyxiated neonates, and newborn
animal models of intestinal hypoxia-reoxygenation and
ischemia-reperfusion have clearly demonstrated charac-
teristic histopathologic lesions similar to those seen in
necrotizing enterocolitis. Therefore feeding should be cau-
tiously initiated, preferably with human milk, only after
a period of clinical observation. There are no definitive
clinical studies to inform the decision about how soon
after an asphyxial insult it is safe to initiate feedings.
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Birth Flow diagram of newborn resuscitation
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O Figure 10.9
Flow diagram of newborn resuscitation
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Ethical Issues

Mortality and morbidity in the neonatal period is different
according to the region and availability of resources. Care-
givers should be aware of it before initiating or withhold-
ing resuscitation of a newborn with a specific gestational
age or clinical condition. Increasingly, parents especially
in highly developed countries want to take part in the
decision of starting and continuing life support in severely
compromised newborns. Religious beliefs and cultural
traditions are also factors that should be taken into
account.

Initial resuscitation does not mandate continued sup-
port. Therefore, not starting resuscitation and discontin-
uation of life-sustaining treatment during or after
resuscitation are ethically equivalent and clinicians should
not be hesitant to withdraw support when it becomes clear
that functional survival is highly unlikely. If there is doubt
whether to initiate or withhold resuscitation, it is best to
start and later withdraw treatment when the situation has
been clarified and discussed with the family and other
experts. As a general rule, the following guidelines should
be interpreted according to local vital statistics and socie-
tal principles or belief:

e When gestation, birth weight, or congenital anomalies
are associated with almost certain early death and an
unacceptably high morbidity is likely among the rare
survivors, resuscitation is not indicated. Examples
from the published literature from developed coun-
tries include:

e Extreme prematurity (gestation of <23 weeks or
birth weight <400 g).

e Anomalies such as anencephaly and confirmed
trisomy 13 or 18.

e In conditions associated with a high rate of sur-
vival and acceptable morbidity, resuscitation is
nearly always indicated.

e In conditions associated with uncertain prognosis
when there is borderline survival and a relatively
high rate of morbidity and where the burden to the
child is high, the parents’ views on starting resus-
citation should be supported.

It is reasonable to consider discontinuing resuscitation if
an infant that has not responded with any measurable HR

after 10 min of effective resuscitation. In a systematic
review, it was shown that 94% of newborns without any
sign of life during the first 10 min after birth died or had
severe neurological handicaps, and only 2% had moderate
or minor handicaps. Data for infants of very low birth
weight also suggest that survival is negligible if there is no
heart beat after 10 min of appropriate cardiopulmonary
resuscitation. Before resuscitation is stopped a second
opinion should be sought if immediately available and
wherever possible by agreement with parent(s). Local dis-
cussions are recommended to formulate guidelines con-
sistent with local resources and outcome data.
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11 General Care of the Newborn

Marcia Wenner VanVlieet

Care of the Newborn

Whoever says “all newborns look alike” has not been in
a nursery for more than a few minutes. Each newborn
has their unique physical features and personalities from
day 1. A few things are common to newborns of all types,
shapes, and sizes but there are a lot of natural variations
and findings of interest. This chapter will attempt to
serve as a guide in the general medical care of these
young patients.

Newborn History

Care of the newborn starts in the form of a complete
history and physical. However, the newborn’s history is
really one of the mother’s and the pregnancy. Even in the
developed world, obtaining this accurate history can be
complicated by the inconsistent transmission of data from
the chart of one patient (the mother) in the outpatient
setting to that of another (the newborn) in the inpatient
setting. But due diligence is necessary to fully assess the
newborn and to provide effective preventative care.

Maternal History

Although covered elsewhere in this textbook, it is impor-
tant to emphasize that there are many preexisting mater-
nal conditions that may affect the fetus as well as the health
and subsequent management of the newborn. Some nota-
ble maternal conditions that the pediatrician should be
aware of are breast disease (including any interventions
that might interrupt lactogenesis), congenital heart dis-
ease, diabetes mellitus, developmental hip dysplasia
(DDH - increases risk of DDH in newborn), fatty liver
disease (associated with long-chain acyl-CoA dehydroge-
nase deficiency (LCAD) in newborns), genetic/heritable
disorders, hypertension, infections (such as malaria and
tuberculosis), mental health, polycystic ovary syndrome,
autoimmune diseases (i.e., systemic lupus erythematosus
where the newborn should be screened with and EKG
for heart block), substance use (including tobacco and

caffeine), social concerns, and thyroid disease (both
hyper- and hypothyroidism).

A detailed history of the pregnancy is necessary for
caring for the newborn. Key elements include: (1) medica-
tions, tobacco, alcohol, and illicit drug use during preg-
nancy, (2) medical conditions during the pregnancy
including diabetes mellitus, pregnancy-induced hyperten-
sion or preeclampsia, (3) duration of the rupture of fetal
membranes, (4) analgesics or anesthetics administered
during labor, (5) infections or illnesses (keeping in mind
geographically specific risks such as malaria), (6) mental
health, especially anxiety and depression, and (7) compli-
ance with care. The history of previous pregnancies,
including miscarriages, previous child with congenital
heart disease or neonatal illness, such as group B strep
(GBS) sepsis or severe jaundice, also provides important
clues. The pediatric care provider needs to obtain the
results of maternal screening obtained during the preg-
nancy as recommended by organizations such as the
American College of Obstetrics and Gynecology
(ACOQG). Key elements that should be obtained and clearly
documented in the newborn’s, record for every pregnancy
include the items listed in @ Table 11.1.

The results from any prenatal ultrasonography should
be obtained as these help in confirming gestational
age, assessing the risk for conditions such as Trisomy 21,
spinal dysraphisms, and with some notable exceptions,
congenital heart disease. One ultrasound finding worth
discussing in detail is that of fetal renal hydronephrosis.
Many cases of fetal hydronephrosis will spontaneously
resolve during the pregnancy. There is some small uncer-
tainty in the exact measurement that should raise pedi-
atric concern but 15 mm is concerning for blockage and
most would agree that those with a diameter >8 mm
warrant follow-up. Certainly, any cases with associated
oligohydramnios should be evaluated. Additionally,
males with bilateral involvement warrant postnatal renal
ultrasonography in the birth hospital stay to rule out
vesicoureteral reflux or posterior urethral valves. However,
due to the relative dehydration of newborns, even nega-
tive postnatal screening should be repeated at 3—4 weeks.
Antibiotic prophylaxis is indicated for those with evi-
dence of bilateral involvement in utero, abnormal renal
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@ Table 11.1
Maternal screening

Blood type and antibody Rubella

screening

Syphilis (RPR repeated in
third trimester based on
epidemiological prevalence)

Hepatitis B surface antigen

HIV (1 &2) TB (PPD)
Diabetes screening GC and CT for high risk
pregnancy

Urinalysis (especially if GBS
positive)

GBS (rectovaginal screening
within the last 5 weeks)

Domestic violence Serum lead level (if high-risk

category)

architecture, collecting system dilatation, documented
reflux, or hydronephrosis on postnatal ultrasound. Due
to the high concentration of the drug and general suscep-
tibility patterns, prophylaxis with Amoxicillin suspension
(20-25 mg/kg, PO, once a day) is effective and well toler-
ated. Surgical consultation with a pediatric urologist
should also be obtained to help coordinate ongoing assess-
ment. Antibiotic prophylaxis should continue until repeat
imagining is obtained at 3—4 weeks, including a VCUG
when indicated.

Maternal medications and the consumption of other
substances need to be reviewed by the pediatric provider
as some may cause problems in the newborn. Antihyper-
tensive medications may cause hypoglycemia in the
newborn. Serotonin uptake inhibitors, tobacco, caffeine,
and opiate containing narcotics either prescribed or
otherwise, may cause toxicity or withdrawal symptoms
in the newborn (which is discussed in detail in
© Chap. 34, “Miscellaneous Disorders”).

Gestational Age

The physical examination of the newborn starts with the
assessment of gestational age and in utero growth. In
industrialized countries, most pregnancies currently have
accurate dating through confirmation of gestational age
with prenatal ultrasound. As a general rule, determina-
tions from the first trimester are accurate to within
+1 week, those in the second trimester within 2 weeks,
and third trimester within 3 weeks. However, second and
third trimester dating by ultrasound may substantially
underestimate true gestational age in the presence of
abnormal fetal growth. Additionally, prenatal gestational

age estimates can be confirmed with the use of the New
Ballard score (see Web site listed in the @ Resources). With
the trained examiner, this scale has been shown to have
good reliability and validity. With the best estimate of
gestational age, the clinician can then plot the birth
weight, the head circumference, and the length on
a standardized graph to evaluate fetal growth.

Growth Assessment

In September 2010, the Center for Disease Control and
Prevention (CDC) published a recommendation that
from birth to 24-month age groups, all clinicians should
use the 2006 World Health Organization (WHO) graphs.
The WHO charts were designed as a reference (goal)
growth curves within breastfeeding populations from
a sampling of countries (Brazil, Ghana, India, Oman,
and the USA). The clinician, when interpreting the growth
of infants who are formula fed should be aware that
breastfed babies do gain more weight in the first 2-3
months, and then stabilize or slow down thereafter.
These graphs are available on the organization’s Web site
with links in the reference section. Although the WHO is
an international reference, clinicians may choose to use
normative graphs developed within their own country, as
there may be ethnic and demographic differences —
though these were surprisingly small in the diverse popu-
lation included in the WHO study. Preterm and late pre-
term infants (those with completed gestational age of
3470_36"° weeks) are best plotted on the Fenton graph,
until 50 weeks of corrected age. There are also condition-
specific growth charts for infants with diagnoses such as
Trisomy 21 and Turner’s syndrome.

Newborns are categorized as either appropriate for
gestational age (AGA), small for gestational age (SGA),
or large for gestational age (LGA) based on their percen-
tiles. Classically defined, SGA is below the 10th and LGA as
above the 90th percentiles. However, more recent cutoffs
are using either the 5th/95th or 3rd/97th percentiles as
these approach the two standard deviations used to define
abnormal versus normal distributions, or those constitu-
tionally small or large. Some have also suggested that
customizable birth weight centiles would help to distin-
guish between those whose weight is constitutional from
those at risk from pathologic SGA or LGA. Traditionally,
SGA infants were also divided based on whether the
growth restriction has been symmetric or asymmetric
with sparing of the head circumference. In an attempt to
better understand the significance of being SGA,
researches looked at the mortality and morbidity rates in
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a large US population-based sample for those SGA at
preterm versus term birth. They found higher rates of
mortality and morbidity for all preterm births and
a greater adjusted relative risk in relation to SGA at term
than preterm. However, they also found that the adjusted
excess mortality risk from SGA declined until term with
a plateau after 37 weeks. Both SGA and LGA status has
inherent risks that need to be addressed and are fully
discussed in a subsequent chapter (see © Chap. 13,
“The High-Risk Infant”).

Newborn Physical Examination

For all newborns, the examination should start with
a general observation of the state (sleeping, awake and
quiet, awake and stirring, or crying), color (pink,
acrocyanosis, perioral cyanosis, or central cyanosis), and
pattern or work of breathing (e.g., grunting, flaring,
retractions). From there, generally the best approach to
examining the newborn is to keep them warm and let
them lead the sequence of the exam. This means that if
they are quiet, one starts with auscultation of the heart and
lungs and palpation of the femoral pulses (crying makes
these small pulses a moving target). But if they are crying
or unsettled, then it is best to start with other parts and
work on consoling them. But wherever one starts, it is best
to continue the examination in your set sequence so not
to miss critical parts when you are interrupted with crying
or regular newborn care. Included in © Table 11.2 is
a description of an approach to complete examination of
the newborn. The next section of this chapter will high-
light normal findings or variants found in newborns.

Through the course of sequentially unwrapping part of the
newborn, the examiner will eventually get to visualize the
entire skin surface of the newborn for rashes and other
lesions. Common skin findings unique to the newborn are
discussed below:

Erythema toxicum: This very common rash occurs in
almost 50% of newborns. These transient flesh-colored to
whitish papules on erythematous macules that appear
over the first few days (with about two thirds occurring
between 24 and 48 h of life) spread with individual lesions
that come and go, and then resolve spontaneously. These
can appear in any distribution and commonly coalesce
on the face, abdomen, and back. These papules have
no known cause but are very common and contain

B Table 11.2

Key elements of newborn exam

General

Abdomen

e Wash hands prior to
examining infant

e Keep infant warm when
examining (under warmer,
blankets)

® Support head/neck when
moving infant

® Assess maturity
appropriately (term,
preterm)

® Assess intrauterine growth
appropriately (AGA, SGA,
LGA)

e Palpate for liver, spleen,
kidneys, masses

e Examine umbilicus
visually; palpate for
umbilical hernia

Order of exam

GU

e Auscultate heart and lungs
while infant calm

® Boy: Examine penis for
hypospadias; Palpate
testes (undescended,
hernia, hydrocele)

o Girl: Examine hymen
visually, labia

General appearance

Anus

o Note general appearance,
distress, color, tone,
spontaneous motor activity

e Visual check for patency

e Visual assessment of
placement of anus,
measure if concerns

Skin

Back

e Examine skin; note
birthmarks, jaundice,
rashes if present

e Look for scoliosis, sacral
dimple, or sinus tract

HEENT

Extremities

e Palpate fontanel (anterior,
posterior), sutures, measure
if concerns

® Examine for
cephalohematoma, caput

® Check red-reflex

e Examine pinnae: position,
preauricular pits or tags

e Check for septal dislocation
or choanal atresia

e Check for cleft palate
(visually back to uvula and
palpation)

o Palpate for femoral pulses

e Examine hands/feet
(creases, symmetrical size)

e Examine gluteal and thigh
folds for symmetry

e Barlow/Ortolani tests

Chest

Neuro

e Palpate clavicles
smoothness and symmetry

e Auscultate heart

® Auscultate lungs, work of

breathing

® Root, suck, palmar grasp,
cry

e Examine for symmetric
Moro
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O Figure 11.1
Erythema toxicum coalescing on the back of a 2-day-old
newborn infant (Photograph by Cindy Klipfel, MD)

eosinophils, which suggest the involvement of a histamine
pathway and as such might be a response to the general
stress of delivery. The only rare potential complication of
erythema toxicum is secondary infection (@ Fig. 11.1).

Harlequin  change: This distinctive and well-
demarcated color change is only seen in newborns and is
a transient hemi color change with erythema on one half
of the body and pallor on the other. It presents in the first
few 2-5 days of life in approximately 10% of healthy
newborns (although some have linked it to low birth
weight, hypoxia, intracranial injury, prematurity, or use
of prostaglandins). It may persist for 30 s to 20 min and
has no long-term sequelae.

Milia: These are present at birth as white papules
without erythema commonly occur on the face of up to
50% of newborns. They are inclusion cysts of sebaceous
material with similar etiology to the Epstein pearls on the
palate, Bohn nodules on the gingival ridge, and other
inclusion cysts on any other midline structure including
the foreskin of the penis. Milia can be seen on newborns
born in any season but might have a slightly increased
prevalence in the warmer months (summer in the north-
ern hemisphere). Parent should be advised that these are
not pimples and should not be squeezed but left alone.
Of note, there are smaller sebaceous inclusion cysts that
occur more frequently usually on the nose that are com-
monly although perhaps mistakenly called “milia” as well.
Both “milia” lesions are self-limited and are reabsorbed by
the body by 3 months of age (@ Fig. 11.2).

Neonatal acne: This is a relatively common transient
form of the common teenage affliction that occurs in
about 20% of infants and usually appears about 3 weeks

O Figure 11.2
Classic scattered milia on a 2-day-old newborn (Photograph
by Marcia W. Van Vleet, MD, MPH)

after birth, although it rarely can be present at birth. It
usually appears on the face, mainly on the cheeks, fore-
head, and chin as erythematous papules and pustules, or
as white closed comedones. It is thought to be caused by
transplacental passage of the mother’s hormones and the
newborn’s own androgens. Male babies are more prone
than females and spontaneous resolution is the rule. There
is another form of acne that occurs after 3 months of age
which is usually called infantile acne and seems to have
a different etiology and is likely multifactorial, similar to
the adolescent form.

Sucking blister: Occurring as the result of the fetus
sucking in utero, these are apparent at birth. As such,
their oval to circular shape and distribution on the
dorsum of the hands, wrists, and forearms is
characteristic. They may be fluctuant bullae that can be
fairly large (up to 1.5 cm) which then quickly evolve to
reveal a superficial erosion. There is a notable lack of other
blisters, vesicles, or marked erythema that would other-
wise suggest other etiologies. The residual hyperpig-
mentation or scaring heals on its own relatively quickly
(© Fig. 11.3).

Transient neonatal pustular melanosis (TNPM):
These are small superficial white pustules on a non-
erythematous base that easily unroof to reveal superficial,
well-circumscribed scales and subsequent melanotic mac-
ules. Frequently, the pustules will be unroofed in utero or
in bathing so only scales and freckling is observed on the
initial exam. These can be frequently observed on the face,
neck, abdomen, and lower back/sacrum. They also occur
more frequently in those with darker skin coloring includ-
ing Asian and African infants, with an overall incidence of
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O Figure 11.3

Characteristic appearance, shape, and distribution of

a sucking blister seen on a newborn’s initial examination
(Photograph by Cindy Klipfel, MD)

0.2-4.4%. To confirm the diagnosis, it is best to observe
lesions in all three forms (pustule, scale, freckle), but if
gram stain were to be obtained, it would demonstrate
neutrophils. Differential diagnosis of TNPM includes
staphylococcal infection (usually erythematous and yel-
lowish pustules), and herpes simplex virus (multiple
forms classically with an erythematous base and clear
vesicles that may cluster). It is very important in newborns
to keep HSV in the differential diagnosis for any unknown
rash as there are serious consequences if not treated
immediately (discussed in detail in @ Chap. 27, “Neonatal
infections”).

Jaundice: This yellowish appearance to the skin and
sclerae is very common in newborns and represents
hyperbilirubinema, primarily due to physiologic increase
in hematocrit of the newborn with shorter lifespan of
neonatal erythrocytes and the slower/delayed conjugation
in the newborn’s liver. Most newborns, up to 60% of full
term and 80% of preterm, will develop some degree of
visible jaundice with most peaking in the first 3—4 days.
For those born prematurely and those with extensive
bruising or cephalohematomas, the maximal intensity
may occur closer to 5-7 days of life. Although many
newborns develop jaundice, its appearance in the first
24 h of life is pathological in nearly all cases. Jaundice
generally moves from a cephalad to caudal progression
and has historically been correlated to serum bilirubin
levels with the loose rule of “Head= 5 mg/dL,
chest =10 mg/dL, umbilicus=15 mg/dL” adapted from
Kramer. Multiple studies have subsequently demon-
strated; (1) a lack of agreement between examiners

(at every level of training) and serum bilirubin levels,
and (2) a very good negative predictive value for visual
inspection (meaning no visual jaundice is predictive
of not developing significant hyperbilirubinemia).
Keren et al. recently found a negative predictive value
of 98.6% for the complete absence of jaundice and
the subsequent development of significant hyperbilir-
ubinemia, defined as within 1 mg/dL of requiring pho-
totherapy by the American Academy of Pediatrics (AAP)
recommendations.

Birth marks: These should be described in quality and
distribution in the newborn’s documentation. Most are
beyond the scope of this chapter/text but a few with
unique characteristics in the newborn will be discussed.

Capillary hemangiomas: Although these are easy to
diagnose later in infancy when they develop thickening,
they can either not be apparent or have a subtle appear-
ance that is difficult to diagnose in the newborn. When
they are present in the newborn they can appear as
a nondescript, slightly erythematous blanching macule
or a spider like telangiectasia with irregular boarder and
can frequently have a surrounding “halo” or blanching.
Clinical course is sufficient for the diagnosis and manage-
ment of most of these lesions. However, those over key
organs such as the liver, spleen or spine, and when three or
more appear on a patient warrant ultrasound investiga-
tion, as they may have deeper vascular connections.
Capillary hemangiomas will progress over the first 6—
12 months of life, and then will regress with 50% resolving
by 5, and 90% by 9 years of age. Most need no interven-
tion; however some will depending on location, such as if
they interfere with binocular vision, obstruct airway or
breathing, or lie over the liver, spleen or spine. Although
arare occurrence those lesions over the liver or spleen with
vascular connections can become significant reservoirs
potentially causing fluid shifts, and clinical instability.
The development of large lesions can also rarely cause
a Kasabach—-Merritt syndrome with rapid platelet con-
sumption and DIC (© Fig. 11.4).

Nevus flammeus (aka Nevus Simplex, salmon patch):
These erythematous macules with irregular boarders
occur on the forehead, eyelids, glabella, nose (“Angel
Kisses”), and most commonly on the nape of the neck
(“Stork Bite”). They cross the midline and blanche, but
otherwise can be difficult at times to differentiate in the
newborn from more serious lesions such port wine stains
which are usually unilateral. Those lesions that occur
unilateral in the distribution of trigeminal nerve first
branch (cranial nerve V1) covering the lateral canthus of
the eye should be evaluated by ophthalmology and MRI
imaging at 6 months of age to evaluate for the potential
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O Figure 11.4

Although most are not apparent on the newborn, this
capillary hemangioma found at birth on a newborn’s leg is
characteristic for its blanching central purplish macule or
telangiectasia with surrounding hypopigmentation or halo.
Upon questioning, the mother also had a capillary
hemangioma that spontaneously resolved by 5 years of age
(Photograph by Cindy Klipfel, MD)

O Figure 11.5

Nevus flammeus or simplex in the classic “Angel Kiss”
distribution in the midline of the forehead. Although
slightly less visible on this photograph, the patient also had
one just under the nose on the upper lip (Photograph by
Cindy Klipfel, MD)

for Sturge Weber syndrome. Clinical course of nevus
flammeus or simplex is equally distributed in three
groups: those that essentially remain the same, those that
lighten, and those that totally disappear (@ Fig. 11.5).

i- _\

O Figure 11.6

Newborn with characteristic distribution of a dermal
melanocytosis over the lower back and sacrum, as well as

one on the left shoulder (Photograph by Marcia W. Van
Vleet, MD, MPH)

Dermal melanosis: These melanotic lesions commonly
with irregular borders and pigmentation that can vary
from brown, blue-gray, to blue-black. Previously called
“Mongolian spots” these can occur in any location they
are commonly found on the back, sacrum, arms and legs.
They can be found on any newborn but occur more
commonly in those with more melanin or darker skin
(up to 80% of African and Asian newborns). They can
even appear even slightly more bluish in parts and might
be confused with a blue nevus. Many will fade in adult-
hood but some may not totally disappear. There is other-
wise no specific management or treatment necessary for
these benign lesions except to monitor for changes
(© Fig. 11.6).

Head and Neck

Careful inspection of the head and neck of the newborn
includes observation for shape and palpation of normal
structures such as the sutures, anterior and posterior fon-
tanels, as well as any abnormal bony prominences. Mold-
ing and overriding sutures are common, but should be
documented to help interpret changes in head circumfer-
ence. Molding, which generally resolves in 35 days is the
result of compression of the head in utero either from
being engaged in the pelvis or from passage through the
birth canal. Overriding sutures are also due to similar
causes and should resolve in 2-3 weeks with the expan-
sion of normal growth of the brain. Palpation of the
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sutures can also reveal craniotabes or a sensation of
a “ping-pong” which is usually a normal variant in the
newborn especially those born at lower gestational ages.
These usually resolve with the natural ossification of
bones, but if delayed should raise suspicion for alter-
ations in ossification.

Fontanels and suture lines: These should be palpated
and their size assessed (see © Fig. 11.7). Sagittal sutures
can be open with a normal gap of up to %2 cm. Midway
along the sagittal suture a third fontanel exists in 6.3% of
newborns, with a higher percentage found in those with
Trisomy 21 or congenital rubella. The normal metopic
suture also can be open, however when extremely large
or deep can be suggestive of delayed ossification, including
hypothyroidism. The anterior fontanel should be palpated
for firmness, bulging, or depression with the newborn’s
head elevated to 30°. The fontanels can be measured by
finding the mean of the distances of the axis, as shown in
© Fig. 11.7. This measurement may increase slightly in the
newborn period as the molding and overriding sutures
resolve. In the USA, the average size of the anterior fonta-
nel at birth is 2.1 cm (range 0.6-3.6 cm). This statistic
varies in ethnic groups with African Americans reported
as slightly larger with average 3.6 cm (range 1.4-4.7 cm)
and a reported mean in a sample from India of 3.37 cm
(range 2.2-4.5 cm). Posterior fontanel averages 0.5 cm
in size but also has ethnic differences (Black/African
American reported average also slightly larger at 0.7 cm).
These differences may either be related to constitutional

Posterior fontanel

Lamdoid suture Occipital bone

{ <——— Parietal bone
Sagital suture =——m | !|
|

\
\ /
\ /
\ Y
\ / /
\ X /

Coronal suture G ﬁ'_—J
Metopic@ % Frontal bone

Anterior fontanel

Anterior fontanel size = (a + b)/2

O Figure 11.7

Schematic of newborn skull facing examiner (as seen from
above). Note the demonstration of how to measure
fontanel size as the average of the anterior-posterior and
transverse diameters (Drawn by Marcia W. Van Vleet, MD,
MPH [Adapted from Kiesler])

differences or may be an effect of nutritional status. The
fontanels then close over the course of the next 1%4-2 years
with the posterior closing first (average of 2 months) and
the anterior closing at an average of 13.8 months (reported
as 9—-24 months), with the study from India finding that
50% had closed sometime between the 12 and 15 month
exams (91.3% closed at 2 years).

Ears: Complete examination of the newborn’s ears
includes visual inspection of the position, size, and exter-
nal structures. With an otoscope internally visualize for
the presence of a gray-white tympanic membrane. It will
not be possible (due to small anatomy and likely obstruc-
tion by vernix) to distinguish the internal landmarks, but
visualization is just to confirm the existence of the canal.

Eyes: The placement, position, spacing of the eyes, and
size of the opening of the eyelids should be inspected
visually. Normal palpebral fissure length in the newborn
is over 5 mm. Rarely, the intercanthal distance may appear
wide on the newborn due to a dacryocystocele. Although
it might not be apparent on the first few days of life, the
dacryocystocele classically presents with a bluish nodule
palpable between the nose and inner canthus. Commonly,
inspection of the eyes during the first few days is obscured
by eyelid edema. Ideally, the eyes would be observed
simultaneously for pupil symmetry and the red reflex.
However, this is usually not possible in the newborn. The
red reflex should be observed for any defects as well as
white appearance suggestive of congenital glaucoma or
retinal masses. In darker skinned newborns, the red reflex
might be difficult to appreciate but should be visible in
a dark room and may appear silvery in color. Visualization
of the retinal vessels may be helpful in determining the
presence of a red reflex. The eyes should be inspected for
signs of infection (erythema, swelling, conjunctival injec-
tion, and purulent discharge). Please refer to the section
below on the management of eye discharge.

Nose: The nose should be inspected for general sym-
metry or dislocation of the septum. Patency could be
confirmed with movement of a thin tissue or cotton ball
wisp under each nare while the contralateral nare is
obstructed and newborn is sucking.

Mouth: Tt is important to visualize the newborn’s
mouth including the gums, the frenulum (both lingual
and labial), the soft and hard palates and all the way back
to the uvula. Having the newborn suck on the examiner’s
finger helps in assessing the pattern of tongue movements
(milking front to back) and for how far the newborn
is able to extend the tongue. Minimally, this would be
past the gums, but ideally past the lips for optimal
breastfeeding. Additionally, the hard and soft palate
should be palpated to detect any submucosal clefts which
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@ Figure 11.8

Newborn with two natal teeth found on the discharge
exam. Note also the jaundice visible in the nasolabial folds
when crying (Photograph by Cindy Klipfel, MD)

would not be detected on direct visualization alone.
Absence of the uvula or a bifid uvula would also suggest
a palate cleft. Common findings in the mouth include
Epstein pearls (midline on hard palate), Bohn nodules
(on gingivae), and neonatal teeth
(© Fig. 11.8).

Neck: The neck of the newborn should be inspected
and palpated for tracheal deviation, and any masses (it is
common to feel hyoid bone on newborns). Depending on
their exact location, midline masses may represent
thyromegaly or thyroglossal duct cysts, and those just
anterior to the sternocleidomastoid muscle being brachial
cleft (I, IL, IIT) cysts or nodules.

epulis, ranula,

Thorax

Examination of the thorax starts with auscultation of the
heart and lungs. This can be done underneath the shirt so
as to limit disruption of the calm newborn. Murmurs are
very common in the first 24 h of life (up to 80%) and are
discussed later in the chapter. Palpation of the point of
maximal impulse is also important to help in the diagnosis
of dextrocardia and hyperdynamic states (common dur-
ing transitioning). Inspect the breathing pattern, shape
(barrel, pectus, etc.), and symmetry of the chest. Palpate
clavicles from sternal notch to acromion for continuity,
smoothness, tenderness, and especially symmetry between
to two sides. In the newborn period, the most sensitive
presenting sign of a clavicular fracture is asymmetry and

not the classic step off or crepitus (please refer to the
© Chap. 12, “Birth-Related Injury” for more details).
Both males and females can have gynecomastia and pos-
sibly even milk discharge (a.k.a. “witches milk”) from
exposure to maternal estrogen in utero. Stimulation
from palpation should be limited; however, other masses
and mastitis can rarely occur.

Abdomen

Again examination starts with auscultation, this time for
the presence of bowel sounds. Next, palpate for the size
and texture of the liver, spleen, kidneys, and for the exis-
tence of any other masses. Visually inspect the umbilical
cord for number of vessels, any erythema, swelling, or
discharge. Variants to the umbilical cord include
Wharton’s jelly/umbilical hematoma (which can be fatal
in utero but is of little significance in an otherwise stable
newborn). Examination of the umbilical cord also
includes palpation for abdominal contents and the base
for any defects or bulging through the fascia consistent
with an omphalocele or umbilical hernia.

Extremities

Examination of the lower extremities includes simulta-
neous palpation of the femoral pulses. The absence or
asymmetry of the pulses would require immediate evalua-
tion for coarctation of the aorta. However, in the newborn
period, the pulses may exist even with a coarctation during
the period of cardiovascular transition while the ductus
arteriosus is open. Assess for symmetry of the major folds,
knee height, leg length, and size of feet. Serial examinations
of the newborn’s hips are essential. Specifically, the Barlow
(dislocation/subluxation) and Ortolani (reduction) tests
should be performed to assess for hip stability. Commonly
in the newborn, clicks or ligamentous laxity is felt without
subluxation of the joint. Any actual movement of the hip
greater than 5 mm or joint subluxation should be referred
to orthopedics for placement in a Pavlik harness. Imaging
in the newborn period is not necessary, but ultrasounds at
4-6 weeks of life may help to further assess those at
increased risk (such as breech females and breech males
with a family history) or the inconclusive exam. Orthope-
dics will follow serial hip ultrasounds to assess the progress
of treatment. After about 6 months of age, MRI becomes
the image of choice. Subluxation of other joints should
also be referred to orthopedics for treatment and may be
associated with certain syndromes. Grasp of all four
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O Figure 11.9
Newborn with postaxial polydactyly, on a thin pedicle with
a nail (Photograph by Cindy Klipfel, MD)

extremities is important to assess both for neurological
changes but also for general strength. Digits should be
counted on both hands and feet. Although linked with
many syndromes, syndactyly of the feet and polydactyly of
the fingers, commonly occur in normal families. Thin-
stalked supernumerary digits could be tied off by the
pediatrician. When performed correctly (sufficiently
tight and flush with the adjacent skin), the digit will
drop off in several days, leaving no remnant. Creases of
the hands and feet are important to assess as these may
reflect in utero movements or conditions such as Trisomy
21 (non-pathognomonic single transverse palmar creases
and prominent vertical crease on the foot) and fetal alco-
hol syndrome (hockey stick palmar crease) (@ Fig. 11.9).

