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Preface to the third edition

It has been eight years since the second edition of the book
was published in 2003. Over the last decade, major advances
have occurred in the understanding and treatment of neonatal
surgical conditions. Advances in prenatal diagnosis, imaging,
intensive care, and minimally invasive surgery have trans-
formed the practice of surgery in the newborn. The third
edition of Newborn Surgery has been extensively revised
and contains 105 chapters by 160 contributors from all five
continents of the world. This edition contains many new
chapters taking account of the recent advances in neonatal
surgery. The new chapters include: Perinatal physiology;
Clinical anatomy of the newborn; Epidemiology of birth
defects; Fetal counselling for surgical malformations; Neona-
tal sepsis; Liver transplantation; Congenital pouch colon;
Megacystis microcolon intestinal hypoperistalsis syndrome;
and Urinary tract infections. Each chapter has been written by
world class experts in their respective fields, along with their
co-authors.

This textbook provides an authoritative, comprehensive
and complete account of the pathophysiology and treatment

of various surgical conditions in the newborn. This book
should be of interest to all those who have a clinical
responsibility for newborn babies. It is particularly intended
for trainees in pediatric surgery, established pediatric sur-
geons, general surgeons with an interest in pediatric surgery
as well as neonatologists and pediatricians seeking more
detailed information on newborn surgical conditions.

I wish to thank most sincerely all the contributors for their
outstanding work in producing this innovative text-book. I
also wish to express my gratitude to Ms Vanessa Woods and
Ms Lisa Kelly for their skilful secretarial help. I am grateful to
Dr G.P. Seth for reading each and every word of the galley
proofs of the entire book. I wish to thank the editorial staff of
Hodder Arnold, particularly Mr Stephen Clausard, for their
help during preparation and publication of this book. I am
thankful to the Children’s Medical & Research Foundation,
Our Lady’s Children’s Hospital, Dublin for their support.

Prem Puri
2011



Preface to the second edition

The 2nd edition of Newborn Surgery has been extensively
revised. Many new chapters have been added to take account
of the recent developments in the care of the newborn with
congenital malformations. This edition, which comprises
97 chapters by 121 contributors from all five continents of
the world, provides an authoritative, comprehensive, and
complete account of the various surgical conditions in the
newborn. Each chapter is written by the current leading
expert(s) in their respective fields.

Newborn surgery in the twenty-first century demands of
its practitioners detailed knowledge and understanding of the
complexities of congenital anomalies, as well as the highest
standards of operative techniques. In this textbook, great
emphasis continues to be placed on providing a com-
prehensive description of operative techniques of each
individual congenital condition in the newborn. The book

is intended for trainees in pediatric surgery, established
pediatric surgeons, general surgeons with an interest in
pediatric surgery, as well as neonatologists and pediatricians
seeking more detailed information on newborn surgical
conditions.

I wish to thank most sincerely all the contributors for the
outstanding work they have done for the production of this
innovative textbook. I also wish to express my gratitude to
Mrs Karen Alfred and Ms Ann Brennan for their secretarial
help and to the staff of Hodder Arnold for their help during
the preparation and publication of this book. I am grateful to
the Children’s Medical & Research Foundation, Our Lady’s
Hospital for Sick Children, Dublin for their support.

Prem Puri
2003



Preface to the first edition

During the last three decades, newborn surgery has developed
from an obscure subspecialty to an essential component of
every major academic pediatric surgical department through-
out both the developed and the developing world. Major
advances in perinatal diagnosis, imaging, neonatal resuscita-
tion, intensive care, and operative techniques have radically
altered the management of newborns with congenital mal-
formations. Embryological studies have provided new valuable
insights into the development of malformations, while im-
provements in prenatal diagnosis are having a significant
impact on approaches to management. Monitoring techniques
for the sick neonate pre- and postoperatively have become more
sophisticated and there is now greater emphasis on physiolo-
gical aspects of the surgical newborn, as well as their nutritional
and immune status. This book provides a comprehensive
compendium of all these aspects as a prelude to an extensive
description of surgical conditions in the newborn. Modern-day
newborn surgery demands detailed knowledge of the complex-
ities of newborn problems. Research developments, laboratory
diagnosis, imaging, and innovative surgical techniques are all
part of the challenge facing surgeons dealing with congenital

conditions in the newborn. In this book, a comprehensive
description of operative techniques of each individual condi-
tion is presented. Each contributor was selected to provide an
authoritative, comprehensive, and complete account of their
respective topics. The book, comprising 90 chapters, is intended
primarily for trainees in pediatric surgery, established pediatric
surgeons, general surgeons with an interest in pediatric surgery,
and neonatologists.

I am most grateful to all contributors for their willingness to
contribute chapters at considerable cost of time and effort. [ am
indebted to Mr Maurice De Cogan for artwork, Mr Dave Cullen
for photography, and Ms Ann Brennan and Ms Deirdre
O’Driscoll for skilful secretarial help. I am grateful to the
Children’s Research Centre, Our Ladys Hospital for Sick
Children, for their support. Finally, I wish to thank the editorial
staff, particularly Ms Susan Devlin, of Butterworth-Heinemann
for their help during the preparation and publication of this
book.

Prem Puri
1996
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Embryology of malformations

DIETRICH KLUTH, WOLFGANG LAMBRECHT, CHRISTOPH BUHRER, AND HOLGER TILL

INTRODUCTION

Approximately 3% of human newborns present with con-
genital malformations." Without surgical intervention, one-
third of these infants would die since their malformations are
not compatible with sustained life outside the uterus." In
figures, this means that in a country such as Germany, nearly
6000 children are born every year with a life-threatening
malformation.

Due to the development of prenatal diagnostic proce-
dures, advanced surgical techniques, and intensive post-
operative care, most infants with otherwise fatal
malformations can be rescued by an operation in the
neonatal period. However, morbidity remains high in some
of these children” with the necessity of repeated operations
and hospitalizations despite a successful primary operation.
This may also be the fate of many children with non-life-
threatening malformations such as hypospadias or cleft
palate.

Mortality is still high in newborns with certain malforma-
tions such as congenital diaphragmatic hernias or severe
combined defects. As a consequence, congenital malforma-
tions today are the main cause of death in the neonatal
period. In the United States, 21% of neonatal mortality can
be related to congenital malformations.’

These figures probably do not reflect a real increase of
the actual incidence of congenital malformation. The
observed mortality shift might rather be due to improved
intensive care medicine in today’s Western world countries
where neonates (even those with birth defects) have a better
chance of survival. On the other hand, this statistical shift
indicates that knowledge about congenital malformations
lags behind the progress clinical research has made in the
surrounding fields. Efforts are needed to close the gap and
learn more about baby killer No. 1. Identification of
teratogens will help to reduce the incidence of malforma-
tions when exposure can be avoided, and pathogenetic
studies might aid in designing therapeutic measures. Both
treatment and prevention critically depend on basic embry-
ological research.