Genitourinary (GU) System

External inspection of the female and male genitourinary
system is important. For the female, this would include
the clitoral hood, labia majora/minora, and the hymen.
Frequently a newborn female will have milky white
vaginal discharge, hymenal/vaginal tags, and possibly
even serosanguinous vaginal discharge, all believed to
be due to exposure to the mother’s hormones (estrogen
effects). Examination of male genitalia includes palpa-
tion of the testes. At least one of the testicles should be
palpable in the scrotal sac. The absence of both should be
investigated as soon as possible with ultrasonography.
The penis should be examined for length (normal greater
than 2 cm stretched on the full-term newborn), for
chordee (curvature when erect), for penoscrotal web

(a common form of chordee), for the course of the
raphae, and for the location of the meatus. The raphae
may be tortuous but should end near the 6 o’clock posi-
tion. Raphae that do not should raise the examiner’s
diligence in looking for other GU findings as these rarely
can be associated with hypospadias and torsion of the
glans. The meatus should be midline central on the glans
and no more than 5 mm in length. Longer length is
suggestive of megameatus. Minor variations in the posi-
tion of the meatus is normal; however, any that approach
the edge of the glans or with other GU findings should be
referred for urologic evaluation before circumcision.
Frank hypospadias or epispadias are definite contraindi-
cations for circumcision. Ambiguous genitalia appear as
a spectrum best summarized by Prader staging. However,
the newborn physician should be aware that ambiguity
of the genitalia has large social ramifications for the
families.

Anus

Visual inspection of the anus and its position is important.
Roughly, the anus should be about halfway between the
scrotum or vaginal opening and the coccyx. The normal
position of the anus has been described as the anal position
index (API), or the ratio of the distance from anus to
fourchette/scrotum to the total distance from the coccyx to
fourchette/scrotum. In male newborns, this is a mean of 0.54
(95% CI 0.53-0.55) and in females it might be slightly
anterior to this at about 0.45 (95% CI 0.44-0.46). Ratios
less than the 95% CI warrant further investigation. Internal
exam of the anus/rectum is not routinely necessary. Current
recommendations that newborn screening temperatures be
taken in the axilla (during the birth hospital stay) means that
the physician needs to do careful inspection of the anus as
the nurses may not detect cases of imperforate anus they
would have with rectal temperatures (@ Fig. 11.10).

Back/spine

It is imperative to visually inspect a newborn’s spine from
head to sacrum for dimples, curvature (scoliosis), or
masses. Simple dimples (<5 mm and superficial with
visible base) in the intergluteal fold are very common. In
the case of normal lower extremity tone and neurological
exam, these do not warrant imaging. However, dimples
that occur outside of the gluteal crease (more than 2.5 cm
from the anus), or have any associated skin changes
including tufts of hair, should be evaluated with an ultra-
sound in the first few weeks of life to rule out a tethered
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Anal position index (API) =
(a = scrotum/fourschette to anus distance)/
(b = scrotum/fourschette to coccyx distance)

Females: 0.44-0.46
Males: 0.53-0.55

@ Figure 11.10

Schematic of how to measure the anal position index (API)
(Drawn by Marcia W. Van Vleet, MD, MPH [Adapted from
Davari])

cord. Any open spinal defects or neurological changes
warrant immediate evaluation.

The examination of the newborn needs to include a careful
assessment of the general state, tone, posture, and reflexes.
All newborns should have certain innate reflexes indepen-
dent of gestational age. These reflexes include suck, moro,
root, grasp of hands and feet, stepping, gallant, fencing, and
deep tendon reflexes. At rest, the late preterm infant will
have some flexion of their extremities, while full-term
infants are more relaxed and extended when calm. Tone
should be examined when the newborn is at rest, upright,
and prone over the examiner’s palm. The newborn when
prone should not be either “stiff as a board, nor as floppy as
a scarf” Preterm and even those late preterm infants will
have subtle differences in their tone and magnitude of
reaction to stimuli. But again, hypotonia and the absence
of reactions to stimuli are abnormal at any gestational age.
Newborns should show good state variability, by being able
to go from sleep, to awake with cry, and back to calm during
the exam. Poor state variability and “shutting down” are
signs that the newborn is stressed. These stressed infants, as
well as any found not to have intact reflexes, require imme-
diate full evaluation including laboratory assessment
looking for the existence of sepsis/meningitis and imaging
of the central nervous system.

Newborn Screening

Primary screening in the newborn is very important to
detect disease before irreversible damage or mortality.

Some of these recommended screens are disease- or con-
dition-specific (e.g., glucose screening for those SGA,
LGA, or infants of diabetic mothers), and others are uni-
versal (e.g., hearing screening and metabolic newborn
screening panels).

Glucose: It is recommended that newborns with risk
factors for hypoglycemia such as those SGA, LGA, infants
of diabetic mothers (IDM), IUGR, premature, evidence of
perinatal stress or failure to adapt, and any with symptoms
of hypoglycemia undergo routine glucose screening.
Symptoms associated with hypoglycemia in the newborn
include change in mental status (irritability, lethargy, stu-
por), poor feeding especially after feeding well, jitteriness
or tremors, hypothermia, cyanotic spells or apnea, hypo-
tonia, seizures, or coma. Screening can be done quickly
and easily at the bedside with an appropriate whole blood
point of care testing device. Not all such devices correlate
well at lower glucose levels (some even at or below
55 mg/dL). Levels determined to require intervention
should be confirmed by serum glucose analysis before
but without delaying the first intervention. Variation in
nursery protocols for the frequency of testing and the
interpretation of results exist, as the evidence is not uni-
versally clear on the definition of hypoglycemia in the
newborn. As summarized by Cornblath, the classic diag-
nosis of hypoglycemia in a newborn needs to meet
Whipple’s triad of (1) presence of characteristic clinical
manifestations, (2) coincident with low plasma glucose
level, and (3) resolution of the clinical symptoms once
normoglycemia is established. However, it is probably that
otherwise well, asymptomatic full-term newborns may
tolerate glucose levels much lower than adults, question-
ably lower than preterm newborns, and perhaps below
those previously suggested without adverse outcomes.
What can be universally accepted is that newborns:
(1) with hypoglycemia may present with a wide variety
of nondescript symptoms or may be totally asymptom-
atic, (2) that any newborn with symptoms consistent
with hypoglycemia should be treated more aggressively
than those without, (3) that really low levels (less than
<20-25 mg/dL (1.1-1.4 mmol/L)) require immediate
correction with IV dextrose (please refer to Chap. for
the IV management of hypoglycemia), (4) that
prolonged hypoglycemia is probably worse than isolated
events, and lastly (5) once hypoglycemia requiring inter-
vention (cutoff is debatable but Cornblath suggests
<36 mg/dL (2.0 mmol/L)) is documented, it is impor-
tant to intervene, test to make sure that your intervention
has worked (>45 mg/dL or 2.5 mmol/L), and then repeat
testing prior to subsequent feedings (every 2-3 h) to
make sure the newborn does not become hypoglycemic
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again. Most newborns when feeding well will stabilize
their glucose levels by 18-24 h of age, so primary screen-
ing in asymptomatic newborns after this time period
is not necessary. Newborns that develop or continue
with hypoglycemia warrant investigation for causes
including sepsis and metabolic conditions including
hyperinsulinemia.

Hearing: Universal hearing screening is recommended
during the birth hospital stay as permanent hearing loss
has been reported in up to 2.2 per 1,000 live births.
Additional screenings to detect delayed onset hearing
loss or deficits are based on risk factors (such as hyperbilir-
ubinemia, exposure to ototoxic medications, cranial facial
anomalies and associated syndromes, in utero infections

@ Table 11.3
Risk factors or markers associated with hearing deficits

like CMYV, and family history) (see © Table 11.3). Gener-
ally hearing screening in the newborn nursery in absence
of the aforementioned risk factors can occur with
otoacoustic emission testing (OAE). Those with risk fac-
tors, or failure of the OAE should undergo screening with
the auditory brain stem response (ABR) testing. Early uni-
versal hearing screening has been demonstrated to be effec-
tive in detecting disease, in providing amplification when
necessary at an earlier age, and in preventing long-term
speech and developmental delays (including better perfor-
mance on measures of social development, gross motor
skills, quality oflife, and overall scores). The Joint Commit-
tee on Infant Hearing in the USA has set forth the following
goals for hearing screening programs: (1) that all infants

In utero infections:
o CMV (5-61%)

® Rubella (50-76%)
e Syphilis

o HSV

e Toxoplasmosis

Birth weight:
e <1,500 g (2-10%)
e <800 g (20%)

Prolonged NICU stay >5 days
Seizures or apnea spells

Maternal exposure to aminoglycosides

Low APGAR scores:

Respiratory markers:

e 1 min: 0-5

® Mechanical ventilation

® Branchio-Oto-Renal

e Cornelia de Lange

e Jervell/Lange-Nielsen

® Pierre Robin

® Treacher—Collins

® Trisomy 21

® Usher

e Waardenburg (white forelock)

® 5 min: 0-6 e ECMO
® Persistent pulmonary hypertension
Family history of hearing loss during childhood | Syndromes: Hyperbilirubinemia
e Alport ® Requiring exchange

® >22 mg/dL in BW >2,000 g
® >17 mg/dL in BW <2,000 g

Cranial facial abnormalities
o Cleft lip/palate

Bacterial infections:
e Meningitis (up to 30%)
® Sepsis

Neurodegenerative disorders
o Charcot-Marie-Tooth

® Friedreich ataxia

e Hunter syndrome

o Neurofibromatosis type |

Exposure to ototoxic medications:

® Gentamicin (>2 days)
e Tobramycin

® Furosemide (Lasix)

e Chemotherapy

Birth-related or postnatal injury
e Facial nerve
e Head
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should be screened by 1 month of age, (2) infants who do
not pass should undergo additional hearing testing by 3
months of age, and (3) that infants diagnosed with hearing
loss or deafness should start early intervention as soon as
possible but no later than 6 months of age.

Hyperbilirubinemia: The most recent recommendations
from the AAP in 2004 include the development of systematic
screening processes that include universal risk assessments,
parental education, early bilirubin level determinations that
can be initiated by nursing staff based on clinical appearance,
encourage and support of breastfeeding, and close follow-up
for reassessment in the 48—72 h after hospital discharge based
on the preceding determinations. Many, including the Cana-
dian Pediatric Society and other opinion statements from
experts, have recommended that each newborn have
a determination of their bilirubin level prior to discharge
from the birth hospital. Multiple studies have investigated
universal screening with either a serum or transcutaneous
bilirubin level in conjunction with hour-specific levels or
nomograms and have found them to be effective in
preventing excessive levels of hyperbilirubinemia. However,
it is difficult to document the effectiveness of these universal
screening methods in reducing the rate of kernicterus,
because of its low incidence. Transcutaneous levels (TcB)
should be confirmed with a serum level (TSB). Maisels et al.
suggest obtaining a TSB level when the TcB is 70% of the
TSB level for phototherapy, is greater than the Bhutani
nomogram’s 75th percentile (discussed below), >95% on
a TcB specific nomogram, or when the TcB is >13 mg/dL
after discharge.

In order to interpret the serum result obtained, we
need to know if the newborn has any risk factors
for hyperbilirubinemia. The effectiveness of all screening
programs depends on close clinical follow-up and aware-
ness that up to 10% of newborns do not follow the course
predicted by these nomograms (primarily the late preterm
infants and those with hemolysis of any cause). One of the
most important of these factors is gestational age (preterm
at largest risk, but those less than 38 weeks are also at
increased risk), because the preterm infant is more likely
to have both delayed hepatic clearance as well as inade-
quate intake. Other risk factors to consider in interpreting
a bilirubin level are conditions that would cause increased
hemolysis. Note, however, that all causes of hemolysis in
a newborn do not cause the DAT to be positive (in 8%),
and that some with a positive DAT may not have clinically
significant hemolysis. Also it is important to determine
how well the newborn is feeding, as poor breastfeeding
(and hence decreased stooling) will increase the newborn’s
risk of hyperbilirubinemia. Additional risk factors are
found in © Table 11.4.

@ Table 11.4
Risk factors for the development of severe
hyperbilirubinemia

® Predischarge TcB or TSB in
high-risk zone®

® Predischarge TcB or TSB in
intermediate risk zone

® Gestational age 34-35
weeks?

e Gestational age 36-37
weeks

o DAT+ or other known
hemolysis®

e Jaundiced before 24 h

e Jaundiced before
discharge

® Exclusive breastfeeding
(especially if not well or
with excessive [8-10%]
weight loss)

o Sibling received
phototherapy

o Sibling with jaundice

e Cephalohematoma or
excessive bruising

o Macrosomic IDM

e Maternal age >25 years

old
o Male gender®

e East Asian race

Adapted from the AAP 2004 Guideline

*More recent studies have consistently shown predischarge TcB or TSB
and GA are most significant predictors. In general these studies have
not included patients with known hemolysis

PUnsure clinical significance, and not included in more recent studies

Once these risk factors or the lack thereof have been
determined, it is best to interpret the level based on an
hour-specific nomogram. Lease and Whalen have a very
thorough assessment of the current limitations and need
for further studies in the interpretation of both TCB
and TSB levels. The nomogram supported by the AAP’s
2004 policy was developed by Vinod Bhutani in 1999.
The clinician utilizing the Bhutani nomogram should
be aware of its limitations: (1) it was developed with
a discrete population of newborns (2,840 newborns at
an urban hospital in the USA, none with a positive DAT,
and none requiring phototherapy before 60 h or NICU
level care), (2) most of the newborns did not have
a bilirubin obtained before 18 h or after 132 h. The
latest 2004 policy statement of the AAP on hyperbilir-
ubinemia for newborns >35 weeks, extrapolated from
this nomogram to make suggestions on when to start
phototherapy and when to consider an exchange trans-
fusion. These are very helpful tools in making decisions,
but each case needs to be evaluated individually. The use
of electronic versions of these tools has been shown to
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help in the management, including a free Web-based
program (www.Bilitool.org).

Patients who do not clearly fall in the group requiring
phototherapy or in the low-risk group need a repeat level
to establish a trend or ensure that dangerous level is not
reached. The timing of this repeat level is again dependent
on the risk factors, including gestational age and feeding,
social situations, the family’s ability to assess and act upon
the potential signs and symptoms of worsening hyperbilir-
ubinemia, and the risk category of the initial level with
most requiring repeated testing within 1-3 days. If multi-
ple levels have been obtained, then the rate of rise can be
used in addition to all of the other clinical indicators,
keeping in mind the levels of some infants will not track
as predicted.

The specific management of hyperbilirubinemia will
be discussed in @ Chap. “Neonatal Hyperbilirubinemia”.

Metabolic/newborn screening: The goal of newborn
screening programs is to utilize reliable testing methods
to detect disease prior to the onset of symptoms, when the
early detection and treatment has proven to be effective in
preventing the complications of the disease. Traditionally
these screening programs began as the Guthrie blood
spot for phenylketonuria (PKU) testing in newborns.
Subsequently, other disorders were added, including con-
genital hypothyroidism, hemoglobinopathies (sickle cell),
biotinidase deficiency, congenital adrenal hyperplasia
(21 hydroxylase deficiency), maple syrup urine disease,
and classic galactosemia. In May 2006, an expert panel of
the American College of Medical Genetics (ACMG)
published an executive summary of their process for
developing their recommended core panel of 29 differ-
ent disorders and 25 secondary targets for universal
newborn screening. The main criteria used in their rec-
ommendations were divided into three main categories:
(1) clinical characteristics including incidence, burden
of disease, and presentation in the newborn, (2) analytic
characteristics of the screening test, and (3) the diag-
nosis, treatment, and management of the disease in-
cluding the availability of health professionals with
experience with the disease. Their panel is summarized
in © Table 11.5. Since these 2006 recommendations,
others have put forward the addition of severe combined
immunodeficiency (SCID) to the universal newborn
screening panel.

Maternal/Caretaker Aspects of Care

Much of what occurs after birth during the hospital stay is
teaching or anticipatory guidance for the mother and

family members who will be primary caregivers. The care
and education is meant to optimize the health of the
newborn and well-being of the expanding family during
this time of transition. The following sections are key
teaching points for the general care of newborns in the
hospital stay and anticipatory guidance for the first few
days at home. Teaching in the birth hospital stay occurs
through many different methods, one of these is in model-
ing the care the staff/nurses provide to the newborn.

One of the earliest and most important interventions in the
first few hours of life is to provide skin-to-skin (STS)
contact between mother and newborn. As the newborn is
most alert for the first 2 h of life, STS can occur as quickly
after birth (once stabilized if resuscitation is necessary) and
for as long as possible. When initiated within %2 h of life and
maintained for at least 1 h, STS has been demonstrated
to improve the newborn’s regulation of temperature and
glucose, as well as neurobehavioral benefits (less crying,
more flexed movements). The STS benefits for mothers
include increased demonstration of affection, more paren-
tal confidence, less breast engorgement pain, and less
anxiety. Breastfeeding dyads with STS achieve effective
breastfeeding twice as fast as controls, increased rates of
breastfeeding at time of discharge, and longer duration
of breastfeeding. Additional benefits for the dyad were
found in Russia with the implementation of the World
Health Organization’s (WHQO) Ten Steps to Successful
Breastfeeding. Here, they showed that the benefits went
beyond breastfeeding and found a reduced rate of infant
abandonment. Step 7 of Ten Steps is to practice “rooming-
in,” where mother and infant are allowed to remain
together 24 h a day. Studies have demonstrated that
rooming-in increases milk volumes by day 4 and in some
studies increased breastfeeding duration by 4 months. This
early contact is theorized to better introduce the dyad to
each other’s cues and encourage on-demand feeding.

Mothers should be encouraged to feed their newborns on
demand. Ideally, this would mean feeding with those first
early cues of hunger which include rooting, sucking on
hands or lips, starting to wake and stir, before the newborn
escalates to crying. It is not always possible to do this, but
feedings are more successful when the infant is in a calm
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@ Table 11.5
ACMG newborn screening panel

Isovaleric academia (IVA)
Glutaric academia type 1 (GA 1)

Organic acid
metabolism

(HMG)

Methylmalonic academia (MUT)
3-Methylcrotonyl-CoA carboxylase
(3MCQ)

Methylmalonic academia (Cbl A,B)
Propionic academia (PROP)
Beta-Ketothiolase deficiency (BKT)

3-Hydroxy-3-methyglutaric aciduria

Multiple carboxylase deficiency (MCD)

Methylmalonic academia (Cbl C,D)
Malonic academia (MAL)
Isobutyryl-CoA dehydrogenase (IBG)
2-Methyl-3-hydroxybutyric (2M3HBA)
2-Methylbutyryl-CoA (2MBG)
3-Methylglutaconic aciduria (3MGA)

Medium-chain acyl-CoA (MCAD)
Very long-chain acyl-CoA (VLCAD)

Fatty acid metabolism

Carnitine uptake deficiency (CUD)

Long-chain L3 hydroxyacyl- (LCHAD)
Trifunctional protein deficiency (TFP)

Short-chain acyl-CoA (SCAD)

Glutaric academia type Il (GA2)

Medium/short-chain I-3hydroxyacyl-CoA (M/SCHAD)
Medium-chain ketoacyl-CoA thiolase deficiency
(MCKAT)

Carnitine palmitoyltransferase Il (CPTII)
Carnitine/acylcarnitine translocase deficiency (CACT)
Carnitine palmitoyltransferase | deficiency (liver) (CPT IA)
Dienoyl-CoA reductase deficiency (DE RED)

Amino acid metabolism | Phenylketonuria (PKU)

Maple syrup urine disease (MSUD)
Homocystinuria (HCY)
Citrullinemia (CIT)
Argininosuccinic acidemia (ASA)

Tyrosinemia type | (TYR 1)

Benign hyperphenylalaninemia (H-PHE)

Tyrosinemia type Il (TYR II)

Defects of biopterin cofactor biosynthesis (BIOPT-BS)
Argininemia (ARG)

Tyrosinemia type Ill (TYR IlI)

Defects of biopterin cofactor regeneration (BIOPT-REG)
Hypermethioninemia (MET)

Citrullinemia type Il (CIT II)

Hemoglobin-opathies Sickle cell (Hb SS)

Hemoglobin S/C (Hb S/C)

Hemoglobin S Beta Thal (Hb S/Beta Th)

Variant including Hgb E (Var Hb)

Other Congenital hypothyroidism (CH)

Biotinidase (BIOT)

Galactosemia (GALT)
Hearing screening (HEAR)
Cystic fibrosis (CF)

Congenital adrenal hyperplasia (CAH)

Galactokinase deficiency (GALK)
Galactose epimerase deficiency (GALE)

Source: Adapted from Watson (2006) and the ACMG

alert state. It is very common for newborns to sleep for long
periods of time in the first day and can continue to do so
for a few weeks. During this time, there may be times when
the mother needs to wake the newborn to feed. A healthy
satisfied newborn will wake easily (or with the gentle to
direct encouragement such as undressing or a diaper
change), and then they will feed actively, only to quickly
fall back to sleep when the feeding is complete. In general,
the goal for breastfeeding would be 8-12 feedings a day,

which averages out to be a rough goal of every 2-3 h. For
newborns taking formula, which is not as easily digested,
the feedings might be spread out longer to every 3—4 h, but
then the diaper changes might not be as pleasant. The
newborn’s stomach is smaller than their fist (which is an
estimated volume of 5-7 mL), it expands to a little less than
an ounce by day 3 and to 2-3 oz by 10 days of life. Ameda
has a Belly Balls Lactation Education Tool, which visually
demonstrates this for mothers (volumes correspond to
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marble, ping-pong ball, and extra large chicken egg).
Another helpful way to help parents gauge volumes
(which is more applicable for bottle feeding) is to expect
up to %2 oz per feeding on day 1, and then increase feeding
volume by % oz each day until they reach 2-3 oz each
feeding by day 3—4, which many continue for the first
couple of weeks.

The adequacy of feeding can be determined by the ade-
quacy of elimination (specifically stooling) and with
daily weights. The number of wet diapers (urination)
does not correlate as well with hydration or the adequacy
of elimination as newborns do not concentrate their
urine well. Diapers can also be weighed to strictly quan-
tify elimination; however, this is not necessary with the
otherwise well newborn. A rough rule of thumb to help
evaluate the adequacy of urination would be for one wet
diaper each day for every day old (e.g., one on day 1, two
on day 2, three on day 3, etc. until they get to seven to
eight wet diapers by a week of age). Less than that would
be suggestive of dehydration, which in the newborn is
usually due to inadequate intake. Most full-term new-
borns will pass meconium in the first 24 h (late preterm
by 36 h). Those who have not should have their feeding
reviewed and have careful examination of their abdomen
and anus. Findings consistent with obstruction such as
abdominal distention or feeding intolerance should be
urgently evaluated with the concurrent initiation of
intravenous fluids while the newborn is being evaluated
and remains NPO. Those without evidence of obstruc-
tion can be examined and gently stimulated with a
small gloved digit (inserted no more than 2 cm). If
there is still no passage of meconium, then the newborn
should be evaluated with an AP abdominal radiograph to
evaluate for the possibility of meconium plug, meconium
ileus (associated with cystic fibrosis), Hirschsprung’s
disease, or other lower abdominal obstruction (imperfo-
rate anus).

Normal stooling pattern is at least one good size stool
a day (size of a quarter), with stool transitioning from
meconium by day of life 3—4. Ideally, the newborn who is
breastfeeding well will have at least three, and up to eight
to ten stools a day (the gastrocolic reflex can produce
stool with every feeding). Breastfeeding newborns should
have this frequent stooling, but may at about 1 month of
age develop their own stooling pattern which can even be
less than once a day. Until that time, breastfeeding new-
borns should be evaluated for dehydration in the

presence of decreased stooling. Newborns will make
funny faces while stooling (including bearing down and
getting red), which is normal as long as the stools are soft
and not hard little pellets. The breastfeeding newborn’s
stool will transition from meconium to yellow seedy. The
formula feeding newborn’s stool may transition from
meconium earlier (perhaps day 1-3) but the resulting
texture and color is not as predictable. Weighing new-
borns daily in the birth hospital setting is an additional
tool to evaluate the adequacy of feedings. The average
breastfeeding newborn will lose about 2-3% of their birth
weight each day with an expected total average loss of 6—
8%. Those who lose more than 3% in a day, or who are
between 8% and 9% below birth weight should have their
latch and feeding history reviewed. This is a good time to
make any necessary interventions, including getting lac-
tation services involved to help with the development of
a feeding plan. This could also include more frequent
weights to help assess whether the feeding plan/interven-
tions are helping. Ten percent or more weight loss would
currently be considered excessive weight loss in the USA,
and one would want to make sure the mother is
supplementing, ideally with expressed breastmilk
(EBM), and depending on the clinical scenario, possibly
formula if EBM is not available. Newborns with more
than 10% weight loss should have their hydration status
evaluated with a clinical exam. And those clearly above
10% weight loss and not improving (especially with other
findings like those readmitted with hyperbilirubinemia)
should have their electrolytes (especially sodium) evalu-
ated for hypernatremic dehydration. Prior to discharge
from the birth hospital, it would be best to prove that this
plan can stabilize the weight loss, if not demonstrating
minimal weight gain. These dyads will need careful fol-
low-up to make sure the feeding and weight is improving.
The late preterm infant (LPTI) is even more susceptible
to these feeding challenges.

Topical care of the umbilical cord has many cultural or
traditional variations. Some of these may have some
benefit (perhaps olive oil) and others (coal, spices, cow
dung, ash, machine oil, turmeric, mustard oil, and dried
banana) may be harmful. It is theorized that the earlier
the cord stump separation the better to reduce the risk of
introducing microorganisms as the necrotic tissue of the
stump is an excellent medium for bacterial growth. In
addition to best cord care practices in preventing
omphalitis, it is important to provide Tetanus toxoid
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immunization to pregnant women, clean birthing sur-
faces, clean cord tying and cutting devices, thermal reg-
ulation (with skin-to-skin contact and a hat), and employ
hand washing during the delivery and newborn care.
Hand washing by the birth assistant and before cord
care has been shown to be the most effective in preventing
omphalitis in developing countries. Many have suggested
that in otherwise clean conditions with good hand wash-
ing, that serial inspections or “dry” cord care is viable
option. Recent literature reviews have not found
a difference between topical agents (triple dye, alcohol,
chlorhexidine, etc.), and most have favored dry cord care
in developed countries.

The WHO has developed and is now distributing
clean delivery kits (CDKs). Their program also promotes
keeping the cord clean and dry. However, the feasibility
and effectiveness of using topical antimicrobials in devel-
oping countries with perhaps less clean conditions or
where traditional cord care methods might be harmful
is currently being investigated. There is preliminary evi-
dence from the Projahnmo Study in Nepal that cord
cleansing with 4.0% chlorhexidine in the first 24 h of
life could reduce neonatal infection by 87% and mortality
by 34%. More data are needed to promote this as
a worldwide initiative, but the preliminary results are
encouraging.

Newborns can spend up to 20 h a day sleeping in the first
few days of life and continue to need lots of sleep each day
for the first few months. Therefore, sleep positioning and
the sleep environment are very important to the new-
born’s health. Public health interventions with the “Back
to sleep” program have demonstrated a dramatic decline
in the rate of sudden infant death syndrome (SIDS) in the
USA. However, the uptake of this message has been var-
iable in different ethnic and cultural groups with a variety
of barriers identified. Additionally, worldwide there
are a variety of cultural practices related to newborn
sleep environment. Many cultures practice bed sharing
between the newborn and mother without evidence of
effect on infant mortality or rates of SIDS. However, these
may be confounded by the fact that these mothers may be
breastfeeding more with its likely protective effects
against SIDS. In the USA, there is strong epidemiologic
evidence that bed sharing with adults raises the risk of
SIDS. This is especially so when co-sleeping in waterbeds
or soft surfaces like couches or chairs, as well as when the
co-sleeping adult has ingested substances that alter

alertness (like alcohol, as well as prescribed, over the
counter or illicit drugs). Expansion of the safe sleep
educational program includes parental education about
the risks of co-sleeping, smoking cessation, and modeling
of the safe sleep environment of the child. It has been
demonstrated that when nursery staff practice placing
newborns supine in a safe sleep environment, there is
better adoption of these recommendations. The safe
sleep environment for a newborn should be located as
close to the mother as possible to promote breastfeeding
while being separate from the adult bed. The safe sleep
environment should be free of loose bedding, fabric near
the head, stuffed animals or pillows, bumpers, and flufty
blankets or comforters.

Shaken baby syndrome (SBS) is a devastating condition of
brain injury due to violent shaking of a newborn or young
child. Symptoms of SBS include apparent life-threatening
events (ALTEs), retinal hemorrhage, subdural hemor-
rhage, permanent brain injury, and a mortality rate of
close to 40%. Identified risk factors include male infant,
firstborn, twin or other multiple, prematurity, low birth
weight, difficult temperament/difficult to console, in
utero exposure to substances causing withdrawal, drug
or alcohol use, history of domestic violence, young
unmarried mother with less than a high school education,
and living with nonrelated adult. Some hospital-based
programs are showing promising results with educa-
tional interventions that discuss the dangers of SBS,
give information about child development, and provide
suggestions toward nonviolent behavior management.
These management plans need to help the parent or
care provider recognize their own limitations, acknowl-
edge their stress, and develop a plan in advance of when
these situations arise.

Discharge and Post Hospital Follow-Up

The pediatric care provider should make sure that the
mother and family have a good understanding of the
care of their newborn. This would include discussion of
both issues of safety and general care of their newborn.
Ideally, this is done over more than one visit in the birth
hospital, as research has demonstrated that postpartum
mothers do not retain as much information as other
patients. It is important to tailor these instructions to
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match the infant’s clinical scenario and to meet the par-
ents’ educational needs. At a minimum, the following
safety issue should be covered in each discussion: how and
when to contact the pediatric care provider after discharge,
the signs and symptoms of jaundice, omphalitis, respiratory
distress, sepsis, and how to take a temperature. Additional
care topics that should also be reviewed include feeding,
elimination, cord care, safe sleep positioning, and if
applicable car seats and circumcision care. © Table 11.6
contains a sample list of topics discussed as discharge
anticipatory guidance.

The AAP recommends that every newborn gets seen
by a trained professional 2—3 days after discharge from the
birth hospital to minimize the risk of excessive bilirubin
levels and to encourage optimal breastfeeding. This can be
done either by a physician or by a physician extender/
nurse specialist experienced in newborn care. This and

@ Table 11.6
Sample topics for discharge anticipatory guidance

Safety issues:

e How to call pediatrician and first appointment in 2-3 days
(time/date)

e How to take rectal temperature, availability of
thermometer, temperatures to notify PMD [if <97.5°F
(36.4°C) or >100.4°F (38.0°C) rectally]

e How to evaluate for jaundice, to call PMD if approaches
umbilicus or symptoms of hyperbilirubinemia develop

o Safe sleep environment

® Back to sleep, safe bedding, SIDS prevention

o Car seat (backward for at least the first 2 years and
minimum 20 Ibs, backseat in middle), where to get
checked

e Smoke detectors (check each month)

e Temperature of hot water heater (<120°F)

o Injury prevention/SBS (shaken baby syndrome)

Care issues:

e Care for umbilicus, signs of infection, and when it should
fall off

® Bathing

e Feeding: breast, bottle

e Urination and defecation (expected numbers and
consistency)

® Dressing

e Sibling rivalry/adjustment

Parent concerns:

e As directed by discussion, give ample time and encourage
the parents to ask questions

subsequent scheduled follow-up is likely more important
in preventing hyperbilirubinemia and its consequences
than many other interventions. This visit establishes
the medical home as an outpatient and allows the physi-
cian to assess the newborn when it is at the most
risk for hyperbilirubinemia. For those newborns with
additional concerns such as risk factors for hyperbilir-
ubinemia, difficulty breastfeeding, excessive weight loss,
those discharged prior to 48 h of life, the LPTI, or with
concerns about either the social situation or about mater-
nal adjustment should be seen in 2448 h after discharge.
While there are many things to assess about the physical
health of the newborn at this visit, it is also great time to
reinforce the strengths of the dyad as the first few nights at
home may leave parents with more questions than
answers.

Management of Common Newborn
Problems

There are many problems that occur in otherwise well new-
borns. A few that occur very commonly are discussed below.

Erythema, swelling, discharge, and conjunctival injection
is consistent with conjunctivitis. In the newborn, this
can be due to chemical conjunctivitis or infection. Factors
to consider when evaluating neonatal conjunctivitis
include organisms in the maternal birth canal, identifica-
tion and treatment of maternal infections during preg-
nancy, adequacy of ocular prophylaxis, and potential
trauma to the eye. Chemical conjunctivitis occurs soon
after birth, lasts between 24 and 36 h, and is a reaction to
the administration of ocular prophylaxis. There may be
a linear erythema of the eyelids continuing onto the face or
temples due to irritation of the surrounding skin. Inci-
dence of chemical conjunctivitis is slightly higher with
silver nitrate than erythromycin ointments. The presence
of purulent discharge suggests an infectious etiology
with Chlamydia trachomatis, the most common cause,
followed by Neisseria gonorrhoeae, and then other bacte-
rial and viral causes. Distinguishing between chlamydial
and neisserial causes can usually be made based on timing
and clinical appearance. Gonococcal conjunctivitis occurs
earlier usually beginning within 24-48 h of life and
is marked by profuse purulent discharge and eyelid
edema. Chlamydial conjunctivitis appears later, most
between 5 and 7 days (but can present up to 21 days)
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with discharge that is initially watery progressing to
mucopurulent. Although chlamydial conjunctivitis may
be self-limited, it is important to test for nasopharyngeal
colonization as treatment is necessary to prevent the
development of pneumonitis. Diagnosis of bacterial con-
junctivitis should include bacterial cultures and direct
immunofluorescent antibody testing versus chlamydia.
Treatment of chlamydial conjunctivitis requires oral anti-
biotics. Use of oral erythromycin has been associated with
infantile hypertrophic pyloric stenosis but is still
recommended by the AAP for treatment of chlamydial
conjunctivitis after appropriate risk counseling with the
parents. Treatment of gonococcal conjunctivitis requires
systemic antibiotics, and with full evaluation for systemic
disease in an intensive care unit. Additionally treatment of
disseminated gonococcal disease requires treatment for 7
days and one should consider Cefotaxime instead of Cef-
triaxone in newborns with significant hyperbilirubinemia
(© Fig. 11.11).

Viruses specifically herpes simplex virus (most
commonly Type 2 but also Type 1) can cause neonatal
conjunctivitis with serous to serosanguineous discharge.
These may or may not appear with characteristic vesicles
surrounding the eye. Prompt evaluation for CNS and
disseminated HSV disease is prerequisite for determining
length of treatment. Lastly commonly occurring clear
watery to slightly yellowish discharge or tearing without
conjunctival injection is consistent with dacryostenosis or
lacrimal duct stenosis. Treatment includes warm compress
or massage from outer to inner canthal folds to “milk the
duct.” Occasionally, these can become secondarily infected
and would need topical antibiotics. A summary of the
presentation and treatment of the major causes of neona-
tal conjunctivitis appears in @ Table 11.7.

@ Figure 11.11

Jitteriness

The newborn that is jittery or has an exaggerated Moro reflex
should be evaluated for hypoglycemia or, less commonly,
electrolyte abnormalities. With normal serum levels, the
examiner should obtain a detailed obstetrical history to
include risk factors for infection and potential exposures to
medications (including SSRI’s, opiates, etc.), illicit drugs,
tobacco, and caffeine. The newborn should have a careful
exam for signs and symptoms of infection and a complete
neurological exam. Newborns with specific risk factors for
infection (i.e., GBS positive mother, history of HSV or con-
current infection, maternal fever, prolonged rupture of
membranes, chorioamnionitis, etc.) should be evaluated
for infection and those with clinical manifestations of infec-
tion should be started on systemic antibiotic therapy. In the
absence of risk factors or clinical manifestations, serial exam-
inations should occur. Those with increasing jitteriness,
additional neurological findings, or change in mental status
including poor feeding should be evaluated for both CNS
infection as well as neuroimaging to evaluate for a potential
bleed or lesion. Once the other more worrisome etiologies
have been eliminated as causes, and based on exposure
history, one can start to think of neonatal withdrawal as
the possible cause. In the case of opiates, this is described
as neonatal abstinence syndrome (NAS) but has also been
associated with other more commonly occurring substances
such as SSRI, tobacco, and caffeine (see © Chap. 34,
“Miscellaneous Disorders” for a more detailed descrip-
tion). Lastly, there is a small subset of newborns who are
neurobehaviorally more immature, but otherwise normal.
These newborns and their families benefit from a complete
evaluation with an occupational therapist performing a
Neonatal Network Neurobehavioral Score (NNNS), with

Newborn with conjunctivitis cause by Neisseria gonorrhoeae. (b) is a close up of the same patient in (a). In (b), note the
collection of purulent eye discharge in the inner canthal region right after wiping the eye (Photograph from the patient files

of James F. Padbury, MD)
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@ Table 11.7
Summary of characteristics of common causes of neonatal conjunctivitis
Chemical Silver nitrate, or Birth to 1 day | Watery Self-limited, warm compress
erythromycin
prophylaxis
Bacterial Chlamydia trachomatis |4-10 days (up | Watery then Erythromycin PO (50 mg/kg/day in four divided
to 21 days) mucopurulent doses per day for 14 days)
Neisseria gonorrhoeae 1-4 days (up to | Purulent and Ceftriaxone IV or IM (25-50 mg/kg not to
21 days) profuse, “hyper | exceed 125 mg, once) and saline eye irrigation
purulent” until resolution of discharge
Gram positive including | 4-7 days (may | Mucopurulent Erythromycin 0.5% ointment topically to eyes
S. aureus, Streptococcal | be 2-21 days) | (moderate) four times a day for 3-7 days
species, etc.
Gram negative 5-10 days (may | Mucopurulent Trimethoprim-polymyxin B or Gentamicin eye
including Haemophilus | be 2-21 days) drops
species, E. coli, etc.
Viral Herpes Simplex Virus 6-14 days (may | Serous to Acyclovir IV, (60 mg/kg in 3 divided doses per
(Type 2 more common | be upto 6 serosanguineous | day for 14 days) and 1% trifluridine or 3%
then Type 1) weeks of age) vidarabine topically to eyes

demonstration of modifications to care that would benefit
their newborn. These newborn warrant close follow-up and
prompt referral to early intervention services with any
ongoing concerns.

Murmurs are very common in newborns, and most will
resolve spontaneously. Roughly 80% of infants will have
a transient murmur related to closing PDA in the first 24 h
of age. The risk for pathologic murmurs/congenital heart
disease (CHD) is higher in newborns with other anoma-
lies, newborns with first-degree relatives with CHD, cer-
tain in utero exposures, and in infants of diabetic mothers
(IDMs). Up to 30% of IDM newborns will have some
form of CHD. Once a murmur is detected, subsequent
action depends on its nature and a determination of
whether it is a cause for concern. “Transitional murmurs”
are common, have no clear structural basis and resolve
spontaneously. Grade I-II, ejection (crescendo—decre-
scendo) murmurs, musical or vibratory in quality that
are best heard on the left sternal border in an otherwise
well newborn with normal femoral pulses, color, and
capillary refill (<3 s) are usually benign. More worrisome
murmurs are those associated with clinical signs or other
anomalies, are harsh or blowing, holosystolic, obscure S1

or are diastolic, and grade III or higher. Transitional mur-
murs may start off being loud at a Grade III but then
will generally decrease in intensity, sometimes even
disappearing over the first 24 h. In contrast, pathological
murmurs remain loud, intensify, or may develop later. In
the first few days of life, murmurs may be very dynamic,
due to changes in pulmonary vascular resistance.

For any worrisome murmur, or one that persists
beyond 24-48 h, additional information should be
obtained. The first step (when available) is to obtain
a pre- and postductal pulse oximetry. The postductal
SPO; in a full-term newborn after 4-6 h of age should be
>95% on room air. Some authorities are proposing that
a postductal saturation should become the fifth vital sign,
or part of universal newborn screening. In general, the
pulse oximetry has a good positive predictive value, and
will detect about 98% of major congenital heart defects in
the newborn period. However, the negative predictive
value is not as good, because not all significant heart
defects present with right to left shunting. The second
step in evaluating the newborn’s heart murmur is to
obtain upper and lower extremity blood pressures. Pres-
ence of good femoral pulses does not rule out coarctation
or interrupted arch, because flow across an open PDA may
provide adequate systemic blood flow initially. The sys-
tolic pressures of the lower extremity should be higher
than in the upper extremities (think higher pressure
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downstream unless there is a dam blocking flow). Systolic
pressure in the upper extremity that are >9-12 mmHg
higher than the lower is worrisome. Blood pressure is
highly state-related in the newborn, so abnormal blood
pressures should generally be repeated and proper cuff
sizes confirmed. If the screening SPO, and blood pressures
are not reassuring, the newborn should be referred for
cardiology evaluation and an echocardiogram. If the
screening SPO, and blood pressures are reassuring, the
newborn with a non-worrisome murmur and an other-
wise normal exam can be followed with serial exams. In
areas without access to cardiology or echocardiograms,
additional information can be obtained from an EKG,
looking primarily for right-axis deviation greater than
expected for age (in the LUQ), as well as a PA and lateral
chest radiograph to evaluate the cardiac silhouette for size
(watch the thymus shadow which is best distinguished on
the lateral), location (dextrocardia), shape (i.e., that classic
“egg on a string” from transposition of the great arteries
(TGA) and “boot shape” of tetralogy of Fallot (TOF)).
The lung fields are assessed for pulmonary vascular mark-
ings (decreased in right-sided obstructive lesions or
increased in mixing lesions with increased pulmonary
blood flow). (For additional information on pediatric
cardiology refer to @ Chap. “Pediatric Cardiology”).

Omphalitis or infection of the newborn’s umbilical cord
presents as discharge or oozing (4%), spreading ery-
thema (6%), swelling, warmth, and tenderness (7%) of
the cord stump. Redness extending more than 2 cm from
the cord is generally consistent with infection. Mean time
to presentation is about 2.5 days with a range from 1 to
greater than 8 days. Estimates of omphalitis range from
1% to 16% of newborns depending on the criteria used
in defining the diagnosis. The etiology of omphalitis
traditionally includes Staphylococcus (both aureus and
epidermidis),  Streptococcal ~(group A), Klebsiella
pneumoniae, Escherichia coli, Proteus mirabilis, and anaer-
obic Bacteroides and Prevotella organisms. With the imple-
mentation of antistaphylococcal cord care techniques
such as triple dye, hexachlorophene, and alcohol, the
incidence of gram-negative organisms have been increas-
ing, although this may not be the case in developing
countries. In most cases, omphalitis remains a localized
infection, but complications can include neonatal sepsis
and meningitis. Additionally, there can be rapid progres-
sion of the infection to the abdominal wall causing cellu-
litis and necrotizing fasciitis, which have a high risk of

mortality. Treatment of omphalitis includes prolonged
parenteral antibiotics.

Conclusion

Care of the newborn demands an attention to details, both
in obtaining the maternal history and in completing the
early exams as many subtle differences would be indications
for adjustments in care to promote the well-being of the
family and the newborn’s development over time. This
includes screening both in the primary or universal sense
of all newborns (such as hearing and NBS programs) but
also secondary screening for specific diseases (such as infec-
tion, for hypoglycemia in the IDM, and cardiac workup or
screening with a murmur). Public health both nationally
and internationally has its roots in maternal child care, and
as such has had great impact in reducing infant mortality.
Much of the care currently provided in nurseries is
evidenced based only in that it has stood the test of time,
and little of what is done has ever been scientifically evalu-
ated. At present, newborn care is far from proven best
practices. But we are moving toward that direction as exem-
plified by the work to determine the best systematic
methods for screening for hyperbilirubinemia to prevent
chronic bilirubin encephalopathy (kernicterus), and in
evaluation of cord care techniques in real practice and
developing countries. Until these and many other answers
are obtained, one should continue to work toward provid-
ing the best of what is known so far, and in encouraging
families to embrace the care of their newborns.

Resources

New Ballard Score: http://www.ballardscore.com/
World Health Organization:

(a) Evidence for the ten steps to successful breast-
feeding: http://whglibdoc.who.int/publications/
2004/9241591544_eng.pdf

(b) Growth Curves: http://www.who.int/childgrowth/
standards/en/
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12 Birth-Related Injury

Marcia Wenner VanVlieet

Birth-related injury is broadly defined as a physical injury
sustained by a newborn during the process of birth. This
definition places no blame or fault, but recognizes that in
many cases, such injuries are unpredictable and perhaps
have unavoidable outcomes. Estimates from the USA are
that approximately 2.6% of births will end with some kind
of injury. The severity of birth-related injury varies greatly
from the minor and temporary, such as ecchymosis, swell-
ing, or superficial lacerations, to the more serious longer
lasting conditions such as brachial plexus injury, and even
a fatal outcome. This chapter will describe those condi-
tions that are most likely the result of mechanical forces on
the newborn through the birth process.

Incidence

In many countries, the rate of birth-related injury has
markedly decreased due to improved prenatal care, greater
use of imaging, and presence of skilled attendants at
deliveries with the tools necessary for intervention (both
obstetrical and neonatal), including cesarean sections,
fetal monitoring, and newborn resuscitation. In the
USA, an estimate of overall birth-related injury indicated
arate of 37.0 per 1,000 in 1989-1990 and 29.2 per 1,000 in
1999-2000. However, birth-related injury continues to
occur with the most sophisticated prenatal diagnosis, the
best obstetrical practices, and even in the absence of any
identifiable risk factors, occurring at times in utero. It has
been suggested that despite optimal care, the birth-related
injury rate will never be zero and that perhaps its low
might be closer to 18 per 1,000 births as seen in normal,
uncomplicated in-hospital births. This should not be sur-
prising, as the process of birth requires the fetus to squeeze
through the narrow confines of the maternal bony pelvis,
propelled by the powerful contractions of the uterine
myometrium and using the presenting part as a battering
ram to dilate the soft tissues. However, these consider-
ations should not prevent us from seeking to decrease
birth injury as close as possible to this irreducible mini-
mum. It should be noted that while cesarean delivery is
associated with lower rates of birth trauma, it does not
eliminate it.

In the USA, the reduction of infant death and injury
during delivery has gained much attention including
a Sentinel Event Alert from the Joint Commission in July
of 2004. In an attempt to reduce the preventable injuries,
the Agency for Healthcare Research and Quality (AHRQ)
in the USA has developed, through expert consensus,
a group of Patient Safety Indicators (PSI’s) which includes
seven types of birth-related injury. These include (1) sub-
dural and cerebral hemorrhage, (2) epicranial subapo-
neurotic hemorrhage, (3) other injuries to skeleton,
(4) injury to spine and spinal cord, (5) other cranial and
peripheral nerve injuries, (6) other specified birth trauma,
and (7) birth trauma unspecified. Using hospital discharge
data from a 2004-2005 USA sample, Moczygemba et al.
found a PSI rate of 2.45 per 1,000 and an overall birth
trauma rate of 25.85 per 1,000 (® Tuble 12.1). Reported
rates of birth-related injury vary greatly based on the
year of publication, study population (hospital-based
versus larger population-based samples), the specific
conditions included in the study, and geographical loca-
tion. In the USA, estimates for overall birth trauma rates
vary widely from 0.2 to 37 per 1,000 births. A recent
robust estimate comes from a cross-sectional study
using in-hospital birth discharge diagnosis codes from
2003. In this study, Sauber-Schatz found a raw data
estimate of 50 per 1,000 births which, when weighted
by hospital characteristics, yielded an estimate of
national rate of birth-related injury of approximately
29 per 1,000 births.

International estimates of overall birth-related injury
rates vary greatly based on the country and the year.
Estimates from developed countries range from Salonen’s
multiyear estimate in Finland publish in 1990 with 31.6
per 1,000 to that of Awari’s et al. in 2003 with a rate in
Saudi Arabia of 6.7 per 1,000. These differences might
reflect time-related changes as Zeck et al. looked at similar
time periods in Austria and found a drop in incidence or
birth-related injury of any sort from 24.6% (246 per 1,000
births) in 1989 to 13.2% (132 per 1,000 births) in 2000.
The reduction in injury rate was not explained fully by the
change in cesarean section rate. International rates for
birth-related injury as defined by the AHRQ PSI
from 2004 to 2006 ranged between 0.151% and 1.448%
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@ Table 12.1
Birth-related injury statistics

Sauber-Schatz ('03 Data)

Moczygemba ('04-05 Data) (890,582 Total births) (VAY. International
USA rate* for USA rate* Un- Rates* or Rates* or
Cesarean for vaginal  weighted Weighted percentages percentages

Type of trauma section delivery number rate* reported in literature reported in literature

Eye 0.2-12%

Nasal septal 0.6-1.9% 34-17%

dislocation

Cranial or peripheral | N/A 0.04 124 0.05

nerve

Facial nerve injury |0.24 0.22 661 0.26 0.8-7.5 0.03%

Torticollis 0.3-3.9%

Other injury to scalp | 13.15 23.17 22,764 20.06

Cephalohematomas 1.0-2.5%

Subgaleal 0.4-0.8

hemorrhage

Epicranial 0.15 0.11

subaponeurotic

Subdural and 0.23 0.19 1,064 0.41 0.29-2.9

cerebral

hemorrhage

Subarachnoid 0.13-1.07

hemorrhage

IVH due to birth 4%

trauma

Brachial plexus 0.17 1.49 3,302 1.28 0.13-3.6 0.42-4.17

injury

Clavicle fracture 0.25 3.29 6,353 243 2-29 0.4-18.7

Injuries to skeleton |0.33 0.34 9,525 3.70 0.04-0.2

Spine or spinal cord 10 0.00 0.014

Other specified 2.61 1.23 3,994 1.56

birth trauma

Other unspecified |0.17 0.15 218 0.09

birth trauma

AHRQ PSI birth 346 2.03 0.13-1.45%

trauma

Birth trauma-All 17.07 29.53 44,658 28.56 1.1-7% 8-24.6%

Death 0.075**-0.642***

*Rates per 1,000 births unless stated as %, ** 1985 Data, *** 1970 Data
Table compiled from data from multiple sources, most notably Moczygemba (2010) and Sauber-Schatz (2010)

(1.51-14.48 per 1,000 births) in the seven countries par-
ticipating in the Organization for Economic Co-operation
and Development (Austria, Canada, Germany, Spain,
Sweden, UK and USA). However, the study noted that

the PSI birth-related injury indicator might be unreliable
for international comparison.

Sule and Onayade’s review of literature from the
World Health Organization (WHO), Save-the-Children,
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United Nations Children’s Fund (UNICEF), and other
scientific sources reports that 99% of neonatal deaths
occur in developing countries with a 30-fold disparity
between those countries with the highest (found in sub-
Saharan Africa) and lowest neonatal mortality rates.
Within developing countries, estimates based on the
deaths of four million newborns indicate that birth inju-
ries at 11% was the second most common cause, behind
infection, which accounted for 42%. Two hospital-based
studies of birth-related injury from the country of Iran
point to regional differences even within a single country
and underscore the impact of sampling (denominator).
Borna’s study limited to singleton vaginal deliveries in
2002-2005 found incidence of 41.16 per 1,000, where
Mosavat’s study of all live births in 2004-2005 in
Rafsanjan (south Iran) found 0.8% (or 8 per 1,000) with
a relatively high cesarean delivery rate.

Overall Birth-Related Injury Risk Factors

Risk factors can be broken into three groups: those related
to mother, to baby, and to delivery characteristics.

Maternal factors include: maternal obesity (BMI >
40 kg/m?), preexisting or gestational diabetes, large weight
gain, previous history of macrosomic infant, small mater-
nal stature, and the presence of maternal pelvic anomalies.

Newborn factors include: macrosomia, prolongation
of pregnancy (>42 weeks or 298 days), and abnormal
(other than vertex, occiput anterior) presentation.

Delivery factors include: induction of labor, epidural
analgesia, shoulder dystocia, and operative or instrumented
vaginal delivery.

Specific Types of Birth-Related Injury

Superficial injury to the skin is the most common birth-
related injury. Bruising, petechiae, abrasions, and even lac-
erations can occur on the scalp or on any other presenting
part during passage through the bony pelvis, from the
dilating cervix, or from instruments (including vacuum,
forceps, and hands) used in delivering the newborn. Exten-
sive bruising may predispose a newborn to jaundice peaking
a little later at 5-7 days of life as reabsorption occurs.
Abrasions seldom need treatment with antibiotics but
should be monitored for signs and symptoms of infection
(including edema, erythema, induration, warmth, or

tenderness). Mild symptoms of infection can be treated
topically but careful observation is necessary as cellulitis
requires treatment with systemic intravenous antibiotics.
Abrasions that are near the eye should prompt a careful
eye examination, and any that cross the edge of the orbit
should be referred to an ophthalmologist for assessment.
Superficial lacerations are also rarely prone to infection, but
topical antibiotics and sterile strips may aid healing. Those
lacerations that are full thickness (through the epidermis) or
in key anatomical locations such as the face, near the eye, or
in an area with traction (over a joint) should be cleaned and
then referred to a plastic surgeon (if available) for suturing
in the nursery. Long-term prognoses for these superficial
injuries are excellent and generally heal very quickly in the
newborn.

Deeper injury to the skin and subcutaneous fat tissue
leading to fat necrosis can occur rarely in any area of trauma.
These usually appear on the back, buttocks, or extremities of
full term infants during the first several days to weeks of life
as firm, indurated and erythematous (either red to purplish-
blue but occasionally fleshy colored) nodules and plaques
that lack warmth but potentially may be tender. It is unclear
exactly what causes fat necrosis but theories include
(1) some type of mechanical trauma or pressure which
induces ischemia, (2) possibly defect in fat composition
with a stressful event, or (3) cold- or hypothermia-induced
saturated fatty acid crystallization. After the solidification
and necrosis of the fat, a granulomatous infiltrate forms
increasing the extrarenal absorption of calcium. Histological
examination of the tissue reveals increased levels of
25-hydroxyvitamin D3-lalpha-hydroxylase (AKA lalpha-
hydroxylase) which activates vitamin D. Subcutaneous
fat necrosis is a self-limited condition resolving in about
6-8 weeks of life with some subcutaneous atrophy, but these
infants can have serious alterations in their calcium levels
(© Fig. 12.1). Hypercalcemia has been reported up to 6
months after initial presentation and can rarely lead to
seizures, coma, and death. Symptomatic hypercalcemia
(presenting as irritability, poor feeding, etc.) should be
treated in the hospital with hydration, calcium wasting
diuretics, furosemide, and corticosteroids. It is recom-
mended to check calcium levels periodically in all infants
with subcutaneous fat necrosis for several months, and
dietary changes would be advised in those with documented
asymptomatic hypercalcemia. Thrombocytopenia, anemia,
hypertriglyceridemia, and hypoglycemia have also been
reported. Although presentation and history are likely
enough to make the diagnosis, fine needle aspiration and
punch biopsy are definitive in confirming the diagnosis.
Differential diagnosis includes cellulitis, erysipelas, sclerema
neonatorum, deep hemangioma, or other tumors.
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@ Figure 12.1

Subcutaneous fat necrosis. This large-for-gestational-age (LGA) newborn was born by vaginal delivery with documented
shoulder dystocia. (a) Initial concern for possible midline hemangioma on day of life (DOL) 4. Note the purplish red lesions
above and below the tape measure. (b) Infant referred to Dermatology at one month of life, diagnosed as subcutaneous fat
necrosis (Photograph from the patient files of Tricia L. Groff, MD)

@ Figure 12.2

Subconjunctival hemorrhage in a newborn. (a) Taken very shortly after birth of a full-term newborn delivered by
uncomplicated vaginal delivery in the occiput posterior position with no instrumentation to a gravida 2 para now 2 mother.
Note the significant swelling of bilateral eyelids, and ecchymosis over most of the forehead. (b) Taken on day of life (DOL)
two at the time of discharge, the swelling was nearly resolved and subconjunctival hemorrhages were now visible on the
medial aspect of the left eye (Photograph by Marcia W. VanVleet, MD, MPH)

Face and Neck Injuries

Ocular Injuries

Ocular injuries can occur in up to 12% of newborns as
they pass through the birth canal or with instrumentation,
especially with forceps. The most common eye injury is
the subconjunctival hemorrhage that appears as red bands
around the iris (@ Fig. 12.2). It is usually present at birth
but may not be apparent until the normal eyelid swelling/
edema subsides revealing the conjunctiva over the white

sclera. As with other microvascular bleeds or ecchymosis,
these might appear to change color during the healing
process, but usually heal spontaneously in 10-15 days.
Subconjunctival hemorrhages occur as the result of ele-
vated venous pressure in the head and neck from the
increased intrathoracic pressure from passage through
the birth canal. However, as they are also seen in cesarean
section deliveries, it is likely that compression of the
thorax/abdomen by uterine contractions, or a tight
nuchal cord may have the same consequences. Other
injuries to eye are more frequent when there has been
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instrumentation with forceps. These can include hyphema
(bleed into the anterior chamber of the eye), corneal
abrasions (or vertical tears in Descemet’s membrane), or
orbital injuries (including fractures, and damage to the
optic or oculomotor nerves). These should be referred to
an ophthalmologist promptly.

Nasal Septal Dislocation

Dislocation of the nasal septum can occur in passage
through the birth canal. Reports suggest that some type
of usually transient nasal deformity may occur in up to
58% of births. However, the rates for nasal septal disloca-
tion vary based on the method of diagnosis. Those relying
on external exam and rhinoscopy find rates near
1.2-3.4%, whereas those that actually try to pass 2 mm
struts through the nasal cavity find rates up to 14.5-25%.
Reported risk factors include primiparity, breech presen-
tation, prolonged second stage of labor, vaginal delivery,
and large head circumference. Nasal septal dislocation has
a clinical range of presentation based on degree of involve-
ment, but usually presents with symptoms of airway
obstruction (difficulty when feeding and mild respiratory
distress). Clinical exam can include bruising and edema,
but more commonly these present with just deviation of
the septum or asymmetry of the nares with flattening of
the affected side (Metzenbaum’s sign). Further diagnostic
refinement can be made 85% of the time by pressing on
the tip of the nose which will, in the case of septal dislo-
cation, worsen the deviation and flatten the nostril
(Jeppesen and Windfeld test). These cases should be
referred within the first 3 days of life to an ENT specialist
who will confirm the diagnosis with rhinoscopy and man-
ually reduce the dislocation. Prompt intervention is nec-
essary to prevent long-term cosmetic deformity and
potential outcomes of epistaxis, Eustachian tube dysfunc-
tion, abnormal development of the maxilla, and repeat
sinusitis.

Neck/Torticollis

Torticollis defined as limitation of the lateral flexion of the
neck can be the result of birth-related injury in about 10%
of cases, but the majority are likely due to in utero posi-
tioning in the restricted intrauterine environment (pos-
tural asymmetry without muscular tightness). Torticollis
has been associated with a maternal report of the fetus
being “stuck” for more than 6 weeks prior to delivery.
Many cases of torticollis (up to 40%) are due to congenital

spindle-shaped mass or tumor in the midportion of the
sternocleidomastoid muscle. Torticollis can be apparent at
birth, but generally presents between 1 and 4 weeks of age,
most commonly at 3 weeks. Careful examination of the
neck includes measurements of the range of motion com-
paring sides and palpation of the sternocleidomastoid
muscles for masses. Diagnosis is usually by clinical exam,
in consultation with the occupational (OT) or physical
therapist (PT). However, radiographs of the spine and
ultrasonography may be helpful in confirming the diag-
nosis. Parents should be instructed to perform range of
motion exercises, provide regularly observed prone
“tummy time,” and encourage the infant to look toward
the non-preferred direction with the use of mirrors, pic-
tures, etc. Most do well with stretching, but prognosis can
be related to the degree of limitation. Of the cases whose
range of motion is limited by more than 10°, 5% will go on
to need surgical intervention. Indication for surgery
includes lack of improvement in 6 months, continuation
of greater than 15° of limitation, or ongoing head tilt. If
left untreated, asymmetry or positional preference (either
awake or asleep) strongly correlates with deformational
posterior plagiocephaly at 7 weeks of age.

Injuries to the head can be divided into three categories
based on their anatomical location: (1) extracranial injury,
(2) cranial or skull fractures, or (3) intracranial hemor-
rhage (© Fig. 12.3). Although any of these injuries can
occur in deliveries without instrumentation, all are more
common with vacuum and forceps delivery. Any new-
borns with serious or massive extracranial or any intra-
cranial hemorrhages should undergo a hematological
evaluation that includes PT/PTT, fibrinogen, platelet
count, and confirmation that Vitamin K has been
administered.

Extracranial Injuries

Extracranial injuries are the most common type of birth-
related head injury, and include caput succedaneum,
cephalohematomas, or subgaleal hemorrhages.

Caput Succedaneum (or “second head” in Latin)
appears first after delivery and is purely a severe form of
diffuse soft tissue swelling of the scalp. Caput is thought to
be the result of squeezing of the head in the birth canal or
by the constriction of the cervix. They may or may not
have overlying ecchymosis. These serosanguineous fluid
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@ Figure 12.3

Caput succadaneum
Cephalohematoma
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Schematic of cranial birth injuries. Diagram of location of cranial birth injuries drawn by Victoria A. VanVleet (Adapted from

multiple sources including Sheikh, McKee-Garrett, Volpe)

@ Figure 12.4

Bilateral parietal cephalohematomas. Arrows point to
bilateral swelling of scalp in a near-term infant nasally
intubated for other reasons (Photograph from the patient
files of James F. Padbury, MD)

collections occur in the plane between the skin and the
epicranial aponeurosis and therefore have ill-defined mar-
gins not limited by bony landmarks. A caput can occa-
sionally be fairly large but starts to regress quickly and
usually resolves within a few days. It can mask molding or
a cephalohematoma that may become more apparent as
the caput resolves.

Cephalohematomas are subperiosteal collections of
blood just under the outer surface of the bone
(© Fig. 12.4). They are the result of shearing friction to
the bone that ruptures the bridging vessels, leading to slow
bleeding. As such, they may not be apparent at the time of
birth but slowly increase over the next few days. The

lesions tend to become firm masses but occasionally fluc-
tuant with distinct borders as they are limited to the edges
of the bones and do not cross suture lines. This is a key
distinguishing characteristic between cephalohematoma
and caput. Initially, it might be difficult to distinguish
between a caput and a cephalohematoma when they coex-
ist, but over the first few days, the caput should regress and
potentially reveal a cephalohematoma (or two as trauma
may not be limited to just one bone of the skull).
Cephalohematomas will slowly be reabsorbed over 2-3
weeks (up to 3 months) depending on size, potentially
leading to increased hyperbilirubinemia as well as calcified
masses. Occasionally, these create bony protuberances
which can appear for many years on X-rays as cyst-like
defects. Cephalohematomas may be associated with
skull fractures in 5-25% of cases. Cases of infection and
osteomyelitis have been reported in cephalohematomas.
Cephalohematomas rarely need treatment, but often can
lead to exaggerated and prolonged hyperbilirubinemia,
which may require phototherapy later then physiologic
jaundice.

Subgaleal hemorrhages represent the third and poten-
tially most serious form of extracranial injuries. These rare
bleeds (estimated overall at 0.8 per 1,000, and 6.4 per 1,000
of vacuum-assisted deliveries) occur between the
epicranial aponeurosis and the outer periosteum of the
skull bones. As such, they are not limited by bone edge and
can accumulate large volumes of blood into this potential
space, and even into the soft tissue of the neck. These
usually result from rupture of the emissary veins, or less
frequently fracture of a bone, but occasionally can be the
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result of hereditary coagulopathy such as hemophilia.
These can be fluctuant masses that steadily grow in size
extending from the edge of the orbital ridges to the nape of
the neck and to the ear and may lead to an impression
of dysmorphology. The large amount of blood accumula-
tion can cause anemia, hypovolemic shock (pallor,
tachypnea, tachycardia, and hypotension), consumptive
coagulopathy, and death in 12-22%. Early recognition
and effective treatment is the key to a good outcome. Serial
assessment of blood pressure, hemoglobin/hematocrit,
and head circumference are warranted. It has been
documented that an increase in head circumference of
1 cm can represent 38 mL of blood, and that subgaleal
bleeds can collect 31-58% of the newborn’s blood volume.
Prognosis is worse for those with 25% decrease in hemat-
ocrit, shock, or evidence of asphyxia. Testing should
include assessment for coagulopathy, which has been
found in 30% of cases. Serial bilirubin levels should be
assessed over the next few weeks of life as the hemorrhage
is reabsorbed. Prognosis is good for survivors.