GENERAL REMARKS ON EMBRYOLOGY AND
THE EMBRYOLOGY OF MALFORMATIONS

Despite many efforts, the embryology of numerous con-
genital anomalies in humans is still a matter of speculation.
This is due to the following reasons:

e a shortage of study material (both normal and abnormal
embryos);

e various technical problems (difficulties in the interpreta-
tion of serial sections, shortage of explanatory three-
dimensional reconstructions);

e misconceptions and/or outdated theories concerning
normal and abnormal embryology.

Fortunately, a number of animal models are known today
which allow advanced embryological studies in various
embryological fields. Especially for the studies of anorectal
malformations, a number of animal models is at hand. In
addition, a Scanning Electron-Microscopic Atlas of human
embryos has been published recently which provides detailed
insights into normal human embryology.*

Appropriate and illustrative findings in various fields of
embryology are still lacking. This explains why today many
typical malformations are still not explained satisfactorily.
Pediatric surgeons are still confused when they are con-
fronted with the embryological background of normal and
abnormal development.

For the described misconceptions and/or outdated the-
ories, Haeckel’s ‘biogenetic law’” is one example. According
to this theory, a human embryo recapitulates in its individual
development (ontogeny) the morphology observed in all life-
forms (phylogeny). This means that during its development
an advanced species is seen to pass through stages represented
by adult organisms of more primitive species. This theory still
has an impact on the nomenclature of embryonic organs and
explains why human embryos have ‘cloacas’ like adult birds
and ‘branchial’ clefts like adult fish.

Another very popular misconception is the theory that
malformations actually represent ‘frozen’ stages of normal
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embryology (‘Hemmungsmifbildung’).® As a result, our

understanding of normal embryology stems more from
pathological-anatomic interpretations of observed malforma-
tions than from proper embryological studies. The theory of
the ‘rotation of the gut’ as a step in normal development is a
perfect example of this misconception.

DEFINITION OF THE TERM 'MALFORMATION'

After birth, neonates can present with a broad spectrum of
deviations from normal morphology. This extends from
minor variations of normal morphology without any clinical
significance to maximal organ defects with extreme func-
tional deficits of the malformed organs or of the whole
organism.

The degree of functional disorder is decisive when dealing
with the question of whether a variation of normal
morphology has to be viewed as a dangerous malformation
requiring surgical correction. This means that functional
disturbance is essential when using the term ‘malformation’
Inborn deviations can be detrimental, neutral, or even
beneficial, otherwise evolutionary progress could not take
place. An example of a beneficial deviation is the longevity
syndrome of people with abnormally low serum cholesterol
levels. Abnormalities with little or no functional disturbance
might still require surgical correction when patients are in
danger of social stigmatization. Coronal or glandular hypos-
padias might serve as an example for this condition.

ETIOLOGY OF CONGENITAL MALFORMATIONS

In most cases, the etiology of congenital malformations
remains unclear. Possible etiological factors are listed in
Table 1.1.

In about 20% of cases genetic factors (gene mutation and
chromosomal disorders) can be identified."*” In 10% an
environmental origin can be demonstrated.”” In 70% the
factors responsible remain obscure.

Table 1.1 Etiology of congenital malformations.

Etiology %
Genetic disorders 20
Environmental factors 10
Unknown etiology 70

Environmental factors

A large number of agents are known which might interfere
with the normal development of organ systems during
embryogenesis."”” The underlying mechanisms of this inter-
ference is poorly understood in most cases. Characteristically,
during organogenesis, different organs of the embryo show
distinct periods of greatest sensitivity to the action of the

teratogen. These phases of greatest sensitivity are called the
‘teratogenetic period of determination’® The typical patterns
of some syndromes can be explained by an overlap of these
phases during embryological development.

In 1983, Shepard® published a catalog of suspected
teratogenic agents. Over 900 agents are known to produce
congenital anomalies in experimental animals. In 30, evi-
dence for teratogenic action in humans could be demon-
strated. Teratogenic agents can be divided into four groups
(Table 1.2).

The teratogenic potential of virus infections,' especially
rubella and herpes, and that of radiation' has been clearly
established. Maternal metabolic defects and lack of essential
nutritives can be teratogenic. After a vitamin A-free diet” and
riboflavin-free diet'® various congenital malformations were
observed in rats and mice. Among these were diaphragmatic
hernias, isolated esophageal atresias, and isolated tracheo-
esophageal fistulas. Similarly, inappropriate administration of
hormones can be associated with intrauterine dysplasias.''

Industrial and pharmaceutical chemicals such as tetra-
chlor-diphenyl-dioxin (TCDD) or thalidomide have inflicted
tragedies by their teratogenic action. When thalidomide was
prescribed to women in the early 1960s as a ‘safe’ sleeping
medication, numerous children were born with dysmelic
deformities.”'*"? In addition, atresias of the esophagus, the
duodenum, and the anus were observed in some children.!?
The data collected suggest that teratogenic agents do not
cause new patterns of malformations but rather mimic
sporadic birth defects. This had posed problems in identify-
ing thalidomide as the responsible agent. It appears likely that
among those 70% congenital malformations with unclear
etiology a considerable percentage might be precipitated by as
yet unidentified environmental factors. In a rat model, the
herbicide nitrofen (2.4-dichloro-phenyl-p-nitrophenyl ether)
has been shown to induce congenital diaphragmatic hernias,
cardiac abnormalities and hydronephrosis."* '® In 1978,
Thompson et al.'” described the teratogenicity of the anti-
cancer drug adriamycin in rats and rabbits. More recently,
Diez-Pardo et al.*° re-described this model with emphasis to
its potentials as a model for foregut anomalies. Today, the
adriamycin model is generally described as a model for the
VACTERL-association (V = vertebral, A = anorectal,
C =cardiac, T =tracheal, E =esophageal, R =renal,
L = limb).?"** Thus, classic malformations such as atresias
of the esophagus and the intestinal tract, intestinal duplica-
tions and others can be mimicked by teratogens in animal
models.

Table 1.2 Teratogenic agents in congenital malformations.

Teratogenic agents

Radiation, heat, mechanical factors
Viruses, treponemes, parasites
Thalidomide, nitrofen, hormones,
vitamin deficiencies
Chromosomal disorders,
multifactorial inheritance

Physical agents
Infectious agents
Chemical, drug,
environmental agents
Maternal, genetic factors

After Nadler.!
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Genetic factors

Approximately 20% of congenital malformations are of
genetic origin. Most surgically correctable malformations
are associated with chromosomal disorders, e.g. trisomy
21, 13, or 18, or are of multifactorial inheritance® with a
small risk of recurrence. The assumption of multifactorial
inheritance results from the fact that with nearly all major
anomalies familiar occurrences had been observed.' In
animals, inheritance has also been found for some mal-
formations.** %

EMBRYOLOGY AND ANIMAL MODELS

Over the last two decades a number of animal models were
developed with the potential to gain a better understanding
of the morphology of not only malformed but also of normal
embryos. These animal models can be divided into four
subgroups.

Surgical models

In the past, the chicken was an important surgical model to
study embryological processes. Due to the easy access to the
embryo, its broad availability and its cheapness, the chicken is
an ideal model for experimental studies. It has been widely
used by embryologists, especially in the field of epithelial/
mesenchymal interactions.”® >° Pediatric surgeons used
this model to study morphological processes involved in
intestinal atresia formation,>"*? gastroschisis,33 and Hirsch-
sprung’s disease.”*

The Czech embrologist Lemez”® used chicken embryos in
order to induce tracheal agenesis with tracheo-esophageal
fistula.

Apart from these purely embryonic models, a large
number of fetal models exist. However, these models were
mainly used in order to demonstrate the feasibility of fetal
interventions.*

Chemical models

A large number of chemicals can have an impact on the
normal development of humans and animals alike. Most
important today are: (1) the adriamycin model,'*?° (2)
etretinate,”””® (3) all-trans retinoic acid (ATRA),>**! (4)
ethylene'[hiourea,‘u*44 and (5) nitrofen.!>1®18

While models (1)—(4) are used to study the embryology of
atresias of the esophagus, the gut, and the anorectum, model
(5) was developed to study the malformations of the
diaphragm, the lungs, and the heart and kidneys (hydrone-
phrosis).

Genetic models

A number of genetic models had been developed which were
used for embryological studies in the past:

e models of spontaneous origin: the SD-mouse model;*>*’
e inheritance models: the pig model of anal atresia;***°
e ‘knock-out’ models.**

These animals can be the product of spontaneous mutations
or are the result of genetic manipulations mainly in mice
(transgenic mice).

The number of transgenic animal models is growing fast.
For pediatric surgeons those models which result in abnorm-
alities of the fore- and hindgut are of major importance.
Here, interference with the sonic hedgehog (Shh) pathway
has proven to be very effective.” *” There are two ways to
interfere with that pathway: (1) targeted deletion of Shh;*>*¢
and (2) deletion of one of the three transcription factors,
Gli1, Gli2, and Gli3.***

In the foregut, targeted deletion of Shh in homozygous
Shh-null mutant mice causes esophageal atresia/stenosis,
tracheo-esophageal fistulas, and tracheal/lung anomalies.*’
In the hindgut, the deletion of Shh caused the formation of
‘cloacas’*® while Gli2 mutant mice demonstrated the ‘classic’
form of anorectal malformations and Gli3 mutants showed
minor forms such as anal stenosis.***’ Interestingly, the
morphology of Gli2 mutant mice embryos resembles that of
heterozygous SD-mice embryos while Shh-null mutant mice
embryos had morphological similarities with homozygous
SD-mice embryos. Interestingly, after administration of
adriamycin, changes in the normal pattern of Shh distribu-
tion in the developing foregut were demonstrated.*®

Viral models

Animal models that use virus infections to produce mal-
formations important for pediatric surgeons are very rare.
One exception is the murine model of extrahepatic biliary
atresia (EHBA). In this model, newborn Balb/c mice are
infected with rhesus rotavirus group A.*’ As a result the full
spectrum of EHBA develops, as is seen in newborns with this
disease. However, this model is not a model to mimic failed
embryology, but it highlights the possibility that malforma-
tions are not caused by embryonic disorders but are caused
by fetal or even postnatal catastrophes.

This part on embryology and animal models further
highlights the importance of the study of normal animal
embryos. Today, much information in current textbooks on
human embryology stems from studies carried out in animals
of varies species. Many of these are outdated. However, the
wide use of transgenic mice in order to mimic congenital
malformations makes morphological studies of the various
organ systems in normal mice mandatory, otherwise the
interpretation of the effects of the deletion of genetic
information can be very difficult.”

EMBRYOLOGY OF MALFORMATIONS

Disturbances of normal embryological processes will result in
malformations of organs. This was first shown by Spemann®'
in 1901 by experimentally producing supernumary organs in
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the triton embryo after establishing close contact between
excised parts of triton eggs and other parts of the same egg.
Spemann and Mangold’ coined the term ‘induction’ to
describe this observation. They found that certain parts of
the embryo obviously were able to control embryonic
development of other parts. These controlling parts were
called ‘organizers.” The process of influence itself was called
‘induction’

It was believed by many scientists in the field that
‘induction’ could serve as the overall principle of hierarchical
control of embryonic development. Ensuing investigations,
however, made modifications necessary, which finally re-
sulted in a very complex model of organizers and inductors.
The nature of inductive substances remained obscure and
attempts to isolate inductive substances, meanwhile called
‘morphogenes’, were unsuccessful.®” Interestingly, not only
live cells could induce development in certain experiments,
but also dead and denaturated material.’

A process essential for the formation of early embryonic
organs is the invagination of epithelial sheets. This invagina-
tion is preceded by a thickening of the epithelial sheet,”” a
process known as placode formation. The thickening itself is
caused by elongation of individual cells of the placode. This
process can be studied in detail in epithelial morphogenesis.>*
The same sequence of developmental events has been
observed in the formation of the neural plate, in the
formation of the otic and lens placode and in the develop-
ment of most epitheliomesenchymal organs including lung,
thyroid gland, and pancreas. From these observations it can
be concluded that most epithelial cells behave uniformly in
the early phase of embryonic development.

Today;, it is generally accepted that early embryonic organs
are especially sensitive for alterations. Therefore researchers
are more and more interested to understand the formation of
early embryonic organs.

In 1985, Ettersohn®” stated that most invaginations are the
result of mechanical forces that are local in origin. He focused
on three possible mechanisms which might lead to placode
formation and subsequent invagination:

1. change of cell shape by cell adhesion;
2. microfilament-mediated change of cell shape;
3. cell growth and division.

In the following text, we will discuss some aspects of these
mechanisms.