Cranial Injuries/Skull Fractures

Cranial Injuries/Skull fractures can occur from pressure
against the maternal pubic symphysis, sacral promontory
or ischial spines in vaginal deliveries, or from forceps,
similar to the causes of facial nerve palsy. Most are linear
fractures and are asymptomatic, requiring no treatment.
The exception to this is the rare occurrence of an occipital
bone fracture in a breech delivery that may be fatal due to
bleeds associated with the underlying vascular sinuses.
Depressed fractures (like a ping pong) are typically also
asymptomatic unless there is underlying intracranial hem-
orrhage. Depressed fractures require brain imaging and
neurosurgical evaluation.

Intracranial Injuries/Hemorrhage

Intracranial hemorrhages can occur in the epidural,
subdural, subarachnoid, intraparenchymal, or intraven-
tricular spaces.

Epidural hemorrhages (EDH) are extremely rare bleeds
in newborns. They occur between the dura and the skull,
often associated with a parietotemporal skull fracture.
Additionally EDH may occur in association with
cephalohematomas. These are arterial in source, usually
from the middle meningeal artery, and can progress rap-
idly. Newborns with EDH present with nonspecific neu-
rological findings (such as change in mental status or

hypotonia), seizures, or symptoms of increased intracra-
nial pressure (ICP). Diagnosis is made with CT or MR,
and serial images may need to be obtained to assess pro-
gression. Neurosurgical involvement is indicated with
signs of increased ICP, and also potentially when the
bleed is large, or when there is a depressed skull fracture,
hydrocephalus, or a significant mass effect.

(See Resources for link to Web site with a CT Scan
of a Newborn with a Cephalohematoma and Epidermal
Hematoma.)

Subdural hematoma (SDH) is also a rare occurrence
but is the most common intracranial hemorrhage attrib-
uted to birth-related injury. These bleeds occur between
the dura mater and the subarachnoid membrane usually
in the tentorial or intrahemispheric location. Some new-
borns remain asymptomatic, but if the volume of blood
grows, they usually present in the first 24-48 h of life with
apnea, respiratory distress, and/or seizure. Some may pre-
sent with mental status changes such as irritability or
depressed activity. The newborn skull is pliable with
open sutures and fontanels; therefore, it can expand in
response to the accumulated blood before the ICP rises.
Rarely, when there is increased ICP, the infant can progress
to increasing head circumference, tense or bulging ante-
rior fontanel and if left untreated, progress to apnea,
bradycardia, coma, and possibly death. Management of
subdural hemorrhages depends on the location and symp-
tomatology. Due to the potential for large blood loss,
serial hematocrits and volume support is recommended
as indicated; those with larger blood loss should be eval-
uated for coagulopathy. The few with increased ICP or
those with bleeds located in the posterior fossa potentially
causing rapid brainstem compression immediately need
neurosurgical intervention/evacuation of the hematoma
for decompression. The others can be conservatively man-
aged after a period of observation.

Subarachnoid hemorrhages (SAH) result from small
tears in the leptomeningeal arteries or the bridging veins
and are generally asymptomatic. Usually there is no his-
tory of difficult or instrumented delivery and SAH may be
more common in newborns born prematurely or with
evidence of asphyxia than due to birth-related injury.
Some infants develop seizures on the second day of life,
and lumbar puncture may reveal red blood cells in the
cerebrospinal fluid. SAH is one of the more benign etiol-
ogies of neonatal seizures and typically resolves without
intervention. Rarely SAH presents with more severe neu-
rological findings with arteriovenous malformations, and
when associated with catastrophic bleeds can lead to fatal-
ity. Diagnosis is based on CT or MRI findings. Long-term
course can rarely be complicated by hydrocephalus.
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@ Figure 12.5

CT Scan of newborn with subtle subdural, subarachnoid, and intraventricular hemorrhages. Newborn who presented with
significant soft tissue swelling on the lest (evident on CT scan) and a question of depressed skull fracture. CT scan
demonstrated: A) subdural blood in the tentorium extending into the interhemispheric fissure posteriorly (white arrows),

B) small amount of subarachnoid hemorrhage in the right posterior parietal region (not apparent on these images), and
C) blood in the occipital horns into the lateral ventricles consistent with intraventricular hemorrhage (patterned arrows).

(Image from the patient files of Marcia W. VnVleet, MD, MPH)

Intraventricular hemorrhages (IVH) can rarely occur
during birth process of full-term newborn but much more
commonly associated with preterm births (@ Fig. 12.5).
Risk for IVH is inversely related to gestational age and
birth weight. Occurrence in full-term newborns indicates
a need for hematological evaluations. Otherwise, IVH
is discussed elsewhere in the text (see © Chap. 360,
“Neonatal Neurological Disorders”).

Nerve injuries from birth-related injury can affect cranial or
peripheral nerves and can be divided into three degrees of
severity: (1) neuropraxia (Sunderland’s class I, nerve intact
but conduction blocked), (2) axonotmesis (Sunderland’s
class II-IV, axon not continuous but nerve is intact with
increasing scarring), and (3) neurotmesis (Sunderland’s
class V, complete rupture of the nerve). Sunderland’s five

classes go from least to most severe, with the most severe
cases (V) requiring surgical intervention.

Facial Nerve Injury (VII Cranial Nerve)

Facial nerve palsy has been reported to occur at a rate any-
where from 0.8 to 7.5 per 1,000 deliveries and up to 8.8 per
1,000 in deliveries with forceps. Most studies support the
association with forceps-assisted deliveries; however, a recent
study from Saudi Arabia spanning the years 1994-2005
found that 25% were delivered by cesarean section and the
remaining 75% by vaginal delivery without forceps. Facial
nerve palsy is most often caused by swelling resulting in
compression due to the superficial course of the nerve as it
exits the stylomastoid foramen or passes over the ramus of
the mandible. This compression may be from intrauterine
posture of the shoulder pushing the jaw and region in front
of the ear, intrapartum compression against the maternal
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boney prominences (e.g., pubic rami, ischial spines, sacral
prominence) or by forceps. Clinical presentation usually
involved the lower portion of the facial nerve noticeably
with asymmetric cry and nasolabial folds. If there is involve-
ment of the upper portion of the nerve, then the eye will also
be involved with incomplete closure (or persistently opened)
on the affected side. Differential diagnosis includes; congen-
ital absence of the depressor anguli oris muscle (aka CULLP
with isolated asymmetry with just the cry but spares the
nasolabial folds), congenital facial palsy, and associated syn-
dromes such as 22q11.2 deletion syndrome (DiGeorge or
velocardiofacial with isolated asymmetric cry possibly with
heart murmur), CHARGE syndrome (Coloboma, heart dis-
ease, atresia of choanae, retarded growth, genital hypoplasia,
and ear anomalies within 68% are associated with cranial
nerve involvement including VII), trisomy 13 or 18, Moebius
(bilateral facial and abducens nerve palsy), and rarely
Poland’s (absence of pectoralis major muscle), or
Goldenhar’s. Diagnosis is generally clinical; however, imag-
ing should be considered in cases with other paralysis sug-
gestive of infarct or central lesions. All should be tested for
hearing loss. Those newborns with associated findings
should undergo chromosomal analysis, especially those
with complete facial nerve palsy suggestive of 22q11 deletion.

Multiple studies report that approximately 90% of facial
nerve palsies will have spontaneous recovery in 1-2 months.
The House—Brackman scale has been utilized to assess the
severity of facial nerve involvement. In newborns, facial
injuries are usually classified on the House-Brackman
scale as either mild (II with about 80% function) or mod-
erate (IIT with 60% function). Treatment is generally to
protect the cornea with taping, artificial tears and lubrica-
tion for those with persistently opened eyelids. Poor prog-
nosis is associated with complete unilateral paralysis present
at birth, hemotympanum, displaced temporal bone
fracture, absence of movement of all facial nerve muscles
by 3-5 days, or lack of improvement by 5 weeks. Treatment
with corticosteroids, and especially with surgery, is contro-
versial. Timing of surgical intervention is not uniform and
some wait for a full year, but any infant with the poor
prognostic factors listed should be referred at 5 weeks of
age to a neurosurgeon for consultation.

Laryngeal Nerve Injury

Laryngeal nerve injury from the stretching associated with
birth, usually associated with shoulder dystocia, represents
5-26% of vocal cord paralysis cases apparent at birth. Again
found more commonly with forceps deliveries, laryngeal
nerve injuries occur unilaterally more on the left than the

right due to the longer course of the nerve on the left.
Symptoms of unilateral vocal cord paralysis include hoarse,
faint, or weak cry, as well as mild respiratory distress,
dysphagia, aspiration, and stridor. Bilateral involvement
presents sooner with more severe symptoms of respiratory
distress possibly requiring intubation and tracheostomy.
The differential diagnosis of bilateral paralysis includes
congenital syphilis, and central nervous causes including
asphyxia, hemorrhage, hydrocephalus, meningomyelocele,
bulbar injury, and Arnold—Chiari malformation. For those
presenting primarily with stridor, the differential diagnosis
in newborns includes choanal atresia, laryngeal web, and
vascular ring. Diagnosis of vocal cord paralysis is made on
direct laryngoscopy. Evaluation in cases without
documented birth trauma and in bilateral involvement
should include imaging of the CNS and brainstem for
possible etiologies. Most cases of unilateral vocal cord paral-
ysis due to birth-related injury resolve spontaneously.

Spinal cord injury is a rare but very serious form of birth-
related injury, which frequently goes undiagnosed due to
the critical status of the newborn. Laxity of the ligaments,
muscle weakness, and incomplete mineralization of the
vertebrae allow the spine to stretch to the point of pulling
on the actual spinal cord. Perinatal depression with poor
muscle tone probably contributes to the susceptibility to
stretch injury. Higher cervical lesions are most common and
associated with forceps use, while lower cervical and tho-
racic lesions occur during breech vaginal deliveries. Spinal
injury has been reported with cesarean deliveries, especially
with breech presentation. Symptoms present immediately
in the labor room include decreased movements, hypoto-
nia, areflexia, and apnea. Diagnosis can be made with MRI
or bedside ultrasonography. Survival is dependent on the
anatomic level and severity of the injury, but mortality rates
are high (70-87%). Prognosis is poor for those requiring
mechanical ventilation after 24 h of life, and long-term
disabilities are common even among survivors. Surgical
intervention for lower cord injuries is possible but less likely
to be beneficial due to the observed delay in making this
difficult diagnosis after which there is irreversible damage.

There is great overlap in the etiology, pathophysiology,
diagnosis, and treatment of injuries to the upper extremity
including clavicular and humeral fractures, and the
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Venn diagram demonstrating relationship between
shoulder dystocia, clavicle fractures, and brachial plexus
injuries (Diagram by Marcia W. VanVleet, MD, MPH)

brachial plexus; therefore, these will be discussed together.
There is an interrelationship between shoulder dystocia,
clavicle fractures, and brachial plexus injuries that is best
represented by a Venn diagram (© Fig. 12.6).

Clavicle fractures are the most common fractures in
newborn infants. Rates vary greatly partly based on study
design and timing of assessment from 0.2% to 3.5% of
births. Risk factors for clavicular fractures are similar to
those for any birth trauma including higher gestational
age, larger birth weight, and shoulder dystocia. The clin-
ical presentation of clavicle fractures is varied as well, with
up to 50% going undetected until callus formation is
noted 2 weeks later. Infants often present with irritability,
asymmetric arm movement, and asymmetric Moro reflex.
Cases of breastfeeding difficulty only on the affected side
have also been reported. The most sensitive clinical sign in
the birth hospital stay is that of asymmetry of the clavicles,
or difficulty palpating the margins of the fractured clavicle
when compared to the normal side. Clavicle factures can
be associated with injury to the brachial plexus or with
a pneumothorax based on the proximity of fracture to the
nerves and the apex of the lung. No active treatment is
needed for a simple clavicular fracture, as the bone is
quickly stabilized with callus formation and remodels
without sequelae even in the presence of considerable
displacement. However, the implementation of precau-
tions is advisable to prevent injury to the brachial plexus
during the healing process.

Humeral fractures is the second most common fracture
in the newborn and the most common long bone fracture.
It should be suspected in any newborn with asymmetric
movement of the upper extremity, especially in the presence
of any ecchymosis, tenderness, or swelling. It should also be
actively ruled out with plain films of the arm for any infant
who is not symmetrically moving the upper extremity after
hospital discharge. The healing process is quick and usually
does not need intervention except for wrapping the arm
with a bandage to help with comfort and handling. But as
with clavicle fractures mentioned above, the primary reason
for intervention is to prevent secondary or recurrent
trauma to the nerves that pass near the bone.

Brachial Plexus Injury (BPI) can occur alone or in
conjunction with clavicular fractures. These injuries tra-
ditionally have been theorized to be the result of down-
ward traction on the head in an effort to dislodge the
anterior shoulder from under the maternal symphysis
pubis and stretching of the brachial plexus roots as they
emerge from the spinal cord. However, in as many as 40%
of the cases, the injury occurs in the absence of shoulder
dystocia and may occur even in infants delivered by cesar-
ean section. Though BPI is one of the most common
causes of malpractice allegations, its occurrence is
unpredictable and not necessarily preventable. Various
studies have shown links between macrosomia (>4.5 kg),
shoulder dystocia, and BPI. Lispcomb reported in 1995
that out of 157 vaginal deliveries of macrosomic newborns,
there were 29 cases (18.5%) of shoulder dystocia which
were associated with 7 Erb’s palsies, 7 clavicle fractures, and
1 humeral fractures. Gilbert in 1994-1995 found a local
BPI rate of 0.15% with the following risk factors listed in
order by decreasing odds ratios: Shoulder dystocia (OR
76.1), Forceps (OR 3.4), Vacuum (OR 2.7), and Gesta-
tional Diabetes Mellitus (OR 1.9), with a protective effect
from prematurity and fetal growth restriction. However,
the connection between shoulder dystocia and BPI is nei-
ther direct, nor constant across all birth weights. For
patients with BPI weighing between 2.5 and 3.5 kg, only
22% had shoulder dystocia. While for those with BPI
weighing >4.5 kg, the rate of shoulder dystocia increased
to 74%. This suggests that there are different mechanisms
of action for brachial plexus injury for those with lower
birth weights. Additionally, as with spinal cord injuries, the
depressed infant with reduced muscle tone to protect the
shoulder joint may be more susceptible to stretch injury.

Brachial plexus injury will present as muscular weak-
ness or paralysis to the affected upper extremity. In the
nursery, this can be subtle with just an asymmetric Moro
or grasp reflex or unequal spontaneous movements so that
the affected hand does not extend above the height of the
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shoulder. The exact presentation of brachial plexus injury
is related to the nerve roots involved.

Erb’s palsy (also called Erb-Duchenne’s) presents with
involvement of C5 and C6 as the arm hanging at the side,
with the forearm internally rotated, extended, and
pronated (© Fig. 12.7). If C7 is involved, the wrist and
fingers lose extension and are flexed/curled into the classic
“waiters tip” positioning. Frequently, the hand move-
ments and grasp will start to show improvement within
hours of birth and is a good prognostic indicator; how-
ever, careful follow-up for all of these infants is imperative.

Klumpke’s palsy presents with involvement of C8-T1
with weakness in the triceps, in pronation of the forearm,
and in wrist flexors with the “claw-like” paralyzed hand but
preserved functioning at the shoulder and elbow. Isolated
injury to C8-T1 is rare and most infants present with some
combination of signs of Klumpke’s along with some fea-
tures of Erb’s palsy. A summary of these injuries can be seen
in © Table 12.2 with the Narakas classification.

Careful examination would include investigating for
sympathetic cervical nerve involvement with the loss of

@ Figure 12.7

Newborn with brachial plexus injury to C5-C6: Erb’s Palsy:
Large-for-gestational-age (LGA) newborn with brachial
plexus injury, with absence of arm movement at the
shoulder, elbow, and forearm supination. The hand lies at
the side of the infant without the classic waiter’s tip, thus
suggesting a C5-C6 injury (Photograph from the patient
files of Rebecca L. Collins, MD)

sensation on the affected side of the face, constricted pupil,
and ptosis of the eyelid or “Horner’s syndrome.” (See
Resources for link to Web site with picture of Horner’s
syndrome in an infant.)

Treatment of Upper Extremity Injury

As soon as an upper extremity deficit is suspected by the
nurse or any other examiner, it is important to intervene
to reduce the risk of further damage. The affected side
should be place on “precautions” with care taken in the
handling of the newborn to protect the nerves involved.
This includes making sure the arm does not dangle but is
supported in all care including dressing (affected arm in
shirt first and out last), and that positions for both sleep
and feeding do not place additional weight or stress on the
plexus. Additionally, the examiner should be careful not to
elicit the Moro reflex before assessing for the presence of
associated clavicular or humeral fractures.

Exam of the newborn with suspected upper extremity
paralysis should include careful inspection for other injuries
including symmetry of the face (facial nerve palsy), eye
(Horner’s syndrome with drooping eyelid, constricted
pupil and sunken eye), neck for movement and masses,
cry (laryngeal nerve palsy), respiratory pattern (phrenic
nerve involvement), and skin for bruising, swelling, or
tenderness suggestive of other muscle or bone involvement
(humeral or clavicular fracture). As mentioned above, the
Moro reflex should not be elicited. Instead the examiner
should carefully observe the newborn’s spontaneous move-
ments including: (1) whether there is flexion of the fingers,
wrist, elbow, and shoulder, (2) how far is the newborn able
to spontaneously lift the hand against gravity (with a goal of
symmetric above shoulder height), (3) assessment of grip
strength comparing sides for symmetry, and (4) gently
stroke the forearm looking for grimace and movement to
assess sensory involvement.

Definitive diagnosis of a fracture of the clavicle or the
humerus is based on plain radiographs (® Fig. 12.8). For
the clavicle, it is best to get two views, which will include the
AP and lordotic views as the natural curvature of the
clavicle sometimes obscures the site of the fracture when
only seen from one view. Newborn X-rays with clavicle
fractures should be also carefully examined for the presence
of associated pneumothoraces, elevated hemidiaphragm,
and midline posterior rib fractures.

The short-term treatment for newborns with upper
extremity injury has recently changed. If there is a clavicle
fracture, the current treatment is to place the arm at the
newborn’s side in a neutral position with a diaper or small
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B Table 12.2

Summary of brachial plexus injuries including Narakas classification and Sunderland lesions

Evidence-based recovery (S. Foad)

Narakas : Complete Probable
group Biceps recovery recovery lesion with
Brachial (at3 Percentage and newborn @3 @6 @3 @6 Sunderland
Cranial nerves plexus weeks)  clinical presentation months 'months months months degree
c4 Phrenic | N/A Diaphragm paralysis with N/A N/A N/A N/A N/A
nerve paroxysmal breathing pattern
C5-C6 (Erb’s/ Upper 1 46%: Paralysis of shoulder and | 64% 68% 59% 65% Upper trunk:
Duchene’s) biceps | and Il degree
Absence of abduction,
external rotation, elbow
flexion, forearm supination
C5-C7 Middle 2 30%: Paralysis of shoulder, Upper trunk: Il
biceps, and forearm extenders and Il
Group 1 with weaker wrist C7:land Il
extension = waiter’s tip
C8,T1 Lower 2%: Intact shoulder and elbow | N/A N/A N/A N/A
(Klumpke's) but floppy hand with claw-like
deformity
C5-T1 Complete | 3 20%: Complete paralysis of 9% 38% 0% 14% Upper trunk:
the entire limb IV and V
Flail shoulder, absence of C7:1lland IV
elbow flexion, weak
extension, flexed wrist, closed
fist
C5-T1 with 4 Complete paralysis of limb Upper, middle
sympathetic with Horner’s and lower
involvement Flail extremity, half-open trunks: 1I-VI
(Horner's) hand, little finger movement varies
and constricted pupil and
ptosis

Source: Adapted from Foad (2008, 2009), Narakas (1986), and Sunderland (1990)

cloth folded under the axilla to help with positioning. It is
no longer recommended that the arm be pinned to the shirt
to prevent movement as this places additional strain on the
fracture and may lead to iatrogenic shoulder dislocations.
In the case of clavicle or other bone fractures, it is important
to keep the patient comfortable during care, which may
include the use of oral analgesia for the first few days. After
discharge from the hospital, non-pharmacological care
measures should be adequate.

Prior to discharge from the hospital, the parents
should be instructed by an occupational (OT) or physical
(PT) therapist on how to support the upper extremity
during care. And with a goal of preventing contractures
and improving range of motion (ROM), the therapist will

also instruct the parents on how to perform gentle ROM
exercises with each diaper change (as tolerated by the
newborn). Those with clavicle fractures should be advised
that the bone will heal with the formation of a callus, and
so a visible bump is to be expected as a sign of healing.
Those with an isolated clavicle fracture should also be
advised to follow up with the PT or OT specialist as an
outpatient if the infant is not moving both upper extrem-
ities symmetrically above the shoulder or if there is any loss
of movement. The vast majority of patients with isolated
clavicle fractures do well with no long-term sequelae.
Patients with nerve involvement should be seen by the
PT or OT specialist prior to discharge and then again at
about 2 weeks of age to evaluate the progress, to carefully
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O Figure 12.8
Radiograph with clavicle fracture: Patient with crepitus over

the left clavicle and an otherwise normal upper extremity
exam. (a) AP view without distinct fracture. (b) Lordotic
view with clear mid left clavicle fracture with minimal
displacement (Image from the patient files of Marcia

W. VanVleet, MD, MPH)

document physical movement, and to provide ongoing
education to the parents. Many (originally thought to be
80-90%, but more recent statistics reveal less at 60-70%)
of patients with brachial plexus injury spontaneously
recover by 3 months, with the majority of those doing so
in the first 3 weeks of age (@ Fig. 12.9). Those with a lack
of improvement by 2-3 weeks should be investigated by
exam and radiographically for the presence of a coexisting
humeral fracture. If there has not been full recovery of
function at one month of age, the infant should be referred
to a pediatric neurologist or brachial plexus injury center.
Recovery should be progressive; however, a key time point
is at about 2 months when the return of biceps function is
anticipated. By 2 months of time those who are not able to
flex at the elbow, and sooner for those with additional
nerve involvement such as phrenic or Horner’s, should be
confirmed that they have connected with a brachial plexus
injury center or neurosurgeon specializing in brachial
plexus injury treatment and repair.

Surgical treatment of BPI is evolving. At present,
approximately 10% of infants with BPI will require some
form of surgical intervention, either primary nerve
grafting or secondary reconstruction. Key criteria for
surgical intervention vary by center, but most decisions
are based on biceps functioning at 3 months of age.
Those with natural recovery of function before 3 months
or surgical repair between 3 and 6 months do better in
terms of long-term functioning than those who are

O Figure 12.9

Radiograph of newborn at 3 weeks with Callus over left
healing clavicle fracture. This patient was in hospital for
prolonged newborn stay as a border baby. Arrow points to
callus which was discovered when the patient was 21 days
old during the discharge examination by the attending
physician. There was a palpable bump, the contour of which
is visible above the arrow. The patient otherwise had

a normal upper extremity exam (Image from the patient
files of Marcia W. VanVleet, MD, MPH)

delayed until after 6 months. Most of the evidence for
surgical repair is from case reports and offers a 60-80%
improvement in function postoperatively. After 12-18
months, most would agree that there is little benefit to
primary neurosurgical intervention. At that point, surgery
is indicated to reduce contractures or deformities. Also
these patients will need to be screened for the development
of posterior shoulder dislocation that can occur in up to
7.3%. It cannot be stressed more, how critical careful
follow-up and early intervention is in effectively minimiz-
ing long-term disabilities for these newborns.

Phrenic Nerve Palsy
Phrenic nerve paralysis often coexists with brachial plexus
injury and is believed to arise by similar mechanisms. Injury
to the upper root of C4 which innervates the phrenic nerve
(recall the mnemonic: “3, 4, 5, keeps the diaphragm alive”)
can present as paroxysmal breathing patterns, increased
work of breathing, asymmetric chest movement or the
“dancing” umbilicus, cyanosis or tachypnea due to the
diaphragm paralysis. Injury to C4 should be considered
with careful auscultation of the breath sounds at the bases
for symmetry in any infant with Erb’s palsy. Phrenic paral-
ysis can be related to trauma but the differential diagnosis in
cases of bilateral involvement also includes genetic disor-
ders such as muscular atrophy (Werdnig-Hoffmann) and
acid maltase deficiency.

Phrenic nerve involvement can be diagnosed by plain
films with elevation of the affected hemidiaphragm
(® Fig. 12.10); however, ultrasonography is preferred to
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@ Figure 12.10

Radiograph with elevated right hemidiaphragm from
phrenic nerve palsy. Arrow points to the elevated right
diaphragm. This is a preoperative image before plication of
the diaphragm on a patient admitted for feeding
difficulties/failure to thrive (Image from the patient files of
Joseph Bliss, MD, PHD)

analyze the pattern of movement with respirations. These
newborns should be observed carefully for respiratory dis-
tress especially during their feedings as some may need
additional mechanical support of respiration. Mechanical
ventilation may obscure the diagnosis. Infants requiring
prolonged ventilatory support need surgical evaluation as
some may require plication of the affected diaphragm to
correct the paradoxical diaphragmatic motion. Phrenic
nerve involvement does not help in determining the prog-
nosis of the motor recovery of the upper extremity palsy.

Injury to the lower extremities from birth trauma is rare
and includes femoral fracture, epiphyseal separation, joint
dislocations primarily of knee and hip. Injury to the lower
extremities presents as decreased movement, swelling,
pain, and crepitus. Femoral fractures occur in approxi-
mately 0.13 per 1,000 births. Fracture of the femur is
diagnosed by plain X-rays, but epiphyseal injury in the
newborn requires ultrasonography as they are not yet
ossified at birth. Long bone fractures heal well but may

need to be splinted and immobilized for comfort. Proxi-
mal fractures of the femur may need spica casting or Pavlik
harness to assist in immobilization. Pavlik harnesses needs
to be applied carefully as an inappropriate fit may cause
femoral nerve palsy and avascular necrosis. Orthopedics
consult is appropriate for fractures of the femur especially
with displaced fractures as these may need closed reduc-
tion and casting. Similar to other newborn fractures like
the clavicle, a callus forms at the site of fracture with bone
reorganization in 7-10 days.

Congenital hip dislocation is usually not a result of
birth trauma but from developmental hip dysplasia, with
increased incidence in newborns born breech or in breech
positioning in utero late in pregnancy (estimated 35 weeks
or later), female gender, and those with a family history of
developmental hip dysplasia. Treatment of the subluxable
hip is the same regardless of cause and includes continu-
ous placement in the Pavlik harness and monitoring with
serial ultrasound measurements of hip angles. Dislocation
of the knee or hip should be referred to orthopedic sur-
geons for ongoing management. The subluxable or
dislocated knee can be associated with other syndromes.
Prognosis for these conditions is generally good.

Intra-abdominal injury from birth trauma is rare but can
involve the liver, spleen, and adrenal glands. Injury is more
common with prematurity, coagulation disorders,
asphyxia and with hepatosplenomegaly or other organ
enlargement such as of the adrenals in Beckwith—
Wiedemann syndrome. Abdominal organs are relatively
protected, but mechanisms of injury include direct
trauma, damage from rib edges to the liver or spleen, or
from chest compressions tearing ligamentous insertions
into the liver or spleen. Bleeding from trauma to these
organs can either be insidious, collecting in subcapsular
hematomas or fulminant from frank rupture that leads to
rapid clinical deterioration with shock. Postmortem
examinations of early neonatal deaths reveal that 15%
have some type of liver hemorrhage. The most common
abdominal injury is subscapular hematoma of the liver.
These can increase slowly until reaching a critical size of
4-5 cm before rupture. Splenic hemorrhage occurs one-
fifth as commonly as those to the liver. Diagnosis should
be suspected in any newborn with history of difficult
delivery, or who presents with unexplained anemia,
abdominal distention, hypovolemia, or hemorrhagic
shock. Rupture of either the liver or spleen can cause
scrotal swelling or discoloration as blood passes through
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the patent processus vaginalis. Adrenal injury occurs in
1.9 per 1,000 births due to the larger size of the adrenal
glands in the newborn. Adrenal injury can present with
subtle symptoms like poor feeding, lethargy, jaundice, or
irritability or may present symptoms similar to those
found with injury to the liver and spleen. Palpable masses
in the flank may be present. In adrenal rupture, scrotal
swelling and discoloration can occur through the afore-
mentioned mechanism with liver or spleen injuries, or
directly through retroperitoneal extension. Diagnosis of
abdominal injury can be made by CT but many infants are
too unstable and the diagnosis will be made by ultraso-
nography at the bedside. For all cases, treatment starts
with supportive care with special attention to volume
support and fluid resuscitation as necessary. Early surgical
consult is important as there can be rapid deterioration.
Surgical intervention is indicated to stabilize the newborn,
or stop uncontrollable bleeding. In terms of adrenal hem-
orrhage, damage or removal of one (or both) of the glands
can result in adrenal insufficiency requiring replacement
to treat hypoglycemia, hypotension, and hypernatremia.
Hypertension can be a late complication of adrenal injury.
As mentioned previously, the diagnosis of abdominal
injury, especially to the liver or spleen, is often discovered
postmortem. Prognosis is dependent on early recognition,
active management of blood loss, and the ability to control
the bleeding. For those who survive with preservation of
the organs, the prognosis is generally good.

Conclusion

Birth-related injury is a very common occurrence that in
many cases may not be avoidable. Even so, as we seek to
improve medical care around the world, it is important to
keep searching for methods to decrease as many of these
injuries and their sequelae as possible. Fortunately, most
birth injuries are superficial and self-limited. For the rare
more serious injuries, it is imperative that the practicing
pediatric provider recognize the risk factors and signs of
these conditions, and then take action to appropriately
manage them both in the short and long term.

Resources

1. Stanford University Newborn Nursery Photo Gallery:
A great site for pictures of many newborn findings,
compiled by Janelle Aby, MD. http://newborns.
stanford.edu/PhotoGallery/

2. Springer Images: http://www.springerimages.com/.
A warehouse for various pictures found in previous

Springer Publications including examples of rarer

findings, such as:

(a) CT Scan of Newborn with Cephalohematoma and
Epidural Hematoma found at SpringerImages:

On CT scan, a concomitant depressed fracture is
present together with an EDH and cephalohematoma.
a Axial view; b coronal view.

With kind permission from Springer Science+
Business Media (Child’s Nervous System, 2010,
Motomi Noguchi, Figure 2, Copyright 2010 by
Springer).

(b) Infant with Congenital Horner’s Syndrome found
at SpringerImages:

Congenital Horner syndrome. Note right upper lid
ptosis, right miosis, and mild heterochromia. Right
lower lid shows mild reverse ptosis, covering more of
cornea than its left counterpart.

With kind permission from Springer Science+
Business Media (Pediatric Neuro-Ophthalmology,
2010, Michael Brodsky, Figure 23, Copyright 2010 by
Springer).
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13 The High-Risk Infant

Tonse N. K. Raju

Definitions

A “high-risk infant” is broadly defined as one who requires
more than the standard monitoring and care offered to
a healthy term newborn infant. Thus, infants born pre- or
post-term, those with inappropriate growth for gestational
age, those with manifest signs and symptoms of systemic
illnesses, metabolic abnormalities, or congenital
malformations requiring early evaluation and treatment
are considered “high-risk infants.” An important determi-
nant of risk categorization is the overall condition of the
infant, which often requires continuous monitoring, and
specialized tests and treatments. Common conditions con-
sidered “high risk” in the modern neonatal intensive care
unit (NICU) are listed in @ Table 13.1.

Levels of Care

The clinical condition of the infant should also determine
the appropriate level of monitoring and care available
in the healthcare facility. The American Academy of Pedi-
atrics (AAP) Committee on Fetus and Newborn (COFN)
Policy Statement recommends three major levels of
newborn care with specific criteria outlined for each des-
ignation. The policy stems from the recognition that
maternal and neonatal care should be based on matching
the complexity of the illness with the availability of
resources. In the mid-1970s, this concept spearheaded
a nationwide movement in the USA, leading to regional-
ized perinatal care system in many states. Similar progress
occurred in other industrialized nations, too. The region-
alized perinatal system helps provide care that matches the
needs of the high-risk infant, and when local resources are
limited, for a timely referral to other facilities. A revised
AAP policy on the levels of neonatal care is expected to be
published in 2011.

Gestation Age and Postnatal Age
Terminologies

Using consistent definitions to describe the duration of
gestation, postnatal age, and fetal growth parameters are

helpful for effective communication. Poster-size pictures
of © Fig. 13.1 and © Table 13.2 in newborn units may
help the staff to use consistent terminology and avoid
confusion in designating gestational and postnatal age
categories. For reporting purposes, a “gestational week”
is assigned only after the completion of full 7 days, as
explained below.

Gestational Age Terminology

Gestational age in completed weeks is the time elapsed
between the first day of the last menstrual period and the
day of delivery. If pregnancy was achieved using assisted
reproductive technology, gestational age is calculated by
adding 2 weeks to the conceptional age.

Term births are those that occur between 260th day
through the 294th day, or 37”* through 41°7 weeks of
gestation. Because of their increased risk for morbidity
and mortality (see below) some authors further catego-
rized the first 2 weeks of term gestation (for those born
between 260th through 274th day, or 377 through 387
weeks of gestation) as “early term” (@ Fig. 13.1).

The World Health Organization (WHO) defines “pre-
term birth” as delivery occurring before 37 completed
weeks of gestation, or on or before the 259th day
(© Fig. 13.1). The week of the gestational age is rounded
off to the nearest completed week of gestation. Thus,
infants born 5 days after 35 weeks of gestation will be 35,
not 36 weeks of gestation. The superscript may be used to
reflect the number of days lapsed since the completed
week, as 35”7 in the above example.

The National Center for Health Statistics (NCHS) of
the Center for Disease Control and Prevention (CDC) also
provides data on three subcategories of preterm births.
Late preterm births are those that occur between 34”7 and
36°7 weeks of gestation (239-259 days), moderately pre-
term births are those that occur between 32 and 33 weeks
of gestation, and very preterm births are those that occur
before 32 weeks of gestation.

“Post-term births” are those that occur on or after
the 295th days, or the 42nd week of pregnancy
(© Fig. 13.1).

Abdelaziz Y. Elzouki (ed.), Textbook of Clinical Pediatrics, DOI 10.1007/978-3-642-02202-9_13,
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@ Table 13.1

Conditions that determine “high-risk infant” designation

Immediate peripartum
period, either in the delivery
room, or in the stabilization
area, usually obvious at birth,
or within 10-20 min after
birth

Pre- or post-term birth

Requiring resuscitation in
the delivery room

Perinatal asphyxia

Congenital infections (e.g.,
syphilis, CMV, toxoplasmosis,
herpes simplex)

Cardiopulmonary distress

Drug withdrawal syndrome
requiring monitoring

Suspected or proven
congenital malformation
requiring immediate
evaluation and/or treatment

For example, congenital
heart disease

Omphalocele, gastroschisis;
prune belly syndrome

Meningomyelocele,
hydrocephalus, etc

Ambiguous genitalia

Chromosomal anomalies,
especially those with
manifest distress

Multiple congenital
anomalies

Early neonatal period
(The first day)

Small or large for gestational
age

Cardiorespiratory distress

Drug withdrawal syndrome
requiring monitoring

Suspected/proven neonatal
sepsis

Seizures

Metabolic abnormalities
(e.g., hypoglycemia;
hypocalcemia); anemia

First week and beyond

Jaundice requiring exchange
transfusions

Sepsis

Necrotizing enterocolitis

Other surgical conditions

Bleeding diathesis and other
hematological conditions

The AAP recommends precise postnatal age terminology.
These concepts are explained in © Table 13.2. Chrono-
logical age, in days, weeks, months, or years is the time
elapsed from birth; postmenstrual age in weeks is gesta-
tional age plus the chronological age; corrected age in
weeks or months is chronological age reduced by the
number of weeks born before 40 weeks of gestation. The
later term should be used only for children up to 3 years of
age who were born preterm.

During the perinatal period and neonatal hospital stay,
the term “postmenstrual age” is preferred to describe the
age of preterm infants. After the perinatal period,
“corrected age” is the preferred term. According to the
AAP, one should avoid using such terms as “conceptional
age,” “postconceptional age,” “conceptual age,” and
“postconceptual scientific  publications
reporting on fetal and neonatal outcomes should clearly
describe the methods used to determine gestational age.

age,” and

Variations in Intrauterine Fetal Growth

With the gestational age information and anthropometric
measurements (see below), infants are classified according
to the appropriateness of growth for gestational ages. This
is particularly important for high-risk infants, since such
categorization helps identify specific risks factors.

Appropriate, Small, and Large for
Gestational Age and Intrauterine Growth
Restriction

Infants with a birth weight between the 10th and the 90th
percentile for gestation are referred to as appropriate for
gestational age (AGA). The term “average” for gestational
age should be avoided, as an infant who is at the 80th
percentile is appropriate for gestational age, but is well
above average. Those with a birth weight below the 10th
percentile are referred to as small for gestational age
(SGA), and those above the 90th percentile are referred
to as large for gestational age (LGA). Some experts rec-
ommend considering those with a birth weight below two
standard deviations from the mean birth weight for the
gestation as SGA, and those with more than two standard
deviations above the mean birth weight for gestation as
LGA. The latter definitions lead to considering SGA as
those below the 3rd percentile and LGA as those above
the 97th percentile birth weight for gestational age,
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Weeks and Days

of Gestational
Age First Day of the

Last Menstrual
Period

l

2897 Weeks
(197" Day)

3497 Weeks
(239" Day)

3667 Weeks
(259t Day)

|11 |

3867 Weeks
(274 Day)

417 Weeks
(294" Day)

|

@ Figure 13.1
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Gestational age terminology (Note: The phrase “Early term” is not universally accepted. The remainder is modified from the
reporting practice of the National Center for Health Statistics, of the Centers for Disease Control and Prevention, USA.

CDC web site is publicly accessible: www.http.cdc.gov)

respectively. Furthermore, such “conservative” estimates
of deviations from anticipated fetal growth helps identify
the subsets of SGA and LGA infants with the highest risk
for neonatal mortality and morbidity.

IUGR and SGA Distinction

The terms SGA and intrauterine growth restriction
(IUGR) are often used interchangeably, which is not cor-
rect. While most (not all), IUGR infants are likely to be
SGA, not all SGA infants are IUGR. TUGR is due to the

processes, mostly pathological, that affect the growth
potential of the fetus, whereas small size for gestation is
a reflection of birth weight being less than a set threshold,
or “norm,” based on the population distribution of birth
weights. Therefore, a healthy SGA infant may be constitu-
tionally small without any pathology.

When assessing the appropriateness of intrauterine
growth, the ponderal index (weight divided by length
cubed) and relative proportions of other body measure-
ments (e.g., head circumference to weight, or femur
length-to-abdominal circumference ratios) may be more
useful than birth weight in distinguishing ITUGR from
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@ Table 13.2
Age terminology during the neonatal period

1. | Gestational age:

(a) Days elapsed between the first day of the last regular
menstrual period and the day of delivery of fetus, or
fetuses

(b) Count only completed weeks; any fraction thereof be
shown with a superscript as described in the text

2. | Chronological age:

(a) Infant’s age counting from the day of birth, expressed
in days, weeks, months, or years

(b) Typically rounded off the completed month (e.g., 1
year and 5 months, or 17 months of age)

3. | Corrected age:

(a) Chronological age minus the number of weeks or
months born before 40 weeks of gestation (e.g., a
preterm infant born at 28 weeks of gestation at one year
of age will be of 9 months of corrected age)

(b) For infants born preterm, the correction is applied
only up to 3 years of age

4. | Postmenstrual age:

(a) Chronological age plus the gestational age expressed
in weeks

(b) Usually used during the first months of
hospitalization for preterm infants; or in research studies
for all infants for consistency

SGA. IUGR infants tend not to gain weight to a greater
extent than failure to gain in length or head circumference.
Thus, their relatively large head sometimes has been
referred to as “head sparing.” The time course of intra-
uterine pathology also differentially influences growth
rates of organ systems. Placental pathology early in preg-
nancy causes more uniform reduction in all of the growth
variables (symmetric growth restriction) as opposed to
pathology later in pregnancy that tends to affect weight
to a greater extent than length and head size.

For further discussions on the deviations from normal
fetal growth and the obstetric aspects of SGA,
IUGR, and LGA, please consult other chapters in this
section (@ Chap. 8, “Pregnancy: Intrauterine Develop-
ment and Assessment”).

Physical Examination and Gestational
Age Assessment of the High-Risk Infant

Infants are assessed and given Apgar scores at 1 and 5 min
of age (®© Delivery Room Stabilization). If the scores

remain low, assessment is continued at 5-min intervals
until the score reaches 7 or more, and the time to reach
this threshold is recorded in the medical records. The
infant is also assessed for general well-being, and when
stable, a complete physical examination is performed as
described elsewhere (© Care of the Normal Newborn).
For high-risk infants, when clinical conditions require,
plans need to be made for continued monitoring during
their hospital stay.

Routine body measurements to be obtained are
birth weight, crown-heel length, and head and abdominal
circumferences, which are plotted on intrauterine
growth curves to facilitate infant classification. One
should also calculate the ponderal index to assess growth
asymmetry.

Gestational age calculated using maternal menstrual
history is very helpful, especially if supported by fetal
ultrasound studies done at or before 20 weeks of gestation.
These estimates are accurate to &1 or 2 weeks. For clinical
assessment of gestational age, one of several published
scoring methods can be used. In the USA, the New Ballard
scale is the most frequently used method. Other methods
are also available, all of which provide reasonably accurate
estimates of the gestational age. It is more important to
develop proficiency in one method to ensure accuracy and
consistency of assessment.

Two sets of clinical features are included the
New Ballard scoring system. One set of physical features
include, the skin texture; distribution of lanugo; the extent
of the plantar crease; the thickness of the breast tissue
nodule; the stiffness of the ear pinna; and the maturity of
the external genitals. In male infants, the extent of the
descent of the testes is assessed, and in females, the appear-
ance and the size of the clitoris and the labia are assessed.
The second set of neuromuscular features include the
posture; the “square window” (the extent infant’s hand
can be flexed toward the wrist); arm recoil; popliteal angle;
the “scarf” sign; and the heel-to-ear maneuver. The total
score is then used to assign the gestational age in weeks.

The New Ballard score provides an estimation of ges-
tational age to within 1-2 weeks accuracy. The neurolog-
ical features are more stable and less variable among
healthy infants. Decreased neuromuscular tone may
be encountered in sick infants, affecting the neurological
score. If the discrepancy between the obstetric estimate
and clinical assessment exceeds 2 weeks, one needs to
ascertain the accuracy of obstetric history, and reassess
the gestational age, if possible by a different examiner
after a period of 24 h. In preterm infants, the New
Ballard score has been shown to be reliable up to 7 post-
natal days.
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Common Clinical Problems Associated
with High-Risk Infants

High-risk infants should be cared for in a neutral thermal
environment, defined as the ambient temperature and
humidity settings at which the oxygen consumption
required to maintain the internal body heat is at its lowest.
When exposed to a cold environment, newborn infants
rely upon non-shivering mechanism to generate internal
heat, enhancing oxygen consumption. However, since
oxygen consumption is not routinely measured, a com-
mon practice to determine the optimal ambient thermal
environment is to base it on the previously developed
charts and graphs, keeping in mind, the general principles
of thermogenesis in high-risk infants. The hypothalamus
in mature infants exposed to cold releases norepinephrine,
which leads to a breakdown of brown adipose tissue to
fatty acids and the oxidation of the latter generates inter-
nal heat. However, preterm, SGA, and IUGR infants are
deficient in brown fat, and their neural responses to cold
may be inadequate. Thus, the smaller and more immature
an infant, the narrower is the required ambient neutral
thermal environment.

In most modern neonatal units, sick newborn
infants are cared for inside double-walled incubators
or under overhead-warming intensive care beds,
which are equipped with servo-controlled systems for
maintaining the infant’s skin temperature at 98.5 +
0.5° E This topic is covered in more detail in @ Chap. 14,
“Thermoregulation/Environment”.

The mammalian fetus relies upon placental transport of
glucose and other nutrients for growth and development.
Termination of this supply at birth leads to an immediate
demand for maintenance of glucose homeostasis through
the initiation of glucose production in the newborn. Such
transitions occur smoothly in most newborn infants; but
in SGA, IUGR, and LGA infants, the transition may not be
smooth, leading to low plasma glucose concentrations,
with or without manifest signs and symptoms.

However, since the “natural history” of the glucose
changes following birth in healthy infants has not been
studied using continuous, noninvasive methods, “postna-
tal euglycemia” remains undefined. Therefore, at present
there is no universally accepted definition of clinically
significant, transient neonatal hypoglycemia. An NIH

expert panel concluded that, “there is neither a rational
basis nor sufficient evidence to identify a specific value or
a range of plasma glucose concentrations that would
define hypoglycemia as a pathological entity.” The com-
plexity of postnatal homeostasis has also been discussed
in other excellent reviews. Some experts recommend that
plasma glucose concentrations <40—45 mg/dL after birth
(which occurs in ~5-15% of normal newborn infants),
may be deemed as operational threshold for supplementing
glucose or additional feeding. The AAP Clinical Report on
this topic is currently in print; this will provide additional
guidelines on monitoring and treating altered neonatal
glucose homeostasis in term and late preterm infants.

Compared to term infants, the incidence of low con-
centration of plasma glucose after birth (persisting for
several hours, and rarely for a few days) is higher among
SGA and IUGR infants. This is due to low hepatic
concentrations of glycogen stores, immature hepatic
enzymes (glucose-6-phosphatase), decreased ketogenesis,
and increased brain-to-body mass ratio with increase in
relative brain consumption of glucose in these infants. On
the other hand, in LGA infants, especially those born
of diabetic mothers, hyperinsulinemia is considered
a major cause for drops in plasma glucose concentration
after birth.

For infants at risk for hypoglycemia, early initiation of
breastfeeding is an important first step. If the infant is
feeding well and has no clinical symptoms, some experts
recommend bedside check of glucose after the feeds
between 1 and 4 h of age. Such tests are done immediately,
when symptoms suggestive of hypoglycemia, for example,
jitteriness seizures occur. If plasma glucose levels are below
35 mg/dL in asymptomatic infants, some experts recom-
mend additional feeds or oral glucose supplements with
a goal to raise the plasma glucose concentrations above
40 mg/dL.

However, repeated additional feeding (especially
commercial formula or glucose solutions) may impede
success rates for breastfeeding. Therefore, the WHO
recommends that in asymptomatic LGA infants with
no maternal history of diabetes, bedside glucose checks
should be avoided during the first 4 h or longer, to
prevent unnecessary interference with the normal pro-
cess of breastfeeding. This is an advice especially valu-
able in resources-limited parts of the world. Additional
details concerning hypoglycemia and its management
are discussed elsewhere (® Chap. 29, “Disorders of
Glucose Homeostasis in the Newborn”), and a new
Clinical Report from the AAP on the management of
altered glucose homeostasis in term and late preterm
infants is under review for publication in 2011.
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Due to the immature sucking and swallowing reflexes,
even otherwise healthy preterm infants may feed poorly.
Nasogastic tube feedings may be considered using
mother’s expressed breast milk, or where resources per-
mit, banked human breast milk. Human milk is to be
preferred to commercial infant formula. If oral feedings
are not possible because of illness, intravenous alimen-
tation should be begun, usually within the first 24 h.
Fluid and nutritional support and other medical condi-
tions of high-risk infants are discussed elsewhere in this
Section.

Late Preterm Infants: A Special Category
of High-Risk Infants

Since the publication of the executive summary of
a workshop on late preterm births sponsored by the
NIH, and a Clinical Report on the same topic by
the AAP, there has been a greater awareness that late
preterm infants are indeed “high-risk.” In fact, recent
studies have shown that compared to those born at 39 or
40 weeks, even early term infants born at 37 or 38 weeks of
gestational age are at risk for higher risks for neonatal
morbidity and mortality, underscoring the dictum that
maturation is a continuous process, and no single calendar
date can be considered to provide assurance that all organ
systems are completely mature. This is in part true because
individual infants have different rates of maturation,
resulting in substantial differences in physiologic maturity
in infants of the same gestational age.

The NIH and AAP reports also recommended discon-
tinuation of the phrase “near-term,” because the latter
implies that such infants are “almost term,” requiring no
special monitoring or care. Because of their growing
importance and high prevalence, the section that follows
provides a detailed, albeit brief, discussion on the epide-
miology and clinical issues in late preterm infants.

The US preterm birth rate increased each year since
1992, reaching an all-time high of 12.8% in 2006. The
rates have dropped slightly in 2007 and 2008; yet, each
year more than 375,000 late preterm births (8.8% of all
live births) occur in the USA. Since 75% of all preterm
births are late preterm gestations, even a slight increase in
the risk of illness in this group has a major impact on
healthcare resources.

Possible contributing factors for increasing rates of
preterm births include: increasing maternal age at first
pregnancy, higher proportion of pregnancies conceived

through artificial reproductive technologies (with higher
risks for multi-fetal pregnancies), and increased rates of
labor-inductions and cesarean births at all gestations.
A recent study found that the average gestational age
at term births dropped about 0.33-0.42 weeks over
a 15-year period in the USA (© Fig. 13.2). The authors
hypothesized that higher levels of stress or environmental
pollutants may be the unmeasured causes for shortened
pregnancy durations across the population. Some
nonmedical reasons for increasing preterm births include
parental requests, the convenience and logistical reasons
of the healthcare team, and errors in estimating gesta-
tional age. However, the relative proportions of the causes
leading to increased preterm birth rates have not been
studied.

About 60% of preterm births are due to spontaneous
onset of preterm labor, with or without rupture of
the fetal membranes prior to the onset of labor, and the
remainder are “indicated” preterm births due to inter-
ventions carried out because of specific medical, surgical,
or obstetric conditions in the mother or the fetus
(© Fig. 13.3).

A recent study found that in about 20% birth certifi-
cates of late preterm births, no specific medical, obstetri-
cal, or fetal condition was documented as the cause for
preterm birth (®© Fig. 13.4). The authors implied that
these might be due to nonmedical indications.
Sociodemographic factors also have been etiologically
linked to spontaneous onset of preterm labor, which
include black race/ethnicity, maternal age <17 years or
>35 years, smoking, substance abuse, and poor socioeco-
nomic status. Note that many of these factors are interre-
lated and may coexist along with medical or obstetric
pathological conditions.

The neonatal and infant mortality rates, as well as cause-
specific mortality rates, are much higher in late preterm
infants than in term infants. Among the late pre-
term infants with a maternal history of hypertensive
disorders of pregnancy, antepartum hemorrhage, diabe-
tes, infections, or chronic renal, lung, or cardiac disease,
the morbidity risks were 10- to 14-fold higher compared
to term infants with similar history. The morbidity
rates also doubled for each gestational week earlier
than 38 weeks, implying an independent effect of low
gestational age on morbidity. Some specific conditions
leading to poor outcome in late preterm are described
below.
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Trends in length of gestation from 1990 to 2005, according to induction of labor status and route of delivery, among
36,827,828 singletons born at 37-41 completed weeks of gestation, and among a low-risk subgroup of 502,716 singleton

neonates born to mothers aged 25-29 years, of non-Hispanic white race/ethnicity, with 13 or more years of education, of
married status, who received prenatal care in the first trimester, were nonsmokers, had no pregnancy complications,
delivered vaginally, did not have labor induced, had a prenatal ultrasound examination, and gained 26-35 Ib during
pregnancy (Reproduced from Donahue SM, Kleinman KP, Gillman MW, Oken E (2010) Trends in birth weight and gestational
length among singleton term births in the United States: 1990-2005. Obstet Gynecol 115 (2 Pt 1):357-364. With permission)
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Possible causes of preterm births (Redrawn based on compilation of statistics from various publications)

For late preterm infants, the rates for readmissions to the
nursery within 4 weeks of initial discharge was between
5.3% and 9.6%, compared to 3.6—4.4% for term infants,
with the risk increasing threefold if the initial hospital

discharge occurred at <96 h of age. Common reasons
for readmission were jaundice, feeding difficulties, poor
weight gain, dehydration, and apnea with apparent life-
threatening events.

The risk for hospital admission is higher for late pre-
term infants compared to term infants throughout the
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first year of age. A California study found that 13% of
infants born at 35 weeks were readmitted at least once
during the first year of age, adding $80 million to the
healthcare cost.

Hypothermia and hypoglycemia: Late preterm infants
develop hypothermia and hypoglycemia far more quickly
and more often than term infants. Since they generally
appear normal at birth, they are likely to be left in the
delivery room with their mothers or to be “rooming-in”
with minimal monitoring. Of the 196 infants consecutively
admitted to a newborn nursery, 48.8% were hypothermic
(core temperature <36°C). Over half of the hypothermic
infants were late preterm, who became hypothermic while
in the delivery room. Neonatal hypoglycemia is nearly
threefold higher in late preterm compared to term infants
(14% vs 5.3%), because of some of the reasons noted above.

Respiratory distress: About 1-4% of late preterm
infants develop some form of respiratory distress, includ-
ing the classical respiratory distress syndrome (RDS). The
risk for RDS is higher when there is no exposure to
antenatal steroids. A failure of fetal pulmonary surfactant
surge that usually occurs at 34 weeks may be one reason
for RDS in late preterm infants. Maternal diabetes or
planned cesarean delivery in the absence of labor increases
the risk for RDS due to lack of labor-related biochemical
changes that enhance fetal lung maturation and facilitate
pulmonary fluid clearance. Transient tachypnea of the
newborn, atelectasis,

absorption and  persistent

pulmonary hypertension are also other causes of respira-
tory distress in late preterm infants.

Hyperbilirubinemia: Because of immaturity and delay
in the development of hepatic bilirubin conjugation path-
ways, late preterm infants are more likely than term
infants to develop physiological jaundice, to have higher
serum bilirubin concentrations, and to have longer dura-
tion of jaundice. In addition, feeding difficulties lead to
delay in the resolution of enterohepatic recirculation of
bilirubin and cause an increase in the systemic bilirubin
load. Immaturity of the bilirubin blood-brain barrier
functions, lower circulating albumin concentrations for
bilirubin-binding, and concurrent illnesses increase the
risk for bilirubin-induced brain injury and kernicterus in
late preterm infants.

The AAP has recommended steps to treat neonatal
jaundice based on hour-specific bilirubin values in high-
risk as well as term infants.

Feeding and apnea: Oro-buccal coordination and
swallowing mechanisms remain immature in most late
preterm infants, leading to considerable difficulty in
establishing successful feeding, especially breastfeeding.
Late preterm infants also have a higher frequency of gas-
troesophageal reflux, further reducing food intake and
affecting weight gain. In some cases, this chain of events
leads to dehydration and hypernatremia during the first
few weeks of life and may lead to severe hyperbilir-
ubinemia, which in turn makes feeding difficulties
worse. This interruption of adequate protein and caloric
intake at a critical part in brain growth and development
may have significant adverse effects (discussed further
below). Both obstructive and mixed apneas occur at
higher frequencies in late preterm than in term infants.
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Brain maturation and development: Recent imaging
and pathological studies have shown that the brain
remains significantly immature in late preterm relative
to term infants. The external surface at 34 weeks of gesta-
tion shows fewer sulci, and the brain weight is only
65% of full-term infant’s brain weight. Between 35 and
40 weeks gestation, there is also a marked increase in
synaptogenesis, neuronal connectivity, and dendritic
arborization. Using advanced neuroimaging studies at
9 years of age in 192 infants who were born between
32 weeks gestation and term, a recent study noted a signif-
icant reduction in cerebellar volumes in relation to earlier
gestations, independent of birth weight, sex, and intracra-
nial volume. Cerebellar injury has been recognized as an
important contributor to adverse motor, language, and
social-behavioral outcomes.

Taken together, the above anatomical changes, and
higher prevalence of morbidities may be the underpin-
nings of brain injury in late preterm infants, which might
explain the reasons for the reported cognitive deficits
documented in late preterm infants during school age
(see below).

Learning disabilities and scholastic problems and adult
age outcomes: Several recent reports have raised concerns
about the long-term neurological and psychological out-
comes for late preterm infants. In a cohort of 970 preterm
and 13,671 term infants from a longitudinal study, late
preterm infants on average performed worse on reading
and math tests from kindergarten through fifth grades.
The requirement for special education at early grades was
also higher for the late preterm group compared to the
term counterpart (odds ratio, 1.4:2.1). A Norwegian study
based on a national cohort found that in nearly 33,000
adults born at late preterm gestations, most psychosocial
measures were 50—200% worse compared to those born
at term.

Thus, the burden of short- and long-term morbidities
should be a matter of great concern for those caring for
late preterm infants. The AAP has made the following
recommendations for the care of late preterm infants.

Prevention of non-indicated preterm births: In the
absence of medical or obstetric indications, no planned,
induced vaginal or planned cesarean delivery is to be
conducted prior to 39 weeks of gestation.

Clinical assessment and transitional care: All infants
need accurate assessment of gestational age and compre-
hensive clinical examination within the first hours of
birth. Close monitoring of temperature and feeding pat-
terns during the transitional period is needed to avoid
delayed recognition of feeding problems, jaundice, and
hypoglycemia.

Feeding adequacy and stability of vital signs:
Irrespective of the method of feeding, late preterm infants
should be monitored for the adequacy of feeding, age-
appropriate changes in weight and well-being. An infant
who is losing >3% of body weight in a single day, or a total
weight loss of >7% at any time needs further evaluation
for dehydration and feeding status.

Hpyperbilirubinemia: Early assessment, monitoring,
and implementation of treatment should be based on the
AAP guidelines.

Timing and preparation for discharge: Individualized
timing of discharge should be based on overall stability,
feeding status, and clinical well-being. Prior to discharge,
a successful pattern of breastfeeding needs to be demon-
strated for at least 24 h, and that the infant must have had
normal passage of at least one stool. Other predischarge
requirements are those that are reccommended by the AAP
for all high-risk infants (see below).

Follow-up: When the infant is discharged prior to
48 h, a repeat visit needs to be planned 24-48 h after
discharge. During this visit, one needs to assess the
overall well-being, nutritional status, and the status of
jaundice. Additional visits may be needed based on clinical
course. Late preterm infants also need thorough evalua-
tion of neurological status during all their subsequent
clinic visits.

Education: Healthcare providers caring for late pre-
term infants throughout the pediatric age group need to
be educated about the vulnerability of this cohort of
infants and a need for close surveillance and comprehen-
sive follow-up. Parents and family members should be
educated about the special needs of late preterm infants
during the first months of life.

As per the AAP Policy Statement, special attention should
be given during discharge planning for all high-risk
infants, since for many, medical care may be needed
even after discharge. The group of infants qualifying for
special consideration include all preterm infants; infants
with special health care needs or dependence on technol-
ogy; infants at risk because of family issues; and infants
with anticipated early death. The plan should be individ-
ualized to ascertain that the infant is physiologically
stable; the parents are involved and are ready for the
care of their infant at home; arrangements have been
made for healthcare after discharge by a physician, or
other healthcare professionals with experience in the
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care of high-risk infants; and an organized program for
tracking and surveillance to monitor growth and
development.
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14 Thermoregulation/Environment

Andrew James Lyon

Children and adults maintain a constant deep body tem-
perature over a wide range of ambient thermal conditions
(homeothermic). This is achieved by physiological and
behavioral responses that control the rate at which heat
is produced and lost. The newborn infant is also homeo-
thermic but control of body temperature can only be
achieved over a narrower range of ambient conditions.
The preterm infant has even greater difficulty in body
temperature control, and the most immature infants
behave at times as if they are poikilothermic — their body
temperature tending to drift up and down with the ambi-
ent temperature. The aim in neonatal care is to provide
a thermal environment which keeps body temperature in
the normal range, and which does not stress the infant to
produce or lose large amounts of heat.

The importance of thermoregulation in the newborn
has been recognized for a long time. In late nineteenth
century Paris, Tarnier, and Budin reduced by half the
mortality of infants, under 2,000 g birthweight, by nursing
them in a warming chamber they designed from an incu-
bator used for rearing poultry. In a series of randomized
controlled trials in the 1950s, William Silverman showed
that keeping babies warm resulted in a 25% absolute
reduction in mortality in all birthweight groups, including
those under 1,000 g. Subsequent studies in the 1960s
showed a significant reduction in death rate among low
birthweight infants when their abdominal skin tempera-
ture was maintained at 36°C (relative risk 0.72-95% CI
0.54, 0.97). This effect was even greater among the very
low birthweight infants.

Despite the lessons from these studies, there is evidence
that newborn babies today are still being allowed to get cold
and hypothermia, especially in the preterm infant, remains
independently associated with increased mortality.

Heat Balance

Heat is produced as a by-product of cell metabolism. The
basal metabolic rate is the lowest obligatory rate of heat
production which occurs when an individual is starved,
quiet, and resting. In the newborn, this is usually taken as
the minimal rate of oxygen consumption in an infant who

is lying still and asleep, at least 1 h after a feed in a neutral
thermal environment. Values depend on gestation and
postnatal age. Heat production must be balanced by
that lost from convection, radiation, evaporation, and
conduction.

The more immature the infant, the greater the diffi-
culty in temperature control. Heat loss is related to surface
area, which is relatively high in the smaller babies. There is
reduced insulation due to lack of subcutaneous tissue and
the poorly developed stratum corneum results in high
transepidermal water loss (TEWL) and evaporative heat
loss. TEWL is related to both gestational age and postnatal
age. The ability to conserve heat by vasoconstriction is
limited, and heat production, which is related to mass, is
low. This poor response to relatively high heat losses
means that hypothermia is a common problem in the
immature baby.

Response to Thermal Stress

The thermoneutral environment is a range of environ-
mental temperature over which an infant has a minimum
rate of heat production and is not sweating. Within this
range, small adjustments to thermal control can be made
by alterations in posture, activity, and skin blood flow
with deep body temperature remaining constant. The
thermoneutral range is wide if the infant is mature and
well insulated by clothes and bedding, but narrow in the
small and naked baby. As environmental temperature falls
below the lower end of the thermoneutral range, the
newborn baby is unable to shiver but increases metabolic
heat production. This is mainly the result of oxidation of
brown adipose tissue which is distributed in the neck,
between the scapulae and along the aorta. The metabolism
of brown fat to produce heat is controlled by catechol-
amine release (non-shivering thermogenesis). A term
newborn infant can double his resting heat production
in this way without any increase in activity. As environ-
mental temperature continues to decline, heat production
reaches a maximum and below this point the body tem-
perature falls. If environmental temperature rises above
the upper end of the thermoneutral range, sweating occurs
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until a point is reached when the heat lost by sweating is
insufficient and body temperature starts to rise.

In all infants, heat production is delayed during adap-
tation to extrauterine life, especially if there is asphyxia,
hypoxia, or maternal sedative administration. Heat
production per unit area is lower in preterm infants,
particularly below 28 weeks’ gestation, and the immature
infant has a more prolonged impairment of non-shivering
thermogenesis.

Sweating occurs from birth in infants above
36 weeks’ gestation but is delayed by 2-3 weeks in the
most immature infants. This is a result of neurological
rather than glandular immaturity. Sweating is a relatively
poor defense against overheating in the newborn because
the production of sweat per unit area of skin is low
compared with a child or adult. The term newborn can
alter skin blood flow effectively, and hence the amount of
heat lost by convection and radiation, but this is impaired
in the very immature infant. Change of posture to increase
or decrease the surface area available for heat loss by
convection and radiation is important in thermoregula-
tion. It occurs in the healthy term infant and to some
extent in the preterm infant but not in the presence of
illness.

Body Temperature and Its Measurement

The only practical method in day-to-day care for assessing
the effects of the thermal environment on the baby is to
measure body temperature. This is crude because it tells us
nothing about the amount of energy the baby may be
using to maintain its body temperature. An infant can be
exposed to very significant thermal stress and still
maintain a normal deep body temperature. The corollary
of this is that just because a baby has a normal deep body
temperature does not necessarily mean that it is in
a neutral thermal environment.