A teratological method used to determine the function of
cell adhesion molecules in vivo during embryogenesis has
been reported recently.”® Mouse hybridoma cells producing
monoclonal antibodies against the avian integrin complex
were grafted into 2- or 3-day-old chick embryos. Depending
on the site of engraftment, local muscle agenesis was
observed. This is an example that the immunologic im-
maturity of the embryo can be exploited to study the
contribution of cell attachment molecules to organ develop-
ment in a functional fashion. A number of monoclonal
antibodies directed against cell attachment molecules of
various species have become available over the last years,
and the structure of the binding molecules has been

elucidated biochemically and by ¢cDNA cloning. Functionally,
adhesion molecules may be grouped into three families: cell
adhesion molecules (CAMs), which mediate specific and
mostly transient cell recognition of other cells; substrate
adhesion molecules (SAMs), necessary for attachment to
extracellular matrix proteins; and cell-junctional molecules
(CJMs), found in tight and gap junctions. Whereas CJMs
apparently play an important role for metabolic signaling
within established tissues, CAMs and SAMs are necessary for
the formation of histologically distinct structures and
directed migration of single cells. Among CAMs and SAMs,
at least three families have been identified biochemically:
integrins,”” members of the immunoglobulin superfamiliy,
and LEC-CAMs.”® Integrins are heterodimeric molecules
consisting of a larger o chain, which is associated with a
smaller B chain in a calcium-dependent way. Usually, one
given o chain might be found in association with various
chains but promiscuity of B chains has been described
recently. Functionally, members of the integrin family present
as SAMs (adhesion to vitronectin, collagen, fibronectin,
complement components, or other intercellular matrix
proteins) or CAMs (direct adhesion to other cells via
corresponding cell surface target molecules). For example,
cells bearing the integrin LFA-1 on their cell surface bind to
cells expressing ICAM-1 or ICAM-2, both of which are
members of the immunoglobulin superfamily.”>*® Other
members of the immunoglobulin superfamily which are
known to be important during morphogenesis include
L-CAM®' (liver cell adhesion molecule) and N-CAM®*%
(neural cell adhesion molecule). Both show homophilic
aggregation, that is, N-CAM serves as a target structure for
N-CAM, and L-CAM serves as a target structure for L-CAM,
but there is no crossreactivity. In developing feather placodes
in avian embryos, L-CAM and N-CAM are mutually
exclusive expressed on epidermal or mesodermal cells,
respectively. When the placodes are incubated with anti-
bodies to L-CAM, primarily only epidermal cell-to-cell
contact is disturbed.®* However, the structure of the sur-
rounding mesoderm is altered subsequently, suggesting an
inductive signal loop between epidermal and mesodermal
cells. A third group of adhesion molecules has been termed
LEC-CAMs to indicate that their extracellular part consists of
a lectin domain, an epidermal growth factor-like domain,
and a complement regulatory protein repeat domain. The
lectin domain is presumed to contain the active center;
binding mediated by the murine homolog to the leukocyte
adhesion molecule 1 (LAM-1)% can be blocked by mannose-
6-phosphate or its polymers.®® Lectin-dependent organ
formation should be accessible experimentally by adminis-
tration of the respective carbohydrates, but few if any data
have been reported so far.

Cell shape is mainly maintained by microtubules forming
the cellular cytoskeleton. In addition, contractile elements
exist such as actin, which are essential for cell movement, the
so-called microfilaments. These structures are thought to be
essential for the process of placode formation and invagina-
tion.” Microfilament-mediated change of cell shape is based
on the idea that actin filaments could alter the shape of cells
by contraction. Most of these filaments are found at the apex
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of epithelial cells. Contraction of these filaments in each
individual cell of a cell layer would result in an increasing
infolding of the whole cell layer,"”%® finally resulting in
invagination. It is a disadvantage of this model, however, that
there is no apparent reason why apical constriction should be
preceded by cell elongation.”

Cell proliferation is probably an essential factor in the
morphogenesis of epithelio-mesenchymal organs. During
morphogenesis of these organs repeated invagination can
be observed, which might be dependent upon cell prolifera-
tion.®” The way in which epithelial cell growth and prolifera-
tion is controlled in the embryo is not clear. However, it is
believed that the surrounding mesenchyme might regulate
the timing and location of invagination of the epithelial layer.
Goldin and Opperman®® proposed that epidermal growth
factor (EGF) might be excreted by mesenchymal cells, which
would stimulate epithelial cell proliferation and repeated
invagination. When agarose pellets impregnated with EGF
were cultured alongside 5-day embryonic chick tracheal
epithelium, supernumerary buds were induced to form at
those sites. EGF and the related peptide transforming growth
factor-B (TGFB) have been shown to lead to precocious
eyelid opening when injected into newborn mice.”” Thus,
complex changes of late-stage organ development can be
induced by physiological stimuli in the laboratory. Interest-
ingly, EGF is a mitogen for many epithelial cells in vitro
without affecting most mesenchymal cells. A large variety of
cells have been demonstrated to display the receptor for EGF/
TGEFP on their cell surface, which is encoded by the cellular
proto-oncogene c-erbB. Structural alterations of this receptor
are known to result in uncontrolled proliferation and
ultimately malignant transformation. When secreted locally,
EGF might provide physically associated cells with appro-
priate on- and off-signals required for the formation of
complex organs. Other polypeptides, such as platelet-derived
growth factor (PDGF) or transforming growth factor-o
(TGFoa) appear to function in an antagonistic way in that
they stimulate rather the proliferation of mesenchymal
cells.”"”* In defined experimental situations, TGFo has been
shown to be a mitogen for osteoblasts while being a potent
inhibitor of the proliferation of epithelial and endothelial
cells at the same time. Embryonic fibroblasts, however, are
also inhibited by TGFo.”> TGFa is a powerful chemotactic
agent for fibroblasts and enhances the production of both
collagen and fibronectin by these cells. There is, however,
little data available concerning the involvement of these
factors during normal and pathologic development of
the embryo. Future investigations using such powerful
approaches as in situ hybridization with cloned genes,
preparation of transgenic animals, and direct administration
of the recombinant proteins to various parts of the embryo
might shed some light on signaling pathways mediated by
soluble cytokines.

The surrounding mesenchyme might limit the epithelial
bud to expand,”* forcing the epithelial sheet to fold in
characteristic patterns. If a growing cell layer is restricted
from lateral expansion, ‘mitotic pressure’ by dividing cells
will result in elongation of cells and then invagination of the
‘crowded’ cell sheet. This does not necessarily imply that cells

divide more rapidly in the region of invagination than in the
surrounding areas. The main effect is caused by restriction of
lateral expansion.””* In the early anlage of the thymus, cell
proliferation counts are actually lower in the thymus anlage
than in the surrounding epithelium.”” Steding® and Jacob™
have shown experimentally that restriction of lateral expan-
sion might be responsible for thickening and subsequent
invagination of epithelial sheets. In their experiments,
restriction of lateral expansion was caused by a tiny silver
ring placed on the epithelium of chick embryos.

EXAMPLES OF PATHOLOGICAL EMBRYOLOGY

The focus of our research has been the embryology of
foregut, anorectal, and diaphragmatic malformations. We
studied the normal development of all embryonic organs
involved by scanning electron microscopy (SEM).”°®** In
addition, we employed two rodent animal models to study
malformations of the anorectum and the diaphragm. Patho-
genetic concepts concerning these malformations were con-
troversial in the past due to lack of detailed data.