In clinical practice, we need an easily measured tem-
perature that is at least close to, and follows changes in,
deep body temperature. There is, however, no such thing
as a single deep body temperature. The temperature of
a tissue will depend on its metabolic rate, with the brain
being the highest. The temperature in mid esophagus is
often used to represent deep body temperature as this
measures the temperature of the blood in the great veins
returning to the heart from all the tissues. However, this is
invasive and difficult to use in routine care.

Rectal temperature should no longer be used routinely
in infants and children as there is a significant risk of
damage to the mucosa. Temperature in the rectum is an

unreliable measure as it is affected by the depth of inser-
tion of the thermometer, whether the baby has just passed
astool and by the temperature of the blood returning from
the lower limbs. It is very difficult to retain rectal probes in
the same position if continuous temperature monitoring
is being used. The one exception is for babies who are
being cooled for management of hypoxic ischemic
encephalopathy when rectal probes are a reasonable alter-
native to continuous esophageal temperature monitoring
of deep body temperature.

Tympanic temperature closely correlates with that of
the brain and is commonly used for intermittent recording
in children but is less practical in the newborn infant.

Axillary temperature is a reasonable guide to deep
body temperature. The bulb of the thermometer should
be held in the roof of the axilla with the infant’s arm
pressed against the side of the chest until a stable reading
is obtained, usually by 3 min. The normal range is
36.3-37.0°C.

Skin temperature reflects tissue insulation and envi-
ronmental conditions as well as deep body temperature.
In the preterm baby, the temperature of the skin over the
liver can be used to monitor trends in deep body temper-
ature. If the infant lies on a temperature probe which is
insulated on the outside, the skin under the probe cannot
lose heat and so equilibrates with the deep body temper-
ature. This is the zero heat flux temperature and is
a practical method for continuous monitoring of
a central temperature.

A single temperature, measured intermittently, gives
limited information on the thermal state of the baby.
Particularly in the sick or unstable baby, more informa-
tion can be obtained from the continuous measurement
and display of a central (abdominal, axillary, or zero heat
flux) and a peripheral (foot) temperature. Changes in
peripheral temperature can detect cold stress before the
central temperature falls. The preterm baby, who appears
to be comfortable in its environment, will have a central
temperature, measured from a skin probe, of 36.8-37.3°C
and a central-peripheral temperature difference of
0.5-1°C. An increasing central-peripheral temperature
difference, particularly above 2°C, is commonly due to
cold stress and occurs before any fall in central tempera-
ture. Hypovolemic babies will vasoconstrict their periph-
eral circulation in an attempt to maintain blood pressure.
This results in a rise in central-peripheral temperature
difference but, in such cases, there are other signs of
hypovolemia, such as a rising heart rate and falling
blood pressure. A raised and unstable central tempera-
ture, along with a wide central peripheral gap, is seen in
septic babies.
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Management of the Thermal Environment

Delivery rooms should be warm, with a minimum tem-
perature of 25°C, and well insulated against drafts to
reduce radiative and convective heat losses. Evaporation
of amniotic fluid from the skin is the greatest source of
heat loss following delivery. The term newborn infant
should be dried at delivery, wrapped in a warm dry blan-
ket, and given to the mother. Skin to skin contact with the
mother is an effective way of maintaining body warmth
but it is important to cover the baby to prevent heat loss
from exposed skin on the back.

In the preterm infant, low temperature on admission
to the neonatal unit has been shown to be independently
associated with increased mortality. The use of heated
mattresses has been shown to prevent hypothermia and
in well infants skin to skin contact is effective. Evaporation
is the major source of heat loss, particularly in the very
immature infant, and this can be significantly reduced
using occlusive dressings. Plastic wraps or bags are effec-
tive in reducing heat losses in infants <28 but were not
more effective than standard care in those between 28 and
31 weeks’ gestation. Clear plastic bags are easy to use and
prevent hypothermia immediately after delivery. The baby
can be slid into the bag, up to the neck, whilst still wet. The
head is dried and covered with a hat. No blankets are used,
allowing radiant heat to warm the infant through the bag.
Clinical inspection and auscultation during resuscitation
can be done through the bag and if vascular access is
needed a small hole can be cut in the plastic. The infant
can be transported while still in the bag, which is only
removed once the baby is in a humidified environment.

The healthy term newborn will maintain a normal tem-
perature if nursed fully dressed in a cot in a warm room.
Most healthy preterm babies can be managed in the same
way, although comparative data between cot and incuba-
tor care are limited. Some very small infants may need to
be nursed clothed in an incubator to provide a sufficiently
warm ambient temperature.

e Over 2 kg: nurse clothed, with bedding in a cot, in
a room temperature of about 24°C.

e 1.5-2kg: nurse clothed with a hat and bedding in a cot,
in a room temperature of about 26°C.

e Below 1.5 kg: nurse clothed with a hat, in an incubator
temperature of 30-32°C.

A water-filled mattress, heated to a set temperature
between 35°C and 38°C, can be used to provide conduc-
tive heat to a preterm infant nursed in a cot. This can be as
effective as an incubator for keeping small babies warm,
resulting in similar rates of resting metabolism and
growth. It is cheap, simple, and does not depend on
a constant unbroken supply of electricity (because of its
stored heat), so that it is particularly useful in developing
countries. It is only of use if the infants are healthy and do
not need to be nursed naked for observation and access. It
has been effectively used as a method of rewarming cold
preterm infants. Gel-filled heated mattresses are also
available but are more expensive.

The incubator provides a warm, humid environment
suitable for nursing small or sick infants, particularly if
they need to be naked for observation and access. Air
within the canopy is warmed by a heater and circulated
by a fan. The heater output can be controlled in two
ways. In air mode, the incubator air temperature is set
to a point between 30°C and 37°C, and the heater is
thermostatically controlled to reach and maintain this
temperature. In servo mode, a thermistor probe is taped
to the infant’s abdominal skin and the desired skin
temperature is set — the heater output varies to provide
an air temperature which maintains the set skin tem-
perature. In practice, air mode control is simpler to use,
safer, and results in a very constant ambient air temper-
ature regardless of the condition of the infant and the
amount of care being receiving. Servo control results in
wide fluctuations in air temperature, particularly during
handling, and in the preterm baby this has been associ-
ated with an increase in apnea and possibly a poorer
outcome. The probe can become detached or wet, and
the infant’s own attempts at thermoregulation are over-
ridden so that a fever may be disguised. For these
reasons, air temperature control is preferred in most
circumstances.

Suggested air temperature (@ Table 14.1) and skin
temperature settings (@ Table 14.2) for the two modes of
control are shown.

These are a guide only and there will be variation in
individual requirements. In particular, dressed babies will
need lower incubator temperatures. Monitoring of body
temperature is essential to allow appropriate changes in
environmental settings.
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B Table 14.1

Average incubator air temperatures needed to provide a suitable environment for naked, healthy infants (From Rutter N
(2005) Temperature control and its disorders. In: Rennie JM (ed) Roberton’s textbook of neonatology, 4th edn. Churchill

Livingstone, Edinburgh)

Birthweight (kg) 37°C 36°C 35°C 34°C 33°C 32°C

Less than 1.0 For 1 day After 1 day After 2 weeks After 3 weeks After 4 weeks After 6 weeks
1.0-1.49 For 10 days After 10 days After 3 weeks After 5 weeks
1.5-1.99 For 10 days After 10 days After 4 weeks
2.0-2.5 For 2 days After 2 days After 3 weeks
More than 2.5 For 2 days After 2 days

@ Table 14.2

Suggested abdominal skin temperature settings for
infants nursed in servo-mode incubators or under
radiant warmers (From Rutter N (2005) Temperature
control and its disorders. In: Rennie JM (ed) Roberton’s
textbook of neonatology, 4th edn. Churchill Livingstone,
Edinburgh)

Less than 1.0 36.9
1.0-1.49 36.7
1.5-1.99 36.5
2.0-2.5 36.3
More than 2.5 36.0

The naked infant will lose heat by radiation to the
cooler walls of the incubator. This loss can be reduced by
raising the temperature of the nursery, and therefore of the
incubator wall, raising the incubator air temperature,
using a radiant heat shield within the incubator which
warms to the air temperature and shields the infant from
the canopy, or by using a double-walled incubator.
Although radiative heat losses can be minimized, there
are no data available that show an impact on outcome in
low birthweight infants.

In infants below 30 weeks’ gestation, especially if
weighing less than 1 kg, evaporative water and heat loss
is high during the first days of life and may exceed the
infant’s own heat production. Raising the humidity of the
air around the body will reduce evaporative losses so that
a normal body temperature can be achieved and fluid
losses minimized. Beyond 1 week of age, the immature

infant’s skin has matured to such an extent that evapora-
tive water and heat losses are less important and added
humidity is rarely required. Incubators using a sealed sys-
tem do not need to be run dry for part of the day and there
does not appear to be any increased risk of infection when
humidity is used. Evaporative heat losses can also be
reduced by covering the baby with a plastic sheet. This
reduces visibility and when removed to handle the baby
there are high evaporative losses. The use of semiperme-
able nonadhesive skin dressings lowers TEWL and reduces
the number of bacteria in the covered skin. Emollients
have also been used to cover the skin and reduce fluid
loss. They are safe and reduce excessive drying, skin crack-
ing, and fissuring. However, the effect of these products
wears off after about 3 h, necessitating repeated
application.

There are few data available to help in deciding the
optimum time to make the transition from incubator to
cot. Traditionally, this is based on weight, with most babies
able to maintain their temperature in a cot, and continue
to gain weight, when they are between 1,700 and 1,800 g.

With the use of radiant warmers, the infant lies naked on
a platform with a radiant heat source above. The output of
the heater is controlled by a temperature sensor in contact
with the infant’s skin, set to the desired temperature. The
sensor should be taped to the abdomen or chest rather
than a limb and must be shielded from the heat source.
The normal range of abdominal skin temperature under
neutral thermal conditions for infants of different size is
shown in © Table 14.2.

Heat losses by convection and radiation are high when
radiant warmers are used. Evaporative water loss is also
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very high even in term infants, with a mean of about
23 ml/kg/day, due to the low relative humidity in the
surrounding air. These losses are all balanced by a large
radiant heat gain from the heater. Wide fluctuations in
heater output occur, producing a very uneven, asymmet-
rical thermal environment compared with an incubator.
In the more immature infants, increased evaporative water
loss may lead to hypernatremia and dehydration. The wide
fluctuations in thermal environment and high evaporative
water losses can be reduced by placing a small clear plastic
canopy over the infant — radiant heat can still reach the
infant but heat losses by convection, radiation, and evap-
oration are greatly reduced.

Overheating can occur and regular measurement of
the infant’s body temperature by an independent method
is essential. It is important to be sure that the skin tem-
perature probe is securely attached to the baby. If the
heater is switched off, moved to one side or if something
is interposed between the infant and the heat source, the
infant’s heat losses are very great and rapid cooling occurs.
Their advantage is that they allow access to the infant for
practical procedures while keeping the infant warm.

Babies nursed with similar skin temperatures have
a higher basal metabolic rate when managed under radiant
heaters compared with incubators. However, no study has
shown any significant difference in outcome for babies
nursed using either device.

The newborn, and in particular the preterm infant, is at
high risk of cold stress during transport. High radiative
heat losses, especially in cold weather, can be reduced by
covering the incubator and using blankets around the
baby. Evaporative heat loss can be reduced by placing the
baby in a plastic bag. If ventilator gases are not heated and
humidified, there will be high evaporative heat losses from
the respiratory tract. Heated gel mattresses that can be
used during transport are available, with the baby gaining
heat by conduction. All units transporting babies should
collect data on temperature control during transfer and
use this to audit the quality of care during the transport
process, because, as previously stated, admission temper-
ature is an important predictor of outcome.

There is a major risk of cold stress during surgery. The
baby is starved and anesthetized, reducing the normal

metabolic response to cold. The operating theatre is
often cool and the baby may have had to travel some
distance from the nursery. Exposure of the skin and
moist organs increases heat loss significantly. Heat
losses can be minimized by increasing the environmen-
tal temperature to 28-30°C, exposing only the mini-
mum area during surgery and adding a supplementary
heat source such as an electric heating pad or radiant
heater. Careful intraoperative temperature monitoring
is advisable.

Disorders of Body Temperature in the
Newborn

Mild hypothermia (central temperature 34 —36°C) is not
uncommon. In hospitals, it is most often seen following
resuscitation or when infants are exposed to a cool deliv-
ery room or theatre. This is easily preventable by paying
careful attention to keeping infants warm after delivery.
Moderate (30-34°C) or severe (below 30°C) hypothermia
due to cold exposure occur most often when infants are
born outside hospital, either unexpectedly or after
a concealed delivery — if the infant is small, born into
a toilet, abandoned, or inadvertently exposed to cold,
severe hypothermia may result.

Accidental hypothermia also occurs later in the new-
born period or early infancy because of inadvertent cold
exposure due to inadequate clothing or cold thermal envi-
ronments. Infants with bacterial sepsis or with respiratory
syncytial virus (RSV) infection are prone to mild hypo-
thermia — so too are infants in severe heart failure or with
marked cyanosis. Malnutrition predisposes to hypother-
mia because of poor tissue insulation and an impaired
metabolic response to cold. Hypothyroidism also results
in an impaired metabolic response to cold. Drugs given to
the mother which cross the placenta have a similar effect
on the newborn infant, particularly the long-acting
sedatives such as diazepam.

Intentional hypothermia is used as an adjunct to car-
diopulmonary bypass — the body temperature being
lowered to about 28°C to reduce the metabolic demands
of the brain. The infants tolerate this brief, acute severe
hypothermia well.

Whole body or preferential head cooling with mild
systemic hypothermia appear to be effective in reducing
brain damage in asphyxiated animals, and trials have
shown improved survival and neurodevelopmental out-
come in term newborn infants following birth asphyxia.
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Cooling to around 33.5°C is now a common part of the
management of hypoxic ischemic encephalopathy with
remarkably few adverse effects. The safety and effective-
ness of therapeutic hypothermia in preterm infants has
not been established.

Hypothermic infants develop symptoms when their
deep body temperature falls below 34°C. They become
lethargic, feed poorly, have a weak cry and reduced
movements. The heart rate falls in proportion to the
degree of hypothermia. If exposure to cold has been
persistent, there may be peripheral oedema, sclerema,
and marked facial erythema in the presence of
a strikingly cold skin — these are the features of neona-
tal cold injury. In very severe hypothermia, there is
profound bradycardia with slow, shallow respiration
and the infant may appear to be dead. There are anec-
dotal reports of such infants being left for dead yet
eventually making a full recovery. The diagnosis of
hypothermia is made by recording a low rectal temper-
ature — it is important that a low reading thermometer
is used, not the standard clinical thermometer with
a minimum reading of 35°C.

The treatment of accidental hypothermia is
rewarming — if there is an underlying cause, this obvi-
ously needs to be treated too. There is limited informa-
tion about the correct rate for rewarming cold infants but
in cases of mild hypothermia this can take place fairly
rapidly. In moderate or severe cases, there is concern that
rapid rewarming of the infant’s surface causes peripheral
vasodilatation, diversion of blood from the core, and
therefore hypotension. There is no evidence for the rou-
tine use of plasma expanders in these cases. Following
acute accidental hypothermia, it appears to be safe to
restore deep body temperature to normal over a few
hours. This can be achieved using a radiant warmer, an
incubator, or a heated cot. Rapid rewarming in preterm
infants has been associated with increased apnea of
prematurity.

Hypoglycemia may occur during rewarming and
should be anticipated and prevented with an intravenous
infusion of 10% dextrose. Care should be taken in
interpreting blood gas results — a metabolic acidosis at
37°C is less severe at 30°C and should not be overenthu-
siastically treated. Abdominal distention is common as
a result of ileus and feeding should not be started until
a normal body temperature is achieved. NEC and hemor-
rhagic pulmonary edema have been described. The
reported mortality rate in severe hypothermia is 25-50%
but this includes infants with overwhelming sepsis or
congenital abnormalities that predisposed them to cold.
Most survivors develop normally.

Most commonly an infant with a high body temperature is
being overheated iatrogenically. It is important, however,
to be sure that the baby is not truly febrile due to an
underlying disease. An intrinsically febrile infant has
a high set point temperature and behaves as if cold. He
makes physiological and behavioral responses which
reduce heat loss, increase heat production, and therefore
raise body temperature. Although he has a raised central
temperature, his central-peripheral temperature differ-
ence will be high (above 2°C).

In contrast, an overheated infant makes physiological
and behavioral responses in an effort to increase heat loss
and therefore lower body temperature. In this case, the
central temperature will be high but the central peripheral
temperature gap will be small (below 1°C). Overheated
infants simply need a cooler environment, not a series of
painful investigations to find a cause for the “fever.”

The newborn infant may develop a raised body tem-
perature in the presence of infection but this is usually not
marked. It is not known why serious infection in
a newborn seems to elicit such a mild febrile response
when mild infection in a toddler is often associated
with a very high body temperature. Infection is not the
only cause of a raised set point temperature in the new-
born; it is also caused by a severe cerebral abnormality,
either congenital (holoprosencephaly, hydranencephaly,
encephalocele) or acquired (birth asphyxia). Such infants
have hypothalamic dysfunction leading to poor tempera-
ture control.

Overheating is less common than accidental hypother-
mia in the newborn. Mild degrees occur when active, large
infants are overwrapped and left in a warm room, or when
small infants are overheated by an incubator or radiant
warmer. Severe overheating occurs when there is electrical
or mechanical failure of a warming device, or when an
incubator is exposed to direct sunlight (this turns it into
a greenhouse). It can also occur if infants are left in closed
cars exposed to direct sunlight.

Mild overheating has been suggested as a predisposing
factor in apnea of prematurity but otherwise seems not to
be dangerous. Severe overheating leading to hyperpyrexia
(rectal temperature above 41°C) has caused sudden death
in the newborn without prior symptoms.

Recent data from the therapeutic hypothermia trials
indicate that overheating should be carefully avoided in
infants with perinatal asphyxia, because asphyxiated
infants who became hyperthermic had significantly
worse neurodevelopmental outcome than similar infants
who remained normothermic.
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Martin Keszler - Kabir M. Abubakar

Lung Development

The tracheobronchial airway system develops as a ventral
outpouching of the primitive foregut, which leads to the
formation of the embryonic lung bud. The lung bud
subsequently divides and branches, penetrating the
mesenchyma and progressing toward the periphery.
Lung development is divided into five phases
(© Table 15.1). A variety of physical, hormonal, and
other factors affect the pace of lung development and
maturation. Normal lung growth and development
requires adequate distending pressure of fetal lung fluid
and normal fetal breathing movements — their absence
leads to pulmonary hypoplasia. Lack of saccular develop-
ment and surface area for gas exchange are the limiting
factors for survival of infants born in the late cannalicular
phase before 24 weeks of gestation.

Respiratory Physiology/Lung Mechanics/
Gas Exchange

Although basic principles of lung mechanics and gas
exchange are similar to those of older children and adults,
newborn infants present the clinician with a number of
special challenges that are the consequence of their unique
physiology and pathophysiology. This is especially true
when they are born prematurely. The reader is referred
to any of the major texts on respiratory physiology for in-
depth coverage of the subject. The key concepts are briefly
reviewed below.

Lung Mechanics

The lungs of preterm infants are relatively noncompliant
(stiff), while the chest wall lacks rigidity. As a result of
this disturbed balance between the tendency of the lungs
to collapse due to elastic recoil and the rigidity of the
chest wall that maintains lung expansion, the lungs come
to rest at a lower functional residual capacity and the
airways tend to close near the end of exhalation.

Therefore, special attention needs to be paid to
maintaining adequate lung volume during respiratory
support of newborn infants. Differences between the
shape of an adult versus newborn infant’s chest put the
infant at a mechanical disadvantage. The infant’s thorax
is more cylindrical than ellipsoid and the ribs are more
horizontal, rather than oblique. Because of these ana-
tomic differences, the intercostal muscles in infants
have a shorter course and provide less mechanical advan-
tage for elevating the ribs and increasing intrathoracic
volume during inspiration. Because the insertion of the
infant’s diaphragm is more horizontal than in the adult,
the lower ribs tend to move inward rather than upward
during inspiration. The compliant chest wall exacerbates
this inward deflection with inspiration. This results in
inefficient respiratory effort, which may be manifested
clinically by intercostal and substernal retractions asso-
ciated with abdominal breathing, especially when lung
compliance is decreased. Additionally, infants have low
muscle mass and a low percentage of type 1 (slow twitch)
muscle fibers compared to adults, making infants with
respiratory distress prone to respiratory muscle fatigue
and respiratory failure.

During expiration the main driving force is elastic
recoil, which depends on the surface tension produced
by the air-liquid interface, the elastic elements of lung
tissue, and the bony development of the rib cage. Expira-
tion is largely passive. Because the chest wall of premature
infants is compliant, it offers little resistance against
expansion upon inspiration and little opposition against
collapse upon expiration.

The airways of the preterm infants are very small,
resulting in relatively high airway resistance, especially as
airway epithelium becomes injured during mechanical
ventilation. Additionally, the small size of the trachea
necessitates the use of narrow endotracheal tubes that
add substantially to the airway resistance (recall that resis-
tance to flow is inversely proportional to the fourth power
of the radius). All of these factors confer a significant
mechanical disadvantage to the respiratory mechanics of
newborn and especially preterm infants, making them
more vulnerable to fatigue and respiratory failure.

Abdelaziz Y. Elzouki (ed.), Textbook of Clinical Pediatrics, DOI 10.1007/978-3-642-02202-9_15,
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@ Table 15.1
The phases of lung development. There is some overlap
between the phases

Embryonic phase
(weeks 3-6)

Development of proximal airways.
The lung bud arises from the
foregut 21-26 days after fertilization

Development of the first 20
generations of conducting airways.
The first eight generations (the
bronchi) ultimately acquire
cartilaginous walls. Generations
9-20 are the nonrespiratory
bronchioles. Lymph vessels and
bronchial capillaries follow the
airways as they grow and develop

Pseudoglandular
phase (weeks 6-16)

Respiratory bronchioles
(generations 21-23) develop. The
proportion of parenchymal
connective tissue diminishes.
Pulmonary capillaries develop

Canalicular phase
(weeks 16-26)

Rudimentary primary saccules
subdivide by formation of
secondary crests into smaller
saccules and alveoli, greatly
increasing the surface area for gas
exchange. The interstitium
continues to thin out, decreasing
the distance for diffusion. Capillary
invasion leads to an increase in
alveolar-blood barrier surface area.
The surfactant system develops and
matures

Terminal sac phase
(weeks 26-36)

Saccules become alveoli due to
thinning of the acinar walls and
invagination of alveoli by
pulmonary capillaries with
secondary crest formation. The
alveoli attain a polyhedral shape

Alveolar phase (week
36-3 years)

As in older patients, oxygenation is a function of the
fraction of inspired oxygen and optimal ventilation/per-
fusion (V/Q) matching. Optimal V/Q ratio occurs at
normal lung volume. Atelectasis results in intrapulmonary
right-to-left shunting and V/Q mismatch with resulting
hypoxemia. The condition can be corrected by increasing
mean airway pressure (best accomplished by raising pos-
itive end-expiratory pressure = PEEP), until oxygenation
improves. Overexpansion of the lungs also results in V/Q
mismatch and additionally may increase pulmonary

vascular resistance by compressing pulmonary capillaries
and result in extrapulmonary right-to-left shunt. Both
over- and under-expansion contribute to lung injury and
should be avoided. Chest radiographs, though not a direct
measure of lung volume, are helpful in assessing the
appropriateness of lung expansion. It is important to
recognize that several factors influence mean airway pres-
sure (MAP), including positive end-expiratory pressure
(PEEP), peak inspiratory pressure (PIP), inspiratory:expi-
ratory ratio, and, finally, the slope of the inspiratory wave-
form, which determines how rapidly the pressure limit is
reached. Alteration of any of these variables will affect
MAP and thus may alter lung expansion. Because, in
addition to the effects of their excessively compliant
chest wall, newborn infants commonly are surfactant defi-
cient, special attention must be directed toward
maintaining adequate lung expansion.

CO, elimination (ventilation) is relatively independent of
oxygenation and requires a flux of fresh gas in and out of
terminal respiratory units. With conventional respiratory
rates, the gas moves by bulk flow or convection in the large
and small airways with diffusion accounting for gas move-
ment in the respiratory bronchioles and terminal air sacs.
Bulk flow of gas is greatly influenced by the mechanical
properties of the lungs: compliance, airway resistance, and
time constants. Understanding the concept of time con-
stants is important for optimal selection of respiratory
rate, specifically inspiratory and expiratory time. Concep-
tually, time constants describe the length of time required
for gas to get in and out of the lungs when a change in
pressure is applied at the airway opening (three time
constants are required to reach 95% equilibration of pres-
sure). Mathematically, the following equation describes
the phenomenon of time constants:

Time constant(s) = airway resistance(cmH,0 x L™" x s)

x lung compliance(L/cmH,0)

Because total compliance, not compliance/kg is used,
time constants are also a function of subject size — as is
intuitively obvious, the larger the lung is the longer it takes
to get gas in and out.

The practical consequence of this relationship is that
small infants with respiratory distress syndrome (i.e., low
compliance, low resistance) have very short time constants
and normally have rapid respiratory rates with little dan-
ger of air trapping, while larger infants with meconium
aspiration or bronchopulmonary dysplasia (high airway
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resistance) need slower respiratory rates and are more
prone to air trapping, thus require longer expiratory
times. Inspiratory times are normally shorter than expira-
tory times, because expiratory airway resistance is always
higher, but should also be adjusted according to patient
size and pathology. Typically, inspiratory to expiratory
ratio of 1:2 is used, as this approximates normal breathing.

CO, elimination is determined by how effectively fresh
gas is moved in and out of the terminal gas exchanging
units. Total minute ventilation is the product of respira-
tory rate and tidal volume (V). Tidal volume is princi-
pally determined by lung compliance and pressure
amplitude or AP (peak pressure — PEEP). In newborn
respiratory support, pressure-limited ventilation has tra-
ditionally been used. In this mode, Vr is not set directly,
but is a derived variable, which is indirectly controlled by
adjusting AP and is affected by changes in lung compli-
ance. An additional consideration is the fact that exhaled
alveolar gas occupies the upper airway, endotracheal
tube, and any additional apparatus such as a flow sensor
at the end of each exhalation. Thus, with the next breath,
at least a portion of this dead space gas flows back into the
lungs, followed by fresh gas. Traditional physiology
teaches that:

Alveolar minute ventilation = (VT — dead space volume)

X respiratory rate.

In practice, at the high flow rates seen in small infants
with very short time constants, there appears to be con-
siderable mixing of gases in the dead space volume,
resulting in partial bypass of the anatomical and instru-
mental dead space.

Regulation of breathing is accomplished by a complex
process involving the respiratory control center, periph-
eral and central sensors, and respiratory muscles. The
respiratory control center consists of a group of neurons
in the brainstem that receive and integrate the afferent
information from the sensors and in turn send motor
impulses to the respiratory muscles to regulate respiratory
activity. The respiratory regulatory mechanism undergoes
a significant maturation process during the neonatal
period. The preterm infant’s respiratory control center is
immature, resulting in irregular respiratory pattern, peri-
odic breathing, and apnea. Sleep states have the potential
for profound influences on the control of respiration. In
the older, awake individual, respiratory activity is under
a significant degree of voluntary control. The degree to

which this is true in the immediate neonatal period is
unclear, but an infant’s activity and emotional state clearly
do influence the respiratory pattern.

A group of 150-200 neurons, known as the pre-
Botzinger complex (PBC), located in the medullary region
of the brainstem functions as the pacemaker for automatic
respiratory activity. PBC neuron activity is modulated by
afferent input from neurons located in the lower pons
called the apneustic center (stimulatory effect) and
inhibited by neurons in the upper pons, known as the
pneumotaxic center. Thus, damage to various parts of the
brain often manifests with abnormal respiratory pattern.

Central and peripheral chemoreceptors and a variety
of mechanoreceptors provide feedback to the central
respiratory controller. Central chemoreceptors located
over a large area of the brain are bathed by the cerebro-
spinal fluid (CSF) and respond to changes in the H"
concentration, i.e., pH. A decrease in pH concentration
stimulates ventilatory activity, while an increase inhibits it.
The CSF is separated from the blood by the blood-brain
barrier, which is relatively impermeable to H and HCO5 ™~
ions, but readily permeable to CO,. A rise in PaCO, is
quickly reflected in a similar rise in the CSE, resulting in
a fall in CSF pH and stimulation of ventilation. It is
important to understand that changes in PaCO, exert
their influence on ventilation through changes in CSF
pH. The CSF has much less CO, buffering capacity than
blood because of a much lower protein concentration.
This amplifies the response to CO,, because the same
change PaCO, in blood leads to a larger change in CSF
pH. With a persistent elevation in PaCO,, the pH of the
CSF gradually normalizes as HCO;™~ equilibrates across
the blood-brain barrier. Thus compensated respiratory
acidosis is associated with a relatively normal CSF pH
and therefore these infants do not increase their ventila-
tory response in response to these high levels of PaCO,.

Peripheral chemoreceptors, located in carotid bodies
just above the bifurcation of the common carotid arteries,
and in the aortic bodies in the aortic arch primarily
respond to changes in PaO, with hypoxia stimulating
ventilation and hyperoxia having an inhibitory effect.
Exposure to unnecessarily high FiO, may thus depress
the respiratory response to CO,, another of the many
reasons to avoid hyperoxia. The carotid bodies also
respond to pH irrespective of whether the acidosis is
respiratory or metabolic. The effect of hypoxia and acido-
sis is synergistic, leading to a greater degree of stimulation
by their combination than either one alone. Hypoxia is
a more potent stimulus than alkalosis; therefore hypoxic
respiratory drive usually leads to some degree of hyper-
ventilation when hypoxemia persists.
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Mechanical receptors provide additional input to the
respiratory control center. Stretch receptors located within
the airway smooth muscle are stimulated by lung infla-
tion, decreasing the respiratory rate by inhibition of inspi-
ratory muscle activity and an increase in expiratory time.
This reflex is called the Hering—Breuer inflation reflex.
Hering—Breuer deflation reflex stimulates inspiratory
muscle activity in response to deflation of the lung. Irri-
tant receptors in the airway mucous membranes are stim-
ulated by particulate matter and other noxious stimuli,
including cold air. So-called J receptors or juxta-capillary
receptors located in the alveolar walls close to the pulmo-
nary capillaries respond to pulmonary capillary engorge-
ment, interstitial and alveolar wall edema by inducing
shallow and rapid respirations and a sensation of dyspnea.
Muscle receptors in the diaphragm and the intercostal
muscles sense the degree of stretch of the muscle and
control the strength of contraction. Activation of muscle
receptors by excessive chest wall distortion occasioned by
the very compliant rib cage may be partially responsible
for the cessation of inspiration and apnea seen with airway
obstruction in preterm infants. Important afferent input
also originates in the upper airway and especially the
laryngeal area. Superior laryngeal nerve afferents are
connected to cardiac vagal neurons in nucleus ambiguus,
or terminate in the nucleus of the solitary tract with
inhibitory connections to phrenic motor neurons. Inhibi-
tion of phrenic and cardiac motor neurons with laryngeal
stimulation is likely the mechanism of apnea and brady-
cardia associated with gastroesophageal reflux.

The response of the respiratory control center to che-
moreceptor and mechanoreceptor input and the efficiency
of the respiratory muscles are markedly altered in the pre-
term newborn infant, compared to older subjects. Unlike
adults who have an immediate and sustained response to
hypoxemia characterized by hyperventilation, the newborn
exhibits a biphasic response. After an initial brief period of
hyperventilation, the newborn exhibits hypoventilation and
apnea in the face of sustained hypoxemia. The more pre-
mature the infant is, the more pronounced and earlier is the
apneic response to hypoxemia. Neonates also have
a decreased CO, responsiveness as measured by an increase
in minute ventilation for a given increase in PaCO,. This
decreased chemoreceptor responsiveness and the paradox-
ical response to hypoxia is a key difference between the
newborn and older subjects and a major contributor to
their susceptibility to various forms of respiratory depres-
sion and apnea. Additionally, the inhibitory stimuli from
the larynx of newborn infants appears to be more active
than in older subjects and appears to play an important role
in the genesis of neonatal apnea/bradycardia.

Sleep has a profound effect on respiratory control,
decreasing central responsiveness to CO,. Rapid eye
movement (REM) sleep, the predominant sleep pattern
in premature babies that accounts for more than 60% of
the total, leads to suppression of postural muscle tone and
lack of spontaneous movements. The depression of muscle
tone during REM sleep has two important effects.
Increased compliance of the chest wall leads to less effi-
cient respiration and may lead to loss of lung volume
(microatelectasis) with resulting hypoxemia. Relaxation
of upper airway muscles cause airway obstruction and
contribute to obstructive apnea.

Apnea of Prematurity

A striking feature of the resting breathing pattern of the
premature newborn is its irregularity, characterized by
large breath-to-breath variability accompanied by long
stretches of periodic breathing and brief apnea. Clinically
important apnea of prematurity is almost always associ-
ated with periodic breathing. Although the mechanisms
have not been fully elucidated, it is likely that the periods
of hyperpnea or hyperventilation decrease the PaCO, thus
reducing the stimulus to breathe, resulting in apnea; the
resulting hypoxemia may then further depress the respi-
ratory center.

Apnea of prematurity (AOP) can be thought of as
a developmental disorder that reflects physiological
immaturity of respiratory control. AOP occurs in up to
85% of infants of less than 34 weeks’ gestational age. AOP
increases in frequency with decreasing maturity and
resolves with increasing maturity. In >90% of infants,
AOP resolves by 37 weeks postmenstrual age, but occa-
sionally it may last until 40 weeks or beyond, especially in
infants born at 24-26 weeks or those with chronic lung
disease.

Clinically significant apnea is defined as cessation of
breathing that lasts for at least 20 s. Shorter apneas, if
associated with significant bradycardia or oxyhemoglobin
desaturation, may also be considered clinically significant.
Lack of airflow may occur despite continued respiratory
effort in the presence of airway obstruction and may be the
reason for the shorter “apneas” being associated with
bradycardia and desaturation.

Brief episodes of bradycardia are common and typi-
cally not associated with desaturation.

Apnea is traditionally classified as central, obstructive,
or mixed, based on the primary mechanism involved.
These mechanisms can be distinguished by simultaneous
measurement of chest wall movement by electrical
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impedance, airflow by nasal thermistor, and heart rate by
EKG. Central apnea is, as the name implies central in
origin, characterized by cessation of respiratory effort
and airflow and is related to immaturity of the respiratory
control center. Obstructive apnea is characterized by ces-
sation of airflow despite continued respiratory movement
and is believed to be related to poor pharyngeal muscle
tone, especially during REM sleep. The majority of apneas
are mixed with central apnea preceded or followed by
obstructive apnea. These events represent a continuum
and are the result of a complex interaction of airway
obstruction and central respiratory depression: central
apnea leading to hypoxemia results in relaxation of the
pharyngeal muscles and the resulting airway obstruction
will prolong the duration of apnea. Airway obstruction in
turn produces desaturation with resulting depression of
central respiratory control. Most such events are self-
limited and terminated eventually by arousal, but in
some infants, active intervention is required when the
normal arousal mechanisms fail and the infant enters
a state of severe bradycardia and hypoxemia.

Treatment of apnea should be guided by an assessment
of the predominant nature of the apneic events. Methyl-
xanthines are a mainstay of therapy for central apnea.
Caffeine has now been shown to be safe and in fact was
associated with improved neurodevelopment and lower
incidence of BPD. Adjunctive treatments include contin-
uous positive airway pressure (CPAP), which helps main-
tain lung volume and counteract the REM sleep-related
chest wall distortion issues, as well as reduce airway
obstruction by providing distending pressure that helps
maintain pharyngeal patency. Nasal cannula flow may
serve the same function, though perhaps less effectively.
Avoidance of hypoxemia is important in reducing central
apnea, but possible benefit of higher oxygen saturation
targets must be weighed against adverse consequences of
oxygen exposure. Lower environmental temperature has
been shown to reduce apnea in preterm infants. Although
acid reflux is capable of triggering reflex apnea and bra-
dycardia, there are no studies that have established
a causative relationship between gastroesophageal reflux
and apnea/bradycardia in the preterm infant and no stud-
ies that have demonstrated benefit of anti-reflux drugs.

Controversy persists regarding the question of
whether the episodes of apnea/bradycardia/desaturation
are associated with neurodevelopmental sequelae. Clearly,
since most preterm infants experience a substantial num-
ber of such events, harm, if any, is minimal with the
commonly seen brief episodes. However, alterations in
cerebral oxygenation have been documented and there is
substantial concern that more prolonged and profound

episodes are likely to lead to some degree of cumulative
harm. It is unclear whether the improved neurodeve-
lopmental outcome seen in the caffeine-treated infants in
the CAP trial reflects a decrease in such episodes or is due
to the lower incidence of BPD; the frequency of apnea was
not documented in that study.

Persistent apnea is often the last remaining condition
that delays discharge. There is no uniform approach to
judging an infant’s readiness for discharge. Most clinicians
rely on an apnea-free interval of 5-7 days as indicative of
a safe discharge to home care without the need for home
monitors. However, it has been demonstrated that only
33-50% of apnea or bradycardia events recorded by bed-
side pneumograms are documented by nursing staff, rais-
ing a question about the reliability of this approach. The
alternative is to perform screening pneumogram record-
ings on all infants with history of apnea. This approach is
also controversial, as most infants will continue to have
some events well past the stage when clinical symptoms
are apparent and these recordings have not been shown to
have good predictive value. Because most apnea resolves
prior to 37 weeks postmenstrual age, it is customary to
discontinue methylxanthines when an infant reaches
34-36 weeks and observe. It must be understood that
these are long-acting drugs that require several days to
drop below therapeutic levels. If symptoms recur, phar-
macotherapy is restarted and if effective, the infant may be
discharged home with outpatient follow-up.

The Infant with Respiratory Distress

Respiratory distress is a common presenting sign in new-
born infants with potentially life-threatening implica-
tions. In considering the approach to such infants, it is
important to recognize that the underlying cause may not
be limited to the respiratory tract. Respiratory distress
may be a nonspecific manifestation of neurologic, cardio-
vascular, metabolic, hematologic, or neuromuscular dis-
orders, as well as reflection of sepsis, drug withdrawal, and
other conditions such as severe anemia (@ Table 15.2).
The diagnostic approach begins with obtaining a good
medical history focusing on potential risk factors for any of
the possible etiologies. Is the infant term, preterm or
postmature? Was there any difficulty at birth? What was
the route of delivery? When did the signs begin? Was the
amniotic fluid stained with meconium or blood? Was it
foul smelling? Maternal history may offer important clues
to possible infection, maternal medical conditions, intra-
uterine medication exposure, or family history of heritable
disorders. A thorough physical examination needs to focus
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B Table 15.2

Differential diagnosis of respiratory distress in newborn infants

Pulmonary Airway

Laryngeal web, tracheomalacia, TE fistula, vascular ring

Congenital

Hypoplasia, CDH, CCAM, sequestration, lobar emphysema

Developmental

RDS, TTN, pulmonary insufficiency of prematurity

Aspiration

Meconium, blood, amniotic fluid

Miscellaneous

Pneumothorax, pulmonary hemorrhage, pleural effusion

Cardiac Structural heart disease

Transposition, anomalous venous return, coarctation

Pulmonary hypertension

Primary, secondary

Myocardial dysfunction

Myocardiopathy, myocarditis, asphyxia

Hypovolemia/shock

Hemorrhage, capillary leak, sepsis

Congestive failure

PDA, VSD, A-V malformation, severe anemia

Infectious Sepsis

Group B strep, E. coli

Congenital pneumonia

Bacterial, viral, chlamydia

Metabolic Hypoglycemia

Infant of a diabetic mother

Severe acidosis

Polycythemia

Lactic acidosis, inborn errors

Neuromuscular CNS depression

Anesthetic, narcotic analgesics, asphyxia

Nerve injury

Phrenic nerve, laryngeal nerve

Muscle weakness

Muscular dystrophy, MgSO4

Anterior motor neuron

Werdnig Hoffman, spinal muscular atrophy

Skeletal Asphyxiating thoracic dystrophy

Thanatophoric dwarfism

Camptomelic dwarfism

Rib fractures

Severe osteogenesis imperfecta

not only on the evaluation of breath sounds, but also the
general appearance and activity of the infant, the nature of
respiratory efforts, adequacy of the circulatory status, and
coexisting physical findings in other organ systems. The
history and physical exam will then guide the next steps in
the evaluation, which will likely include a chest radiograph,
evaluation for possible infection, a basic chemistry panel
including glucose, plus additional studies based on clues
from the H&P. Cardiology consultation may be appropriate
if there is suspicion of cardiac anomaly based on clinical
findings of a murmur, congestive failure, abnormal pulses,
cyanosis out of proportion to the degree of distress, or
abnormal cardiac shape on chest radiograph. Pulse oxime-
try now provides a quick assessment of the oxygenation
status of the infant and will also detect a pre- and post-
ductal saturation gradient that may be indicative of heart
disease or persistent pulmonary hypertension.

While general supportive measures, including provi-
sion of supplemental oxygen when needed, thermal

support, and provision of adequate fluid and calories,
are common to all infants with respiratory distress, spe-
cific intervention depends on accurate diagnosis. In the
majority of infants, the respiratory illness will be self-
limited with full recovery, but management and outcome
depend heavily on the underlying cause. The pulmonary
causes of respiratory distress will be reviewed in the fol-
lowing paragraphs.

Specific Respiratory Disorders

Definition: Transient tachypnea of the newborn (TTN) is
a usually benign condition associated with delayed clear-
ance of lung fluid after birth.

Etiology/Pathogenesis: TTN typically occurs in term or
late preterm infants and is greatly increased in infants born
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by elective cesarean delivery. The process of lung fluid
reabsorption normally begins prior to the onset of spon-
taneous labor and is greatly accelerated during labor.
Infants who do not benefit from this normal process are
at a distinct disadvantage and require a longer time to
achieve adequate fluid clearance, because they have
a substantially larger volume of fluid to clear and have
not initiated this process in utero. The exact mechanism
responsible for changing the lung epithelium from
a Cl-secretory to a Na-reabsorption mode is the subject
of intense study. Postnatally, lung fluid is taken up by the
lung lymphatics and capillaries by a process mediated by
the epithelial Na channels (ENaC). These mechanisms are
less effective in the preterm infant and also vary among
full-term infants, explaining the variation in the presence
and extent of delayed fluid clearance.

Epidemiology: The true incidence of TTN is unknown
as milder forms are often unreported. TTN account for
a substantial number of admissions to NICUs, especially
where the rate of cesarean section and late preterm deliv-
ery is high.

Clinical Manifestations: TTN presents with tachypnea,
occasionally grunting respirations, and minimal retrac-
tions. The oxygen requirement, if any, is usually no more
than 30%. The onset is shortly after birth and the signs
resolve within a few hours to 2-3 days. Occasionally, TTN
may be accompanied by persistent pulmonary hyperten-
sion (PPHN) with a high oxygen requirement out of
proportion to the degree of lung disease and this can
become a life-threatening illness, discussed further under
PPHN.

Diagnosis: The presence of a compatible history,
absence of infection, and a benign clinical course may be
sufficient to establish the diagnosis. The chest radiograph
may show hazy lung fields, but good lung expansion
(as opposed to the loss of lung volume in respiratory
distress syndrome), but more classically reveals streaky
increased perihilar lung markings due to engorged lym-
phatics. The lung volume is normal or increased. Blood
cultures, leukocyte counts, and other tests to rule out
infection may be indicated.

Differential Diagnosis: TTN must be distinguished
from respiratory distress syndrome (RDS), pneumonia,
aspiration syndromes, and all the other common causes
of respiratory distress.

Treatment: Treatment is supportive with provision of
supplemental oxygen if hypoxemia is present, mainte-
nance of temperature and provision of fluids/nutrition if
the distress is severe enough to preclude oral feeding.
There is no contraindication to breastfeeding of the
tachypneic infant, as long as the distress is mild and the

infant is not exhibiting desaturation during feeding. Naso-
gastric tube feeding is usually well tolerated. Continuous
positive airway pressure is often used in these infants, but
this practice is not evidence-based or physiologically
sound, since the etiology of TTN is not specifically
addressed by increased distending airway pressure. Anti-
biotics may be appropriate until infection has been
ruled out.

Prognosis: The clinical course is usually benign and the
signs resolve quickly. Duration and severity greater than
described above should prompt a reevaluation of the
diagnosis.

Prevention: Avoidance of elective cesarean delivery
without labor would reduce the incidence dramatically.
There are no other known prevention strategies.

Definition: RDS is a specific disorder that occurs almost
exclusively in preterm infants and is due to deficiency,
inactivation, or dysfunction of pulmonary surfactant. It
is not to be confused with “respiratory distress,” which is
merely a clinical sign. RDS is synonymous with the older
term “hyaline membrane disease” (HMD).

Etiology: RDS results from functional deficiency of
pulmonary surfactant, the surface tension lowering sub-
stance produced in type II pneumocytes.

Epidemiology: The incidence of RDS is inversely pro-
portional to gestational age and is higher in male infants,
those born by cesarean section, and in infants of mothers
with diabetes. RDS is rare, but can occur in early-term
infants and becomes progressively more common in late
preterm, preterm and extremely preterm infants.
Reported rates of RDS range from 80% in infants <26
weeks to 50% at 26-28 weeks, and under 30% at 30-32
weeks. RDS is the most common cause of respiratory
failure in preterm infants. It is estimated that approxi-
mately 25,000 cases of RDS occur in the United States
alone and it is known to occur in all races and regions of
the world, though precise statistics are unavailable.
Genetic variations underlying individual variation in sus-
ceptibility to RDS for individuals of the same gestational
age are the subject of intense study.

Pathogenesis: Surfactant is a complex mixture of
phospholipids and four types of surfactant-associated
proteins. Surfactant lines the terminal air sacs and revers-
ibly lowers the surface tension at the air-liquid interface,
allowing alveoli of different sizes to coexist. In the
absence of sufficient amount of functional surfactant,
smaller alveoli, which require greater pressure to remain
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open, will empty into larger alveoli, leading to diffuse
microatelectasis. Atelectasis results in further surfactant
inactivation, worsening lung compliance, increased pul-
monary vascular resistance, increased ventilation/perfu-
sion mismatch, and hypoxemia. Anatomical immaturity
of the lung coexists with RDS in the very preterm infants
and contributes to their respiratory insufficiency. Surfac-
tant-associated protein B (SP-B) and to a lesser degree
surfactant-associated protein C (SP-C) are necessary for
adequate surfactant function. Rare mutations in SP-B
and SP-C and ATP-binding cassette transporter A3
(ABCA3) genes lead to severe, often fatal cases of RDS in
term infants.

Clinical Manifestations: Infants with RDS present with
tachypnea, cyanosis, grunting, subcostal and intercostal
retractions, and nasal flaring. Oliguria with mild general-
ized edema may be present. Oxygen requirement may
increase rapidly and is typically higher than that seen in
infants with TTN. The natural course of the disease is
worsening in the first 24 h, followed by stabilization and
recovery by 72-96 h, usually heralded by spontaneous
diuresis. In the modern era, this course is modified by
therapeutic interventions.

Diagnosis: Typical clinical signs coupled with a char-
acteristic appearance on chest radiograph of “ground
glass” parenchymal opacification, air bronchograms, and
decreased lung volume are sufficient to establish the
diagnosis.

Differential Diagnosis: RDS must be distinguished
from TTN, spontaneous pneumothorax, sepsis, and pneu-
monia. The clinical and radiographic presentation of
RDS and group B streptococcus pneumonia are often
indistinguishable. Other, less common etiologies listed
previously should be considered when the clinical picture
is atypical.

Treatment: Mild cases only require supplemental oxy-
gen and supportive treatment as described above. Con-
tinuous positive airway pressure (CPAP) is helpful in
preventing or reversing the diffuse microatelectasis and
maintaining FRC. Surfactant replacement therapy has
become standard of care in industrialized countries for
infants who require mechanical ventilation and for those
deemed at very high risk of RDS, namely, those below
27 weeks GA. More recently, it has been demonstrated
that even very premature babies can be effectively treated
with CPAP without surfactant replacement with similar
results to those treated with mechanical ventilation and
surfactant. This is particularly encouraging news for prac-
titioners in resource-limited settings, as bubble CPAP
can be delivered with very simple equipment. Surfactant
replacement therapy, noninvasive respiratory support,

and mechanical ventilation are covered in greater detail
elsewhere in this Section.

Prognosis: Prognosis depends on gestational age and
the presence of complications, many of which are a func-
tion of prematurity, rather than directly related to RDS,
but all tend to occur more frequently in infants with
RDS. Complete recovery is the rule in infants >30 weeks
gestation with uncomplicated disease. In contrast,
extremely preterm infants of 26 weeks or below often pro-
gress to bronchopulmonary dysplasia, discussed in more
detail below. Mortality directly attributable to RDS is rela-
tively low even in extremely low birth weight infants — more
commonly, these infants succumb to sepsis, intraventricular
hemorrhage, or pulmonary hemorrhage.

Prevention: Antenatal administration of betamethasone
or dexamethasone at least 48 h prior to preterm birth
dramatically lowers mortality and morbidity from RDS,
as well as other complications of prematurity. Early appli-
cation of CPAP in the delivery room and avoidance of
excessive tidal volume with positive pressure ventilation
can prevent inactivation of the marginal surfactant pool
present in preterm newborns.

Definition: MAS refers to a clinical syndrome of respira-
tory distress associated with aspiration of meconium into
the lungs before, during, or immediately after delivery.

Etiology: Fetal hypoxemia associated with placental
insufficiency or limited fetal reserve leads to passage of
meconium into the amniotic fluid prior to delivery. Sub-
sequent gasping inspiratory effort caused by continued
fetal distress leads to aspiration of meconium in utero.
Rarely, aspiration of meconium present in the upper air-
way may occur after delivery. This only occurs in
depressed infants, because vigorous infants are able to
protect their airway against aspiration.

Epidemiology: Approximately 10-15% of all term
deliveries have meconium stained amniotic fluid
(MSAF). Passage of meconium is rare in preterm infants
but occurs in as many as 33% of deliveries beyond 42
weeks gestation. Only about 5% of infants born through
MSAF will have aspirated the material into their lungs and
develop symptoms of MAS. A recent study from Australia
and New Zealand reported an overall rate of MAS requir-
ing mechanical ventilation of 0.43 per 1,000 live births.

Pathogenesis: Particulate meconium leads to partial or
complete obstruction of the airways. Partial obstruction
often results in hyperinflation, as air passes beyond the
obstruction during inspiration when the airway dilates,
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but it is trapped behind the obstruction on exhalation
when the airway collapses around the obstruction, causing
a ball-valve effect. Complete obstruction results in distal
reabsorption and atelectasis. These events result in the
typical radiographic picture of patchy atelectasis with
areas of overexpansion. More dilute meconium that
reaches the distal air spaces inactivates surfactant and
leads to a picture similar to RDS with diffuse haziness
and decreased lung volumes. Subsequently, the inflamma-
tory response to the various components of meconium
mediated by release of cytokines leads to alveolar and
airway edema with release of protein-rich edema fluid
further inactivating surfactant. Ventilator-induced lung
injury may worsen the condition further, especially when
aggressive hyperventilation is applied to treat PPHN,
a practice no longer recommended.

Clinical ~ Manifestations: Infants appear
dysmature with loose, peeling skin, greenish-yellow
staining of the umbilical cord, nails, and skin. They pre-
sent with tachypnea, nasal flaring, retractions, cyanosis,
coarse rales, and rhonchi. There may be a barrel-shaped

often

appearance of the chest related to air trapping or
pneumomediastinum. Perinatal depression and PPHN
often coexist as do complications of IUGR.

Diagnosis: The diagnosis is made in the presence of
history of MSAF, respiratory distress, and radiographic
changes. The radiographic appearance may be highly var-
iable and changes over time. In the acute phase of MAS
with particulate meconium, there is a typical patchy infil-
trate with air trapping and increased lung volume, often
accompanied by airleak. Where surfactant inactivation is
the predominant pathophysiologic mechanism and in
later stages of chemical pneumonitis, the chest radiograph
may show homogeneous opacification with normal or low
lung volume. Recovery of meconium from the trachea
with suctioning confirms the diagnosis, but is not always
present.

Differential Diagnosis: Because MSAF occurs in 10% of
all deliveries, infants with other causes of respiratory dis-
tress may well have a history of MSAE. Most commonly,
the dilemma is between MAS and TTN. The chest radio-
graph of an infant with TTN may be very suggestive of
MAS; the differentiation rests on rapid clearance of the
“infiltrate” in the infant with TTN, whereas meconium
pneumonitis persists radiographically for many days.
Other etiologies of respiratory distress, including infec-
tion, structural abnormalities of the lungs or airways, need
to be considered.

Treatment: Supplemental oxygen, CPAP and mechan-
ical ventilation may be required in that sequence if the
severity of the illness is sufficient to require these steps.

Avoidance of hypoxemia is important because of the pro-
pensity of these infants to develop PPHN. Hyperoxia does
not offer any benefit over normoxia (PaO, 50-70 mmHg);
it may increase pulmonary artery vasoreactivity and blunt
the response to inhaled nitric oxide if PPHN develops.
Suctioning of the airway should be done judiciously,
because each time the infant is suctioned, lung volume
recruitment is lost. Saline lavage of the airways is ineffec-
tive and is not recommended. Surfactant replacement
therapy is warranted because of the surfactant inactivation
caused by meconium. Larger doses and repeated applica-
tion may be necessary. Surfactant preparations that are
more resistant to degradation by meconium may be pre-
ferred. Lung lavage with dilute surfactant may be effective,
but is difficult to perform and not always well tolerated by
the infant. Steroids may be effective in supressing the
inflammatory and may reduce the severity of the disease
process. However, their safety in this context has not been
established. Antibiotics are indicated, typically for a 5-7-
day course, because the aspirated material may have bac-
terial contamination and meconium may enhance bacte-
rial growth. When mechanical ventilation is required, care
must be taken to set an adequate inspiratory and expira-
tory time because infants with MAS have increased airway
resistance and are thus prone to air trapping; therefore,
rapid respiratory rates are to be avoided. Moderate PEEP
of 4-7 c¢cmH,0 is appropriate, despite evidence of
overexpansion. This is because the distending expiratory
pressure helps maintain airway diameter during expira-
tion and decreases the ball-valve effect. When surfactant
inactivation predominates and diffuse atelectasis is pre-
sent, even higher PEEP of up to eight or more cmH,0O may
be needed. High-frequency ventilation is widely used in
infants with MAS with some objective evidence of benefit,
but care must be taken to use lower frequencies to avoid
air trapping. With very severe disease, especially when
complicated by PPHN, rescue with extracorporeal life
support (ECMO) may be required, where available — see
© Chap. 22, “ECMO”.

Prognosis: With modern newborn intensive care,
MAS is now rarely fatal, though it is occasionally associ-
ated with chronic lung disease. In a resource-limited
setting MAS remains an important cause of morbidity
and mortality. Associated PPHN increases mortality
substantially.

Prevention: Avoidance of postmaturity is effective in
reducing the number of infants at risk. Routine suctioning
of the trachea after delivery is no longer recommended for
vigorous infants, but remains an important preventive
measure in depressed infants. Amnioinfusion has not
been shown to reduce incidence or severity of MAS.


http://dx.doi.org/10.1007/978-3-642-02202-9_22
http://dx.doi.org/10.1007/978-3-642-02202-9_22

204

Respiratory System

Definition: Persistent pulmonary hypertension of the new-
born is a clinical syndrome, peculiar to the early neonatal
period, characterized by severe arterial hypoxemia caused
by increased pulmonary vascular resistance (PVR) with
resultant right-to-left shunting of deoxygenated blood
through fetal channels.

Etiology: Pulmonary hypertension of the newborn may
be a primary disorder in infants with no associated lung
disease, or secondary to a variety of disease conditions.
Some of these are associated with hypoplasia of the lung
parenchyma and decreased number of pulmonary arteries
(i.e., pulmonary hypoplasia or CDH). Most commonly it
occurs in infants with normal lung parenchyma and pul-
monary vasculature because of a failure to make the normal
transition at birth to decrease PVR (maladaptation). This
may occur in intrapartum asphyxia, meconium aspiration
syndrome, infection, and RDS. Cesarean delivery substan-
tially increases the risk of PPHN due to maladaptation.
Chronic intrauterine hypoxia causes pulmonary smooth
muscle remodeling with increase in resistance across the
vessels (maldevelopment). Severe polycythemia with
sludging of blood in the pulmonary vessels can increase
PVR. Recent evidence suggests that exposure to selective
serotonin reuptake inhibitors (SSRIs) during late gestation
is associated with a sixfold increase in the prevalence of
PPHN. Pulmonary hypertension associated with severe
bronchopulmonary dysplasia is a separate entity, but shares
some of the same clinical features.

Epidemiology: Severe persistent pulmonary hyperten-
sion of the newborn affects approximately 1-2 infants per
1,000 live births, but some degree of transient pulmonary
hypertension complicates the course of >10% of all neo-
nates with respiratory failure. PPHN is typically seen in
term infants with MAS, respiratory distress syndrome,
sepsis, and congenital diaphragmatic hernia. Idiopathic
pulmonary hypertension is responsible for only 10-20%
of all infants with PPHN. Thought less common, PPHN
may occur in preterm infants, especially in the presence of
pulmonary hypoplasia due to prolonged preterm rupture
of the membranes with prolonged oligohydramnios,
CDH, or with sepsis.

Pathogenesis: High pulmonary vascular resistance
(PVR) is the normal condition in utero. With the
clamping of the umbilical cord at delivery, systemic vas-
cular resistance increases and PVR begins to fall in
response to alveolar expansion, clearance of lung liquid,
decreasing carbon dioxide tension, and increasing oxygen
tension. These changes are mediated by nitric oxide and

prostacyclin pathways that cause pulmonary vascular
smooth muscle relaxation. This reverses the fetal shunts
and allows increasing blood flow to the lungs. The failure
to achieve this normal circulatory transition is the funda-
mental problem in infants with PPHN.

Pulmonary hypoplasia is associated with a decrease in
the number and cross-sectional area of pulmonary blood
vessels with increased muscularization of pulmonary arte-
rioles and increased vasoreactivity. Chronic fetal hypoxia
induces vascular remodeling with increased smooth mus-
cle proliferation resulting in thickening of the media and
increased PVR. Premature closure of the ductus arteriosus
from exposure to non-steroidal anti-inflammatory agents
in the third trimester causes structural remodeling of the
peripheral pulmonary vascular bed, resulting in PPHN.
Maladaptation or failure to establish adequate
vasorelaxation at birth from intrapartum asphyxia, meco-
nium aspiration syndrome, and respiratory distress syn-
drome or release of vasoactive mediators that may
contribute to pulmonary vasoconstriction as a result of
infection leads to sustained high PVR and severe hypox-
emia. Elective cesarean delivery without labor is associated
with a slower fall in pulmonary vascular resistance and
increased incidence of PPHN, because the normal process
of labor leads to changes in the elaboration of mediators of
vascular tone and prepares the fetus for successful transi-
tion to extrauterine life.

Clinical Manifestations: Severe hypoxemia out of pro-
portion to the degree of lung disease is the hallmark of
PPHN, often presenting as cyanosis and respiratory dis-
tress within a few hours of birth in a term or late preterm
infant. Classically, there is great lability of oxygen satura-
tion with frequent desaturation with any stimulation or
stress and there may be a history of MSAF, fetal distress
during labor, or antenatal ultrasound findings of CDH.

Diagnosis: The diagnosis of PPHN is suggested by the
presence of cyanosis/labile hypoxemia and respiratory dis-
tress out of proportion to any lung disease that may be
present. Examination of the heart sounds may reveal
a harsh systolic murmur with a loud S2 secondary to
tricuspid regurgitation. Pulse oximetry will demonstrate
the severity of the hypoxemia. Simultaneous monitoring
of pre-ductal (in the right hand) and a post-ductal (in any
lower extremity) oxygen saturation may show significantly
lower post-ductal saturation. This is a reflection of right-
to-left shunting across the PDA, a finding also seen in
neonates with a duct-dependent cyanotic heart lesion,
coarctation of the aorta, or interrupted aortic arch. Con-
sequently, pulse oximetry does not reliably differentiate
PPHN from cyanotic heart disease. Additionally, if the
ductus arteriosus is closed, no gradient will be seen,
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because the shunting may be at the atrial level. CXR may
show evidence of MAS, pneumonia, diaphragmatic her-
nia, or the pulmonary hypoplasia. In primary PPHN, the
lung fields look clear and oligemic, similar to cyanotic
heart disease with decreased pulmonary blood flow.
Definitive diagnosis is made by echocardiography. This
will help rule out cyanotic heart disease and identify
signs of pulmonary hypertension. Echocardiogram typi-
cally shows right-to-left or bidirectional shunting across
the PDA and PFO, tricuspid regurgitation, and flattening
of the interventricular septum as a result of increased right
ventricular pressure. By using peak velocity of the tricus-
pid regurgitant flow, it is possible to estimate pulmonary
artery pressure. Echocardiogram is also vital in evaluating
ventricular filling and ejection as sudden decompensation
in neonates with PPHN can often be caused by poor
myocardial function and right heart failure. Because in
most infants the PVR is quite labile, the evidence of
pulmonary hypertension may not be clear if the echocar-
diogram is done at a time the infant is responding to
treatment and oxygenating well.

Differential Diagnosis: PPHN must be distinguished
from cyanotic heart disease and severe parenchymal lung
disease. When PPHN and severe lung disease coexist, it
may be difficult to determine the relative contribution of
pulmonary hypertension, in part because hypoxia and
atelectasis itself increases pulmonary vascular resistance.
Clinically, this may be done with the hyperoxia test. Briefly
increasing the FiO2 to 1.0 will have no effect on oxygen
saturation in an infant with a fixed intracardiac right-to-
left shunt caused by cyanotic heart disease. A modest
improvement in oxygenation is seen in infants with paren-
chymal lung disease and a dramatic improvement is often
(but not always) seen when PPHN is the predominant
cause of hypoxemia. Echocardiography will usually estab-
lish the diagnosis, but partial anomalous pulmonary
venous drainage, which presents clinically with very sim-
ilar findings, may be difficult to diagnose by
echocardiography.

Treatment: Treatment of PPHN is focused on lowering
pulmonary vascular resistance, supporting systemic blood
pressure to keep it above pulmonary pressure, and pro-
viding gentle respiratory support in order to avoid com-
plications, as the elevated PVR will eventually fall in most
patients. Systemic blood pressure support can be achieved
by judicious use of crystalloids (e.g., normal saline) in
boluses of 10-20 mL/kg to improve circulating blood
volume. This and the appropriate use of inotropic agents
improve cardiac output and systemic blood pressure.
Excessive use of saline can lead to volume and sodium
overload. With adequate preload, the inotropic agents

dopamine and dobutamine improve cardiac contractility
and output. The use of epinephrine and higher doses of
dopamine increase peripheral vascular tone and raise sys-
temic blood pressure. Care should be exercised in the use
of these agents, as they can be associated with tachycardia,
arrhythmia, increased afterload, myocardial ischemia, and
may increase PVR. Milrinone is a useful agent in PPHN,
because it provides positive inotropic effect, does not
cause systemic vasoconstriction, and achieves pulmonary
vasodilatation because it inhibits phosphodiesterase 3, the
enzyme that breaks down cyclic AMP.