EMBRYOLOGY OF FOREGUT MALFORMATIONS

The differentiation of the primitive foregut into the ventral
trachea and dorsal esophagus is thought to be the result of a
process of septation.®” It is guessed that lateral ridges appear
in the lateral walls of the foregut, which fuse in midline in a
caudo-cranial direction thus forming the tracheo-esophageal
septum. This theory of septation has been described in detail
by Rosenthal and Smith.®*% However, others®®®”
able to verify the importance of the tracheo-esophageal
septum for the differentiation of the foregut. They instead
proposed individually that the respiratory tract develops
simply by further growth of the lung bud in a caudal
direction.

Using SEM, we studied the development of the foregut in
chick embryos.”®”” In this study, we were unable to
demonstrate the formation of a tracheo-esophageal septum
(Fig. 1.1). A sequence of SEM photographs of staged chick
embryos suggests that differentiation of the primitive foregut
is best explained by a process of ‘reduction of size’ of a
foregut region called ‘tracheo-esophageal space’ (Fig. 1.2).
This reduction is caused by a system of folds that develops in
the primitive foregut. They approach each other but do not
fuse (Fig. 1.2).

Based on these observations, the development of the
malformation can be explained by disorders either of the
formation of the folds or of their developmental movements:

were not

e Atresia of the esophagus with fistula (Fig. 1.3a):
— The dorsal fold of the foregut bends too far ventrally. As
a result the descent of the larynx is blocked. Therefore
the tracheo-esophageal space remains partly undivided
and lies in a ventral position. Due to this ventral
position it differentiates into trachea.
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Figure 1.1 SEM photograph of the inner layer of foregut
epithelium in a chick embryo (approximately 3.5 days old). View
from cranial. Between trachea (tr) on bottom and esophagus (es)
on top, the tip of the tracheo-esophageal fold (tef) is recognizable.
Lateral ridges or signs of fusion are not found.

Figure 1.2 Summarizing sketch of foregut development. The
tracheo-esophageal space (tes) is reduced in size by developmental
movements of folds (indicated by arrows) (es, esophagus; la,
anlage of larynx; br, bronchus; tr, trachea). Short arrow marks tip
of tracheo-esophageal fold (tef) (compare Fig. 1.1).

Figure 1.3 Sketch of formal pathogenesis of typical foregut
malformations (see text for details): (a) atresia of esophagus with
fistula; (b) atresia of trachea with fistula; (c) laryngotracheo-
esophageal cleft. Arrows indicate sites of possible deformation of
the developing foregut.

e Atresia of the trachea with fistula (Fig. 1.3b):

— The foregut is deformed on its ventral side. The
developmental movements of the folds are disturbed
and the tracheo-esophageal space is dislocated in a dorsal
direction. Therefore it differentiates into esophagus.

e Laryngotracheo-esophageal clefts (Fig. 1.3¢c):

— Faulty growth of the folds results in the persistence of

the primitive tracheo-esophageal space.

Recently it has been shown that esophageal atresias and
tracheo-esophageal fistulas can be induced by maternal
application of adriamycin into the peritoneal cavity of
pregnant rats.'”** The dosage may vary between 1.5 and
2.0 mg/kg depending on the number of days it will be given.
In most reports the most promising dosage is 1.75 mg/kg
given on days 6-9 of pregnancy. The adriamycin model has
been intensively studied over the last couple of years,
resulting in more than 70 reports between 1997 and 2010.%®
It could be demonstrated that in this model not only foregut
malformations but also atypical patterns of malformation can
be observed which are usually summarized under the term
‘VATER’ or ‘VACTERL association.*"** Therefore, this model
is not only promising for the studies of foregut anomalies but
also for anomalies of the hind- and midgut.

DEVELOPMENT OF THE DIAPHRAGM

In the past, several theories were proposed to explain the
appearance of posterolateral diaphragmatic defects:

o defects caused by improper development of the pleuro-
peritoneal membrane;***°

e failure of muscularization of the lumbocostal trigone and
pleuro-peritoneal canal, resulting in a ‘weak’ part of the
diaphragm;®*!

e pushing of intestine through posterolateral part (foramen
of Bochdalek) of the diaphragm;g2
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e premature return of the intestines into the abdominal
cavity with the canal still open;®”!

e abnormal persistence of lung in the pleuro-peritoneal
canal, preventing proper closure of the canal;”

e abnormal development of the early lung and posthepatic
mesenchyme, causing non-closure of pleuro-peritoneal
canals.'®

Of these theories, failure of the pleuro-peritoneal membrane
to meet the transverse septum is the most popular hypothesis
to explain diaphragmatic herniation. However, using SEM
techniques,”® we could not demonstrate the importance of
the pleuro-peritoneal membrane for the closure of the so-
called pleuro-peritoneal canals (Fig. 1.4).

As stated earlier, most authors assume that delayed or
inhibited closure of the diaphragm will result in a diaphrag-
matic defect that is wide enough to allow herniation of the
gut into the fetal thoracic cavity. However, this assumption is
not the result of appropriate embryological observations but
rather the result of interpretations of anatomical/pathological
findings. In a series of normal staged embryos we measured
the width of the pleuro-peritoneal openings and the
transverse diameter of gut loops.®” On the basis of these
measurements we estimated that a single embryonic gut loop
requires at least an opening of 450 p size to herniate into
the fetal pleural cavity. However, in none of our embryos
were the observed pleuro-peritoneal openings of appropriate
dimensions. This means that delayed or inhibited closure of
the pleuro-peritoneal canal cannot result in a diaphragmatic
defect of sufficient size. Herniation of gut through these
openings is therefore impossible. Thus the proposed theory
about the pathogenetic mechanisms of congenital diaphrag-
matic hernia (CDH) development lacks any embryological

Figure 1.4 SEM photograph of right pleural sac in a rat
embryo (approximately 16.5 days old). View from cranial. The so-
called pleuro-peritoneal canal (PPC) is nearly closed. Small arrows
point at the margin of PPC. In the depth of the abdomen the right
adrenals (ad) are seen. Large arrows point at margins of the so-
called pleuro-peritoneal membrane. Its contribution to the closure
of the canal is minimal (es, esophagus).

evidence. Furthermore, the proposed timing of this process is
highly questionable.””*°

Recently, an animal model for diaphragmatic hernia has
been developed'* '® using nitrofen as noxious substance. In
these experiments CDHs were produced in a reasonably high
percentage of newborns.'”'® Most diaphragmatic hernias
were associated with lung hypoplasias. Using electron
microscopy, our group’” ** used this model to give a detailed
description of the development of the diaphragmatic defect.
Our results are discussed in the following.

Timing of diaphragmatic defect appearance
Iritani' was the first to notice that nitrofen-induced dia-
phragmatic hernias in mice are not caused by an improper
closure of the pleuro-peritoneal openings but rather the
result of a defective development of the so-called post-hepatic
mesenchymal plate (PHMP). In our study in rats, clear
evidence of disturbed development of the diaphragmatic
anlage was seen on day 13 (left side) and day 14 (right side,
Fig. 1.5).”%%2 In all embryos affected, the PHMP was too
short. This age group is equivalent to 4—5-week-old human
embryos.”

Location of diaphragmatic defect

In our SEM study, the observed defects were localized in the
PHMP (Fig. 1.5). We identified two distinct types of defects:
(1) large ‘dorsal’ defects and (2) small ‘central’ defects.”’
Large defects extended into the region of the pleuro-
peritoneal openings. In these cases, the closure of the
pleuro-peritoneal openings was usually impaired by the
massive in-growth of liver (Figs. 1.6 and 1.7). If the defects
were small, they were consistently isolated from the pleuro-
peritoneal openings closing normally at the 16th or 17th day

Figure 1.5 Cranial view of the pleural sacs in a rat embryo
after exposition to nitrofen on day 11 of pregnancy. The embryo is
approximately 15 days old. Note the big defect of the right
diaphragmatic primordium. Small black arrows point at margins of
the defect, which leaves parts of the liver (Ii) uncoated. On the left,
the diaphragmatic anlage is normal. Note the low position of the
cranial border of the pleuro-peritoneal opening on this side (white
arrows). (ad, adrenals; di, anlage of diaphragm.)
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Figure 1.6 Liver (i) protrudes through diaphragmatic defect.
Arrows point to the margin of the defect (di, diaphragmatic
anlage). Rat embryo (approximately 16 days old), nitrofen exposi-
tion on day 11 of pregnancy.

Figure 1.7 SEM photograph of a right pleural sac in a rat
embryo after nitrofen exposure on day 11 of pregnancy. The
embryo is approximately 15.5 days old. Note the big defect of the
right dorsal diaphragm (large arrows). The closure of the pleuro-
peritoneal canal (PPC) is impaired by the in-growths of liver (small
arrows). Li1 = liver growing through PPC. Li1 + Li2 = liver grow-
ing through the defect of the diaphragm.

of gestation. Thus, in our embryos with CDH, the region of
the diaphragmatic defect was a distinct entity and was
separated from that part of the diaphragm where the
pleuro-peritoneal ‘canals’ are localized. We conclude there-
fore that the pleuro-peritoneal openings are not the pre-
cursors of the diaphragmatic defect.

Why lungs are hypoplastic

Soon after the onset of the defect in the 14-day-old embryo,
liver grows through the diaphragmatic defect into the
thoracic cavity (Fig. 1.6). This indicates that from this time
on the available thoracic space is reduced for the lung and
further lung growth hampered. In the following stages, up to
two-thirds of the thoracic cavity can be occupied by liver

(Fig. 1.7). Herniated gut was found in our embryos and
fetuses only in late stages of development (21 days and
newborns). In all of these the lungs were already hypoplastic
when the bowel entered the thoracic cavity.”

Based on these observations, we conclude that the early
in-growth of the liver through the diaphragmatic defect is the
crucial step in the pathogenesis of lung hypoplasia in CDH.
This indicates that growth impairment is not the result of
lung compression in the fetus but rather the result of growth
competition in the embryo: the liver that grows faster than
the lung reduces the available thoracic space. If the remaining
space is too small, pulmonary hypoplasia will result.

DEVELOPMENT OF THE CLOACA

In the literature, several theories have been put forward to
explain the differentiation of the cloaca into the dorsal
anorectum and the ventral sinus urogenitalis. To many
authors this differentiation is caused by a septum which
develops cranially to caudally and thus divides the cloaca in a
frontal plane. Disorders in this process of differentiation are
thought to be the cause of cloacal anomalies such as
persistent cloaca and anorectal malformations.

However, there is no agreement on the mechanisms of the
septational process. While some authors’*® believe that the
descent of a single fold separates the urogenital part from
the rectal part by in-growth of mesenchyme from cranial,
others”® think that lateral ridges appear in the lumen of the
cloaca, which progressively fuse along the midline and thus
form the septum. In a recent paper’” the process of septation
had been questioned altogether.

Using SEM techniques, our group studied cloacal devel-
opment in rat and SD-mice embryos. The SD-mouse is a
spontaneous mutation of the house mouse characterized by
having a short tail (Fig. 1.8). Homozygous or heterozygous
offspring of these mice show skeletal, urogenital, and anorectal

Figure 1.8 Characteristic short tail (arrow) of SD-mouse
embryo (approximately 13 days old) (II, left lower limb; ge, genital
tuberculum, abnormal).
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malformations.>>?® Therefore these animals are ideal for the
study of the development of anorectal malformations.

Normal cloacal embryology (rat)

As in the foregut of chick embryos, signs of median fusion of
lateral cloacal parts could not be demonstrated during
normal cloacal development in the rat. However, in contra-
diction to vdPUTTE,” we think that down-growth of the
urorectal fold takes place, although it is probably not
responsible for the formation of cloacal malformations.

Abnormal cloacal embryology (SD-mouse)

Cloacal malformations are caused by improper development
of the early anlage of the cloacal membrane as demonstrated
in SD-mice embryos.”®*’

Our studies of abnormal cloacal development in SD-mice
had the following results:

o the basis of the pathogenesis of anorectal malformations is
too short a cloacal membrane;

e the anlage of the cloacal membrane is too short and results
in a maldeveloped anlage of the cloaca, which is
undeveloped in its dorsal part (Fig. 1.9);

e the caudal movement of the urorectal fold is impaired by
the malformed cloaca. Thus the hindgut remains in
abnormal contact with the cloaca. This opening is true
ectopic and will develop into the recto-urogenital fistula
(Fig. 1.10).

Figure 1.9 Malformed cloaca of SD-mouse embryo (approxi-
mately 11 days old). The surrounding mesenchyme is removed by
microdissection. View on the basal layer of the cloacal entoderm.
The cloaca has lost its contact to the ectoderm of the genitals
(white arrow). The dorsal part of the cloaca is missing (black
arrow). Tailgut (tg) and hindgut (hg) are hypoplastic. This
malformed cloaca developed because the anlage of the cloacal
membrane was too short in early embryogenesis (see text for
details) (cc, rest of cloaca; u, urachus, rudimentary).

Figure 1.10 Malformed cloaca of SD-mouse, embryo (ap-
proximately 13 days old). Urachus (u) and rectum (re) nearly
normal (cl, ventral part of cloaca with short cloacal membrane).
The dorsal part of the cloaca is missing (long white arrows). Short
white arrow points to the region of the future fistula.

It is interesting to note that the morphology of the
anorectal malformations observed is very similar in all animal
models used irrespective of the source of the malformed
embryo (spontaneous mutation versus chemically induced
versus transgenic models).