Respiratory stabilization may require intubation and
mechanical ventilation with the goal of providing suffi-
cient mean airway pressure to achieve optimal lung vol-
ume, improve ventilation/perfusion matching, and lower
pulmonary vascular resistance. Adequate oxygenation and
avoidance of hypoxemia minimize pulmonary vascular
resistance but supraphysiologic arterial oxygen tension
should be avoided. Pulmonary vascular resistance only
increases with PaO2 below 50 torr and no further fall in
PVR is seen at PaO2 above 70 torr. Exposure to hyperoxia
even for short periods of time increases oxidative stress
and actually increases vasoreactivity of the pulmonary
vessels and blunts response to inhaled nitric oxide
(INO). Target PaO2 therefore should be in the range of
60-80 torr. Acidosis increases PVR and should generally
be avoided in patients with PPHN. Slightly alkaline arte-
rial blood pH between 7.4 and 7.5 may be needed in some
patients whose pulmonary hypertension fails to improve
with more conservative ventilation and other appropriate
therapies, including iNO. However, the practice of hyper-
ventilation to achieve significant respiratory alkalosis is
associated with increased likelihood of hemodynamic
impairment, lung injury, chronic lung disease, and neu-
rologic sequelae and is no longer recommended. The goal
should be to maintain physiologic PCO2 between 35 and
45 torr. The use of alkali infusion (sodium bicarbonate) to
increase blood pH has been used to reduce the need for
respiratory alkalosis, but was associated with increased
need for ECMO rescue in a large retrospective study. The
choice of conventional ventilation or high-frequency ven-
tilation (HFV) depends on availability and the underlying
disease condition. HFV may offer advantages in patients
with pulmonary hypoplasia, congenital diaphragmatic
hernia, and airleak syndromes, and may be useful in
achieving optimal lung inflation. Intravenous vasodilators
have been used in the past, but lack specificity for the
pulmonary circulation and generally have been ineffective.
There is no sound evidence to support the widespread use
of MgSO4 to treat pulmonary hypertension. Inhaled nitric
oxide (iNO) has been studied extensively and is currently
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the only specific pulmonary vasodilator approved for
treatment of PPHN. Nitric oxide (NO) is generated by
NO synthase from L-arginine. NO then activates guanyl
cyclase leading to the production of cyclic GMP, which
causes relaxation of the vascular smooth muscle by
decreasing cytosolic calcium concentration. The use of
iNO in doses of up to 20 PPM improves oxygenation
and decreases the risk of death or need for ECMO by up
to 50%, except in neonates with congenital diaphragmatic
hernia in whom no significant benefit was demonstrated.
Doses of iNO greater than 20 PPM do not result in greater
efficacy but are associated with higher toxicity. iNO is
most effective when the circulatory status and pH have
been optimized and adequate lung expansion has been
achieved. iNO in combination with HFV may be more
effective than iNO used with conventional ventilation in
infants with significant lung disease. Traditionally, iNO is
started at oxygenation index (OI) levels of 25 or above;
(OI = [(F;O, x Paw)/PaO,] x 100), where Paw is mean
airway pressure and F;O, is the fraction of inspired oxy-
gen. However, when PPHN persists despite optimized
ventilatory and hemodynamic support, iNO use at lower
OI appears justified. Response to iNO should be evident
within a short period of time when pH and perfusion have
been optimized first. Treatment should be weaned as soon
as possible after the FiO, has decreased to 70% or less by
decrements of 5 PPM, down to 5 PPM, and more slowly
thereafter with the goal of weaning from iNO by 3—4 days.
Prolonged exposure to iNO will suppress endogenous
nitric oxide production and make it more difficult to
discontinue the drug. Although iNO has been shown to
be safe and effective in the treatment of PPHN, it is
expensive and not readily available everywhere. Sildenafil,
a phosphodiesterase five inhibitor improves oxygenation
in patients with PPHN. Sildenafil decreases the degrada-
tion of cyclic GMP resulting in higher concentrations of
cyclic GMP locally, which in turn leads to relaxation of
pulmonary vascular smooth muscles. Its lower cost and
greater availability has made sildenafil very attractive to
clinicians with no access to iNO. Despite the absence of
definitive studies to determine the safest effective dose and
to evaluate its safety profile in neonates, this drug is widely
used in less affluent countries.

The general care of infants with PPHN is crucial to
optimizing outcome. Correction of acidosis, glucose and
other electrolyte derangements, aggressive treatment of
sepsis, circulatory support, correction of coagulopathy,
and institution of appropriate supportive treatments for
perinatal asphyxia are vital determinants of response to
treatment and survival. Minimal handling and use of
adequate sedation/analgesia to avoid agitation are very

important. Although routine use of paralytic agents is
not recommended, at times they may be necessary to
control agitation. Up to 40% of patients with PPHN and
most infants with CDH do not respond to iNO. In these
patients, ECMO is the ultimate rescue treatment and
should be instituted while the infant has some degree of
stability. It is vital for clinicians to recognize early those
patients who are nonresponders to iNO and anticipate the
need for ECMO where available. Institutions that do not
have ECMO as a treatment option readily available should
perhaps consider how nitric oxide is used and be prepared
for early transfer of nonresponders to an ECMO center.

Prognosis: Prognosis in PPHN depends on the under-
lying diagnosis, response to treatment, and availability of
rescue therapies. Mortality has been reduced to <5% with
more optimal ventilatory support, iNO, and ECMO, but
remains high where these advanced therapies are not
available. An early and sustained response to inhaled nitric
oxide is associated with clinical improvement and better
outcomes. Patients with perinatal asphyxia, pulmonary
hypoplasia, and CDH often have the worst prognosis.
Residual chronic lung disease and/or sensorineural hear-
ing loss have been reported to correlate with duration of
hyperventilation.

Prevention: Many infants that develop PPHN exhibit
signs of respiratory distress early in their course. Progres-
sion of respiratory disease with failure to establish ade-
quate oxygenation and ventilation will impair the normal
newborn transition and lead to the persistence of high
PVR leading to PPHN. Recognition of infants with early
respiratory disease and acting quickly to provide adequate
respiratory support to maintain good oxygenation may
reduce the progression to hypoxemic respiratory failure
and PPHN. Many infants that develop PPHN were born
late preterm via elective C-section who then exhibit signs
of surfactant deficiency or retained lung fluid that can
progress to PPHN. Avoiding elective delivery before 38
weeks of completed gestation will significantly reduce
respiratory morbidity in this subgroup of patients. Prena-
tal ultrasounds are now able to readily identify infants
with oligohydramnios and CDH so that delivery can
occur in a tertiary center where optimal treatments can
be instituted early.

Definition: Pulmonary airleak is defined as accumula-
tion of air outside of the airway and alveolar space.
Depending on the location of the air it may be described
as a pneumothorax, pneumomediastinum, pulmonary
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interstitial emphysema (PIE), pneumopericardium, or
subcutaneous emphysema.

Etiology: Airleaks are caused by over-distension of
alveoli or terminal bronchioles with resultant rupture
and escape of air into the interstitium. Spontaneous pneu-
mothorax can occur soon after birth due to the high
pressures generated by the baby taking their first breaths.
High positive airway pressure used during resuscitation
may also cause airleak. Most airleaks are associated with
lung diseases such as RDS, meconium aspiration syn-
drome, pneumonia, pulmonary hypoplasia, and congeni-
tal diaphragmatic hernia. The majority of airleaks are
associated with mechanical ventilation, particularly with
the use of inappropriately high inspiratory pressure or
tidal volume, use of unsynchronized ventilation. Direct
injury to the trachea or airway can occasionally result from
suctioning through the endotracheal tube (ETT), use of
introducers through the ETT for their placement, or cen-
tral venous catheter placement.

Epidemiology: The overall incidence of airleaks in term
infants is about 1%, although only about 10% of these are
symptomatic. The incidence of airleak is significantly
higher in preterm infants requiring mechanical ventilation
and was reported to occur in 3—-13% of infants less than
28 weeks gestation born between 2003 and 2007 from the
NICHD Neonatal Research Network centers. PIE is pre-
dominantly seen in the extremely low birth weight infant
with RDS on mechanical ventilation with a reported inci-
dence of 3-5%.

Pathogenesis: The development of airleak starts with
over-distension of alveoli or terminal bronchioles with
subsequent rupture and escape of air into the interstitial
tissue. This free air then tracks along the bronchial and
vascular sheaths to the hilum of the lung. The air can escape
into the mediastinum producing a pneumomediastinum
or dissect through the visceral pleura producing
a pneumothorax. A pneumopericardium may develop
when the air dissects into the pericardial sac usually in
association with a pneumothorax in ventilated infants.
Free air in the mediastinal space can track into the
subcutaneous tissues of the neck or chest wall as subcuta-
neous emphysema or into the abdomen causing
a pneumoperitoneum. In ELBW infants with pulmonary
interstitial emphysema, the lung connective tissue is more
abundant and less dissectible, therefore the air remains in
the bronchovascular sheaths splinting the alveoli in a state
of inflation causing significant ventilation perfusion
mismatch by impeding alveolar emptying and pulmonary
blood flow.

Clinical Manifestations: The clinical presentation of
airleak syndromes is varied from the asymptomatic to

sudden acute decompensation depending on the amount
of air that has collected and whether it is under tension
compressing the lung and other intrathoracic structures.
Most cases of pneumomediastinum are not associated
with significant clinical symptoms because the air is usu-
ally not under tension. Subcutaneous emphysema can be
recognized by a “crackly feeling” on palpation of the
anterior chest wall or over the neck. Pneumoperitoneum
may present with abdominal distension or rarely enlarge-
ment of the scrotum in boys. A small pneumothorax in an
infant with little or no lung disease can be
asymptomatic. This is typical with a spontaneous pneu-
mothorax. Tension pneumothorax presents with respira-
tory distress, hypoxia, acute respiratory acidosis, and
rapid deterioration. Clinical examination will show
subcostal retractions, cyanosis, decrease or absence of
breath sounds on the ipsilateral side, shift of heart sounds
to the contralateral side due to mediastinal shift, and
abdominal distention due to downward displacement of
the diaphragm. There may be associated hypotension and
bradycardia because of impaired cardiac output from
impeded venous return. Pneumopericardium may be
asymptomatic, but usually presents acute circulatory
decompensation due to cardiac tamponade with distant
heart sounds on auscultation. PIE is usually encountered
in the ELBW infant on mechanical ventilation who has
progressive worsening of respiratory status without local-
izing signs, unless it is unilateral.

Diagnosis: The diagnosis of airleak syndrome should
be suspected in any infant with sudden respiratory dete-
rioration particularly those with underlying lung disease
on mechanical ventilation or CPAP. A pneumothorax can
be diagnosed by the use of a high-intensity fiberoptic light
placed firmly against the skin in the midaxillary line or
anteriorly in a darkened room. Free air in the pleural space
lights up the affected hemithorax. In an emergency when
there is clinical suspicion of a pneumothorax
thoracocentesis by aspiration of air with a syringe attached
to a 23- or 25-gauge butterfly needle or an 20-22 gauge
angiocatheter ~can be both  diagnostic  and
therapeutic. Definitive diagnosis of all airleaks is made
by chest x-ray. (Please see the paragraph on airleak in
© Chap. 21, “Complications of Mechanical Ventilation”
for further description).

Differential Diagnosis: Pulmonary airleaks are easily
recognizable on CXR although they may be confused
with or coexist with other pulmonary diseases like con-
genital diaphragmatic hernia, cystic adenomatoid malfor-
mation, congenital lobar emphysema, and pulmonary
abscess. Diminished breath sounds and mediastinal shift
to the opposite side may be due to a large pleural effusion,
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while diminished breath sounds with shift to the ipsilat-
eral side may be due to atelectasis. In the delivery room,
the scenario of a distressed, cyanotic infant with dimin-
ished breath sounds on one side and shift of the heart
sounds to the other most often is due to a pneumothorax,
but a congenital chylothorax or diaphragmatic hernia can
have a similar presentation. The key difference is that with
tension pneumothorax and pleural effusion the abdomen
should be distended, whereas it is flat or scaphoid with
diaphragmatic hernia.

Treatment: Most cases of pneumomediastinum, sub-
cutaneous emphysema, and non-tension pneumothoraces
cause few symptoms and resolve spontaneously. The
patient should be observed for any sudden deterioration
in clinical status suggesting worsening accumulation of
air. Nitrogen washout with 100% oxygen is not
recommended as the toxicity caused by high amounts of
oxygen likely outweighs the problems caused by a non-
tension pneumothorax. A tension pneumothorax repre-
sents a medical emergency and should be treated
promptly. Immediate relief can be achieved by
thoracocentesis with aspiration of air with a syringe
attached to a 23- or 25-gauge scalp vein needle or an
18-22-gauge angiocatheter. Definitive treatment is by
insertion of a chest tube into the anterior pleural space
attached to underwater seal with continuous suction at
15-20 cm H2O. For infants on mechanical ventilation, the
level of support should be evaluated to correct atelectasis
by optimizing adequate but not excessive PEEP and reduce
PIP/VT to the lowest value consistent with adequate CO2
elimination. High-frequency ventilation has advantages
over conventional ventilation in the presence of airleak
because adequate MAP can be provided with lower tidal
volume and still remove CO2 efficiently. HFJV has unique
benefits in the treatment of airleak, specifically PIE and
bronchopleural fistula. When HFV is not available, rapid
rate and short inspiratory times are preferable. Lateral
decubitus positioning of the infant with unilateral PIE,
placing the affected lung in a dependent position improves
gas exchange and reduces mediastinal shift with faster
resolution of PIE. Selective main-stem bronchus intuba-
tion is not always well tolerated, but is an effective way of
resolving unilateral PIE.

Prognosis: Spontaneous resolution occurs in most
infants with pneumomediastinum and pneumothoraces
even when they require drainage. Tension pneumothorax
is a known risk factor for intraventricular hemorrhage in
preterm infants. Failure to recognize and quickly treat the
acute hemodynamic compromise caused by tension
pneumothorax and pneumopericardium can lead to sud-
den death. ELBW infants who develop PIE have

substantially increased mortality and are at increased
risk of developing BPD.

Prevention: Early provision of distending airway pres-
sure in infants with respiratory distress to recruit and
maintain optimal lung volume and avoidance of excessive
tidal volume are the two steps most helpful in reducing the
risk of airleak. Surfactant replacement therapy also
reduces airleak. The infant with respiratory distress and
progressive atelectasis that is not treated early is more
likely to develop an airleak when subsequently placed on
positive pressure support because most of the distending
pressure will now be delivered to the compliant parts of the
lung making them more prone to over-distension and
airleak. Therefore early administration of surfactant in
preterm infants with RDS and subsequent support with
CPAP or mechanical ventilation as appropriate will main-
tain more uniform lung volume and reduce alveolar
injury. Avoidance of hyperventilation with inappropriately
high tidal volumes and peak airway pressure will lessen the
likelihood of developing airleak. Although PEEP is gener-
ally lung protective and helps to achieve more uniform
lung inflation, the optimal pressure required to maintain
good lung volume should be reassessed frequently by
checking lung expansion on CXR and lowering PEEP if
the FiO2 is close to room air, as inappropriately high lung
volumes can lead to alveolar rupture at peak inspiration
and produce airleak. It is not clear that avoidance of
mechanical ventilation with the use of noninvasive
modes of ventilation reduces airleak; increased rate of
airleak was reported in the CPAP arm of the COIN trial.
Both volume-targeted ventilation and high-frequency
ventilation have been shown to reduce airleak.

Definition: Pulmonary hemorrhage is assumed to be pre-
sent when there is appearance of bloody fluid from the
upper respiratory tract or the endotracheal tube (ETT).

Etiology: What is commonly referred to as pulmonary
hemorrhage may be true hemorrhage originating in the
lung parenchyma or the airways, but much more com-
monly is actually hemorrhagic pulmonary edema. Risk
factors for the development of pulmonary hemorrhage
include: extreme prematurity, surfactant treatment of
RDS, left to right shunt through a patent ductus arteriosus
(PDA), fluid overload, intrauterine growth restriction,
hypoxic insults, and generalized coagulopathy.

Epidemiology: The overall incidence of pulmonary
hemorrhage is reported to be 1/1,000 live births, but in
ELBW infants with RDS it is as high as 4-7%.
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Pathogenesis: True hemorrhage may result from
trauma or coagulopathy. The more common hemorrhagic
pulmonary edema occurs as a result of acute left ventric-
ular decompensation leading to increased pulmonary cap-
illary pressure. Many factors may contribute to acute
decompensation, but most commonly this results from
increased pulmonary blood flow caused by left to right
shunting through a PDA. The association with surfactant
therapy is thought to be due to rapid improvement of lung
compliance and fall in pulmonary vascular resistance,
allowing greater left to right shunt. The preterm myocar-
dium has limited reserve and does not cope effectively
with a large volume overload. Hypoxia and acidosis may
also lead to decreased left ventricular function with resul-
tant acute increase in pulmonary capillary pressure.
Because of this increase in pressure, capillary ultrafiltrate
leaks into the pulmonary interstitial space. The fluid is
initially drained via the lymphatics, but as these get
overwhelmed the fluid ruptures through the alveolar epi-
thelial walls. As the leak worsens red cells and plasma
escape into the alveolar space leading to hemorrhagic
pulmonary edema. The fluid initially has a frothy bloody
appearance and a hematocrit of about 10% but may pro-
gress to frank hemorrhage into the lungs. Coagulopathy is
usually not present with hemorrhagic pulmonary edema,
but does play a part in frank pulmonary hemorrhage in
term infants.

Clinical Manifestations: The clinical presentation of
pulmonary hemorrhage is usually sudden and
catastrophic. Patients are usually ELBW infants on
mechanical ventilation for RDS following surfactant ther-
apy and usually have an underlying large left to right shunt
via a PDA. Symptoms most commonly appear around the
second or third day of life with sudden deterioration in the
infant’s condition manifested as acute fall in oxygen satu-
ration, loss of chest wall excursion, respiratory acidosis,
hypotension, and bradycardia. The appearance of bloody
fluid in the ETT may accompany the sudden deterioration,
but sometimes is only evident upon suctioning.

Diagnosis: The diagnosis of pulmonary hemorrhage is
usually obvious from the clinical presentation and sudden
appearance of bloody fluid in the ETT. Chest radiograph
will typically show diffuse opacification or a complete
“white out.” The presence of the usual predisposing fac-
tors supports the diagnosis. Air bronchogram may not be
seen, however, since the airways may be filled with hem-
orrhagic fluid.

Differential ~ Diagnosis: Hemorrhagic pulmonary
edema must be differentiated from local bleeding due to
mucosal trauma. In this instance, the volume of blood is
usually small, it does not appear frothy, and is typically not

associated with the sudden deterioration seen in hemor-
rhagic pulmonary edema. The distinction is of critical
importance, because the treatment is very different. True
pulmonary hemorrhage is much less frequent, but may
present with a large amount of almost pure blood in the
trachea in the setting of coagulopathy or very high venti-
lator settings in a larger infant. Obtaining a hematocrit
may help differentiate the two conditions, but is usually
not necessary.

Treatment: Treatment of hemorrhagic pulmonary
edema requires aggressive resuscitation starting with
maintenance of adequate gas exchange. The urge to con-
tinuously suction blood from the ETT should be resisted,
as any loss of distending airway pressure would worsen the
hemorrhage. The fluid has low viscosity and will not clot
in the airways. The use of PEEP as high as 10-12 cmH2O is
the most effective means of stabilizing the patient and
reversing the outflow of hemorrhagic fluid. This approach
mitigates the left to right shunt through a PDA, promotes
uptake of fluid into the pulmonary lymphatics and capil-
laries, clears the fluid from the airways, and improves lung
compliance. Peak pressure adequate to achieve desired
tidal volume or chest wall movement should be selected.
High-frequency ventilation is often used, because clini-
cians are more comfortable using higher mean airway
pressure with high-frequency devices. However, because
of the acute nature of the crisis, changing ventilators may
not be optimal; sufficient PEEP will achieve similar results
with conventional ventilation. Inotropic support may be
beneficial to optimize myocardial contractility, but aggres-
sive volume expansion is contraindicated, because the
infant is usually not hypovolemic and excessive volume
administration may worsen the ventricular failure. Appro-
priate ventilator management limits intravascular volume
loss and the need for replacement. An echocardiogram
should be obtained if available and a significant PDA
should be treated. Coagulopathy is usually not an issue,
but, if present, should be corrected with the use of fresh
frozen plasma and/or cryoprecipitate to supply clotting
factors as needed. After stabilization, infants may benefit
from surfactant replacement, as the hemorrhagic alveolar
edema inevitably leads to inactivation of surfactant and
secondary surfactant deficiency.

Mucosal bleeding usually subsides spontaneously with
avoidance of further trauma. If persistent, coagulopathy/
thrombocytopenia should be sought and corrected. Local
administration of epinephrine via the endotracheal tube
and lavage with iced saline are traditional therapies,
although their value is unproven. These measures have
no place in the treatment of hemorrhagic pulmonary
edema.
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Prognosis: Pulmonary hemorrhage has traditionally
been associated with high mortality of up to 80%. With
better understanding of the underlying pathophysiology
and more appropriate therapy, the mortality rate has
declined to <50%. However, these infants are usually the
smallest and sickest, and are at high risk for long-term
pulmonary morbidity (chronic lung disease) between
60% and 80% and an increased risk of developing intra-
ventricular hemorrhage and retinopathy of prematurity.

Prevention: The use of prenatal steroids before preterm
delivery has reduced pulmonary morbidity significantly
including pulmonary hemorrhage. Timely recognition
and treatment of a significant PDA will reduce the likeli-
hood of hemorrhagic pulmonary edema, particularly in
infants with history of hypoxia and poor left ventricular
function.

Definition: Pulmonary hypoplasia refers to impaired
growth and development of lung tissue and the pulmo-
nary vascular bed.

Etiology: Pulmonary hypoplasia can result from
(1) lack of adequate space for the lung to grow either
from intrathoracic space occupying lesion, longstanding
pleural effusion, or extrathoracic compression (asphyxiat-
ing thoracic dystrophies); (2) reduction in fetal breathing
movements; and (3) decreased amniotic fluid volume.
Rarely, pulmonary hypoplasia may be associated with
Trisomy 21 due to reduced numbers of alveoli and
a smaller alveolar surface area.

Epidemiology: The true incidence of pulmonary hypo-
plasia is unknown because many infants with severe pul-
monary hypoplasia die in utero, during labor or at birth.
The frequency of pulmonary hypoplasia is related to the
incidence of underlying causes. In cases of premature
rupture of membranes at 15-28 weeks gestation, the
reported incidence of pulmonary hypoplasia ranges from
9% to 28%. The occurrence of congenital diaphragmatic
hernia (CDH) is estimated at 1/2,500-3,000 live births and
cystic adenomatoid malformation (CCAM) 1 per 25,000—
35,000 pregnancies. Adding to the difficulty in estimating
the frequency is the wide spectrum of severity and
presentation.

Pathogenesis: Lung development starts with the ventral
outpouching of the primitive foregut to form the lung bud
which then subsequently divides and branches through
several phases to form the airways and lung parenchyma.
Pulmonary vasculature develops in parallel with lung
parenchyma. Any physical limitation to the space available

for lung growth may impair lung development. This may
result from intrathoracic compression (CDH, CCAM,
large pleural effusion secondary to hydrops or congenital
chylothorax) or extrathoracic compression secondary to
skeletal abnormalities (asphyxiating thoracic dystrophy).
Fetal lung growth is also dependent on adequate disten-
sion of the lung by fetal lung fluid and on fetal breathing
movements, which are impaired or absent in conditions
such as fetal akinesia syndromes, congenital myopathies,
and phrenic nerve agenesis. The fetal kidney produces
proline which together with several growth factors found
in amniotic fluid aid in lung collagen and mesenchyme
formation. As fetal lung liquid pressure is slightly higher
than amniotic fluid pressure any decrease in amniotic
fluid volume will be associated with loss of lung liquid
and a decrease in the distending pressure to the developing
lung. Fetal urine is an important component of amniotic
fluid and renal agenesis/dysplasia or complete urinary
tract obstruction (e.g., posterior urethral valves) is associ-
ated with oligohydramnios leading to pulmonary hypo-
plasia. The severity of lung hypoplasia depends on the
timing of the insult in relation to the stages of lung
development. The earlier the insult in gestation, the
more severe the degree of lung hypoplasia. Physical and
histological examination of the hypoplastic lung will show
reduced lung weight, fewer generations of airways,
decreased number of alveoli with delayed epithelialization,
as well as paucity and maldevelopment of the
corresponding pulmonary arteries.

Clinical Manifestations: The clinical presentation of
infants with pulmonary hypoplasia depends on severity
of disease and the underlying cause. In the severe forms,
respiratory distress, hypercapnia, and hypoxemia are uni-
versal together with signs and symptoms of associated
conditions. Infants with CDH may have a scaphoid abdo-
men and decreased breath sounds on the affected side.
Infants with severe oligohydramnios may present with
a small chest, contraction deformities such as
arthrogryposis, and “Potters facies.” Severe hypotonia
with a small chest compared to the rest of the body may
indicate an underlying central nervous system abnormal-
ity. Pulmonary hypertension commonly accompanies pul-
monary hypoplasia.

Diagnosis: Most conditions associated with pulmonary
hypoplasia can be identified through antenatal ultrasound
and magnetic resonance imaging (MRI). The presence of
pulmonary hypoplasia should be expected with any of the
underlying associated conditions. Chest x-ray after birth
will show an underdeveloped “bell shaped” rib cage with
decreased lung expansion in patients with history of
oligohydramnios or underlying neurologic disease.
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Conditions where there is restriction of lung growth from
external compression are often unilateral and can be iden-
tified on x-ray with the ipsilateral lung affected more than
the contralateral lung. Definitive diagnosis of pulmonary
hypoplasia requires pathologic examination of the lung to
determine lung weight, perform radial alveolar counts,
and measure the total lung DNA. Hypoplastic lungs have
a decreased number of airway generations, with fewer and
smaller peripheral airspaces and decrease in the number
and cross-sectional area of pulmonary vessels.

Differential Diagnosis: The degree of pulmonary hypo-
plasia, if any, may be difficult to determine in milder cases
and also when associated with other conditions. Severe
RDS with poor lung expansion in a premature infant is
difficult to differentiate from pulmonary hypoplasia
radiographically. If the lung fields are relatively clear but
with very low lung volume, hypoplasia is more likely.

Treatment: Recognition of conditions associated with
pulmonary hypoplasia and instituting appropriate resus-
citative measures are key to early management. Infants
with CDH require immediate intubation with avoidance
of facemask ventilation and rapid decompression of the
stomach (see © section on CDH). Infants with pulmonary
hypoplasia have severely decreased lung compliance
requiring higher airway pressure to achieve adequate gas
exchange. This, together with the underdeveloped lung
parenchyma, places these patients at increased risk of
developing an airleak syndrome. Pulmonary hypertension
from decreased pulmonary vascular development requires
specific therapy as discussed in the section on PPHN. It
should be noted that excessive expansion of the hypoplas-
tic lungs will worsen PPHN due to compression of the
pulmonary capillaries. Distending pressure should there-
fore be used with caution. High-frequency ventilation can
provide better support with its ability to remove CO2
more efficiently and to treat or mitigate airleak syndromes
better than conventional ventilation. In most patients with
pulmonary hypoplasia, surfactant replacement therapy
has not been shown to be beneficial unless the infant is
also premature. Inhaled nitric oxide therapy may only
show a transient improvement. Caution should be
exercised in considering patients with severe pulmonary
hypoplasia as candidates for ECMO, as the degree of lung
hypoplasia and pulmonary vascular underdevelopment
may not be reversible.

Prognosis: The outcome of infants with pulmonary
hypoplasia is dependent on the degree of lung underde-
velopment and the nature of the underlying disease. Con-
ditions that hinder lung development early in gestation are
associated with more severe hypoplasia and have the worst
prognosis. Most infants with severe pulmonary hypoplasia

die in utero, during labor, or soon after birth. Associated
conditions with poor prognosis include: renal dysplasia,
asphyxiating thoracic dystrophy, congenital myopathies,
and other neurologic conditions. Surviving patients may
go on to develop chronic pulmonary insufficiency requir-
ing long-term care.

Prevention: There are no proven methods of preven-
tion for most of the conditions leading to pulmonary
hypoplasia. Animal and human studies have shown that
tracheal occlusion in utero will reverse pulmonary hypo-
plasia but because of the high incidence of preterm deliv-
eries related to this intervention, it has not been widely
accepted and remains experimental. In utero placement of
pleuroperitoneal shunt to treat pleural effusion and
vesicoperitoneal shunt to relieve bladder outlet obstruc-
tion has met with mixed success as well.

Definition: CDH refers to herniation of abdominal con-
tents into the chest through a defect in the diaphragm and
the associated pulmonary hypoplasia present at birth.

Etiology: CDH is a developmental abnormality of the
diaphragm resulting in a defect with resulting herniation
of abdominal viscera into the chest. The diaphragmatic
defect occurs when some of the structures making up the
fetal diaphragm fail to develop adequately or to fuse by
the eighth week post conception. Abnormalities in the
retinoic acid signaling pathway may be important in the
maldevelopment of the diaphragm early in gestation and
may independently contribute to pulmonary hypoplasia.

Epidemiology: CDH occurs in 1/2,500-3,000 live births
with a slight preponderance of males (1.5:1 male to female
ratio). Recurrence risk for future pregnancies is approxi-
mately 2%. Worldwide incidence appears to be the same as
that in the United States: 85-90% occur on the left side,
10% and a small number are bilateral. There are two types
of diaphragmatic hernias: the posterior Bochdalek hernia
accounting for about 95% of the total and the anterior
Morgagni hernia for the remaining 5%.

Pathogenesis: In the fetus with CDH, the bowel, some-
times stomach, spleen, or liver herniate into the chest
impairing lung development. Lung hypoplasia is thought
to be secondary to the in utero compression of the fetal
lung. Both the ipsilateral and contralateral lungs are
involved, because the herniated abdominal contents
cause mediastinal shift. The degree of hypoplasia is often
severe on the ipsilateral side with only a minute lung seen
in the apex of the chest at surgery. The severity of pulmo-
nary hypoplasia roughly correlates with the size of the
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defect, which may range from a small posterior opening to
complete agenesis of the hemidiaphragm. Lung hypopla-
sia involves not just a decrease in lung parenchyma, but
a dramatic decrease in the number and cross-sectional
area of the pulmonary blood vessels. Additionally, there
is abnormal muscularization of the pulmonary arterioles
and increased vasoreactivity, which often leads to associ-
ated refractory PPHN.

Clinical Manifestations: The severity of respiratory dis-
tress is highly variable. Most infants present in the delivery
room with cyanosis, retractions, and tachypnea. Breath
sounds are decreased on the affected side with shift of
the breath sounds to the opposite side — all signs consistent
also with the more common problem of spontaneous ten-
sion pneumothorax. The key differentiating factor is
that the abdomen is distended in the presence of pneumo-
thorax, while it is flat or scaphoid with CDH. Bowel sounds
are rarely heard in the chest, but this sign is diagnostic,
if present. Some infants have minimal signs initially and
may not be recognized for some time. The clinical status
often remains reasonably stable for the first 12-24 hours,
a period referred to as the “honeymoon,” followed by devel-
opment of severe pulmonary hypertension.

Diagnosis: In industrialized countries, the majority of
cases are diagnosed by antenatal ultrasound. Postnatal
diagnosis is based on clinical presentation and radio-
graphic confirmation. Initial chest films may not show
the classical bowel pattern in the chest, if air has not yet
filled the bowel, but may instead just show a water density
mass with mediastinal shift.

Differential Diagnosis: CDH must be distinguished
from eventration of the diaphragm, pulmonary sequestra-
tion, pleural effusion, or cystic adenomatoid malforma-
tion involving the lower lobes of the lung. Acutely, it must
be distinguished from tension pneumothorax.

Treatment: Immediate intubation with avoidance of
facemask ventilation is critical to avoid filling the bowel
with air and causing further lung compression. A naso- or
oro-gastric tube is rapidly placed for gastric decompres-
sion. Muscle relaxation is advocated by some to prevent
the infant from swallowing air, but this is not usually
needed when effective gastric decompression. Nasal
CPAP or high-flow nasal cannula are to be avoided. Pul-
monary hypertension is triggered or aggravated by pul-
monary overexpansion; therefore distending airway
pressure is applied cautiously. Gentle ventilation with
either conventional or high-frequency ventilators,
allowing moderate permissive hypercapnia and accepting
just adequate oxygenation, appears to improve outcome,
compared to the more aggressive traditional treatment,
even when PPHN is present. Exogenous surfactant does

not appear to be beneficial (unless the infant is premature)
and was associated with worse outcomes in a large retro-
spective study. Infants with CDH and PPHN do not usu-
ally respond well to inhaled NO, but many show a modest