HYPOSPADIAS

Many investigators'® '% believe that the urethra develops by
fusion of the paired urethral folds following the disintegra-
tion of the urogenital membrane. Impairment of this process
is thought to result in the different forms of hypospadia.'®’
However, in our study of normal cloacal developmen‘[,w4 we
were puzzled by the fact that disintegration of the urogenital
part of the cloacal membrane could not be observed in rat
embryos (Fig. 1.11). This finding caused us to call into
question the generally assumed concepts of hypospadia
formation. Instead we found that:

e the urethra is always present as a hollow organ during
embryogenesis of rats and that it is always in contact with
the tip of the genitals, and that;

e an initially double urethral anlage exists. The differentia-
tion in female and male urethra starts in rats of 18.5 days
old. On the other hand, we found no evidence for:

— the disintegration of the urogenital cloacal membrane,
and;
— a fusion of lateral portions within the perineum.

In our opinion, more than one embryological mechanism
is at play in the formation of the hypospadias complex. The
moderate degrees, such as the penile and glandular forms,
represent a developmental arrest of the genitalia (Fig. 1.12).
They take their origin from a situation comparable to the 20-
day-old embryo. Consequently the penis, not the urethra, is
the primary organ of the malformation.
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Figure 1.11 Genitals of a normal female rat embryo (approxi-
mately 18.5 days old) (gl, glans). Arrow points to future opening of
the female urethra. No signs of disintegration of the cloacal
membrane.

Figure 1.12 Genitals of a normal male rat embryo (approxi-
mately 20 days old) (gl, glans; pf, preputial fold; sc, scrotum).
Arrow points to the raphe up to this stage; disintegration of the
urogenital part of the cloacal membrane was not seen. Note
similarity with clinical picture of hypospadia!

Perineal and scrotal hypospadias are different from the type
discussed previously. Pronounced signs of feminization in
these forms suggest that we are dealing with a female-type
urethra. Origin of this malformation complex is an undiffer-
entiated stage as may be seen in the 18.5-day-old rat embryo.'**

CONCLUSION

Despite the long history of experimental embryology, we
know very little about etiology and pathogenesis of congenital
malformations. For decades, hypotheses were abundant while
few data existed to support them. The tremendous progress of

neighboring biological sciences is now providing powerful
tools for researchers in the field, such as recombinant DNA
and hybridoma technology. Future investigations will moni-
tor closely how genes are switched on and off during
embryogenesis and determine the relation of spatial and
temporal disturbances to ensuing malformations. Target
structures of chemical or viral teratogens within the embryo-
nic cells await identification. Finally, improved understanding
of growth coordination in utero will extend to related areas
such as wound healing and proliferation of cancer cells.
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Perinatal physiology

CARLOS E BLANCO, EDUARDO VILLAMOR, AND LUC JI ZIMMERMANN

INTRODUCTION

Perinatal physiology is a field of medicine which studies the
life of an individual, human, or animal during gestation and
its preparations to adapt to a new world. This world will
demand from the individual to breathe air and obtain its
food from the environment instead of depending on the
circulatory system to perfuse an area where metabolic waste
will be disposed of and nutrients and oxygen will be acquired.
Successful transition at birth is dependent on establishment
of the lungs as the organ of gas exchange.

The transition is very fast and it demands and depends on
capable organs and systems in order to make a soft landing
and provide survival and good quality of life. In order to
succeed the respiratory system must be developed enough to
assure a sufficient alveolar exchange area, it must have a drive
to offer a continuous breathing activity and the circulatory
system should start perfusing the lungs instead of the
placenta.

The objective of this chapter is to provide a general
overview of the mechanisms preparing the fetus to be born,
the transition at birth, and the successful adaptation to the
air-breathing world. We will consider two main systems: the
respiratory system including lung development, maturation,
and role of surfactant system, lung fluid dynamics, lung
expansion at birth and its maintenance, respiratory drive and
chemoreceptor role; the circulatory system including fetal
circulation and its changes at birth, fetal circulatory adapta-
tions to oxygenation challenges, role of the ductus arteriosus
in the fetal circulation and mechanisms for its closure, or
failure to close, after birth.

FETAL BREATHING MOVEMENTS

Periodic non-air intrauterine breathing patterns must change
at birth to a continuous air-breathing pattern. This change
happens after clamping the umbilical cord, full perfusion of
the lungs, changes in temperature, changes in behavioral

state, increase in metabolism, increase in afferent input to the
central nervous system, and many other changes associated
with the moment of birth.

Breathing-like activity in utero is present from very early
in gestation and is the consequence of rhythmic activation of
respiratory neurons in the brainstem,"” however these
breathing movements play no part in fetal gas exchange.
The efferent activity of these respiratory neurons activates the
respiratory motoneurons and hence the muscles, mainly
the diaphragm, which generate a negative intrathoracic
pressure. In fetal lambs, spasm of the diaphragm at the
38th day of gestation (term 147 days) and rhythmic move-
ments of the diaphragm at the 40th day of gestation have
been described.” Chronic recordings from fetal lambs in utero
performed at approximately 50 days of gestation showed two
types of diaphragmatic activity: (1) unpatterned discharge,
(2) patterned, bursting discharge.* In the human fetus
thoracic movements were observed from the 10th to the
12th week of gestation.” At this time in gestation there is still
not a clear pattern and fetal breathing movements (FBM)
appear to be more ‘free-wheeling’.

Later in gestation in the fetal lamb (75-110 days),
movements of the diaphragm start to become periodic. At
this age they are often associated with nuchal muscle activity
and rapid eye movements.>” A more definitive pattern starts
to appear at 108-120 days of gestation when breathing
movements become organized into a more complex state,
now associated with the presence of rapid eye movements
and nuchal muscle activity.®® At this time in gestation the
electroencephalographic (ECoG) activity, commonly known
as electrocortical activity, still does not show any signs of
differentiation. However, by 120—125 days of gestation the
ECoG shows a clear differentiation into low voltage electro-
encephalographic (LVECog), high frequency activity (range
13-30Hz; LVECoG) and high voltage -electroencephalo-
graphic (HVECog), low frequency activity (3—-9Hz;
HVEC0G).>'""? At this gestational age breathing move-
ments are rapid and irregular, with a frequency of 0.1-4 Hz
and an amplitude of 3—5mmHg and they produce small
movements of tracheal fluid (<1mL).!®> There are now two
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clearly defined fetal behavioral states in the fetal lamb: there is
no nuchal muscle activity during LVECoG but rapid eye
movements and FBM are present. Polysynaptic spinal reflexes
are also relatively inhibited during the LVECoG state.'*
During HVECoG, there are no eye movements or FBM, but
nuchal muscle activity is present and polysynaptic reflexes are
stronger. The link between ECoG state and FBM implies
either that breathing activity is facilitated (or even stimu-
lated) during LVECoG and/or that it is inhibited during
HVECoG. During LVECoG there is more neural activity in
cortical and subcortical structures, including the brainstem
reticular formation. This facilitatory state could increase the
sensitivity for tonic stimuli, such as the level of arterial CO,,
and generate respiratory output. This hypothesis is supported
by the observation that there are no breathing movements
during fetal hypocapnia even during the LVECoG state."
Extending this idea, the absence of FBM during HVECoG
could be due to a disfacilitation, as reported during quiet
sleep in the adult when slow waves appear on the EEG.'®"”
Other evidence also leads us to believe that during HVECoG
there is an active inhibition of breathing activity, because in
fetal sheep FBM and ECoG were dissociated after the
brainstem was transected at the level of the colliculi.'®
Furthermore, FBM response to hypercapnia is limited to
LVECoG activity in the intact fetus but hypercapnia can
produce continuous breathing in both LV and HVECoG after
small bilateral lesions are made in the lateral pons.'> The
mechanisms, origin, and location for this inhibition are not
clear, but it is known that it is of central origin, and that it
can be overridden in utero and at the time of birth when
breathing becomes continuous.

Control of fetal breathing movements

The work of Barcroft’® gave rise to the concept that
inhibitory mechanisms, which descend from higher centers,
are involved in producing apnoeic periods in the fetus. This
inhibitory control develops during the second half of
gestation. This work also showed that the inhibition of
FBM by hypoxemia is not seen early in gestation, and the
descending inhibitory processes develop later. While the
inhibition of FBM in HVECoG and in hypoxia involves
descending inhibitory processes, they do not necessarily
utilize the same neural mechanisms. Barcroft employed
similar brainstem transection techniques to those of Lums-
den®' to show that neural structures above the level of the
pons do not exert significant control over FBM. These studies
were extended by Dawes and co-workers>* who employed the
technique of transection in the chronically instrumented late
gestation fetal sheep. They showed that transection at the
level of upper midbrain/caudal hypothalamus resulted in
FBM which were episodic but not related to the ECoG. These
FBM were still inhibited by hypoxia. This makes it clear that
the processes that mediate the inhibition of FBM in HVECoG
are different from those that produce the inhibition in
hypoxia. Transection through the rostral pons/caudal mid-
brain produced FBM that occurred almost continuously and
were not inhibited by hypoxia. This focused attention on the
upper pons in the inhibition of fetal breathing movements in

hypoxia. Gluckman and Johnston® pursued this by making
lesions in the rostrallateral pons, and compiled a diagram
showing areas not needed for the inhibition to be manifest,
and the location of an area in the lateral pons which, if
lesioned bilaterally, prevented the inhibition.

One of the key questions which emerged from these
brainstem studies was whether the descending inhibitory
mechanism is capable of inhibiting the input from peripheral
chemoreceptors. Once it had been established that the
peripheral chemoreceptors are active in utero and respond
to natural stimuli such as hypoxia or hypercapnia (see
below), it was no longer necessary to view the effect of
modest hypoxia in inhibiting FBM as a direct depression of
the medulla. The results of transection and lesion studies
suggested that stimulation of FBM occurred during hypoxia
after the damage to the brainstem, as if a stimulatory effect of
the peripheral chemoreceptors had been unmasked. Direct
confirmation of this idea came from the study of Johnston
and Gluckman,** who conducted a two-stage procedure: first,
lesions were placed as before in the brainstem to prevent the
inhibition of FBM in hypoxia or to give an overt stimulation;
this was then prevented by chemodenervation at a second
operation.

The nature (and indeed the location) of the inhibitory
processes is not known. Because the inhibition occurs even in
chemodenervated fetuses® it is clear that the neurons
involved do not receive an excitatory input from the
chemoreceptors. They may therefore be chemoreceptors
themselves or receive input from other cells thought to be
sensitive to hypoxia, e.g. in the rostral ventro-lateral medulla
(RVLM).?® The neural activity as a whole behaves as a
chemoreceptor because the chemoreceptor stimulant drug
almitrine mimics the effects of hypoxia in inhibiting FBM,
irrespective of the integrity of the peripheral chemorecep-
tors.”” As expected from the discussion above, the stimula-
tory effect of the drug on the peripheral chemoreceptors only
becomes manifest when lesions were placed in the lateral
pons,”® unmasking its peripheral actions.

PERIPHERAL CHEMORECEPTOR FUNCTION
IN UTERO

The concept that peripheral chemoreceptors could produce
effects on breathing can be traced to experiments conducted
over 50 years ago™ in which breathing was shown to be
stimulated in exteriorized mid-gestation animal fetuses by
hypoxia or cyanide.”* In late gestation the descending
inhibitory effects on breathing arising from the fetal brain-
stem in hypoxia and HVECoG dominate. It was perhaps the
increasing interest in these processes that caused the scientific
community to lose sight of the implications of the earlier
observations. The idea became prevalent that the carotid
chemoreceptors were quiescent in utero and were activated at
birth, perhaps by the increase in sympathetic nervous
activity. In addition, when it became clear that normal fetal
arterial PO, in late gestation, both in the sheep and the
human fetus, was ca. 3 Kpa (25 mmHg), it was thought that if
the chemoreceptors were functional they would be so
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intensely stimulated that powerful reflex effects would be
induced continuously. This was clearly not the case, although
it had been shown that brainstem transection removed
inhibitory effects on breathing®”** and permitted stimulation
of breathing activity during hypoxia. It was therefore essential
to readdress the question of arterial chemoreceptor function
in utero. It was found that both carotid®® and aortic’’
chemoreceptors were spontaneously active at the normal
arterial PO, in fetal sheep and that they responded with an
increase in discharge if PO, fell or PCO, rose. There were
several very important implications of these findings. First, it
was clear that the peripheral chemoreceptors would be able to
stimulate fetal breathing under some circumstances but that
it was the balance between this stimulatory input and the
normally dominant, inhibitory input from higher centers
which determined the characteristics of fetal breathing.
Second, it redirected attention to the role the carotid
chemoreceptors play in initiating cardiovascular reflex re-
sponses to hypoxia.”’>*® Lastly, the observation that the fetal
peripheral chemoreceptors discharge spontaneously (at ca.
5Hz) at the normal fetal arterial PO, made it clear that the
rise in PO, at birth would silence them. Their sensitivity to
PO, would then have to reset to the adult range postnatally,
and this has generated research into the mechanisms of this
resetting.’*?”

PHARMACOLOGICAL CONTROL

A range of agents that mimic hypoxia, by lowering tissue PO,
in the central nervous system, inhibit fetal breathing move-
ments, e.g. CO poisoning,’® oligomycin B,”” and anemia.’®
Adenosine is also released in neural tissue during hypoxia and
exerts a range of actions: it stimulates the peripheral
chemoreceptors, but reduces respiratory output in the fetus
and neonate. The stimulation of FBM by adenosine after
caudal brainstem transection® is explicable in terms of the
removal of descending inhibitory processes discussed earlier
in this chapter. In addition, the role of glutamate as an
excitatory amino acid in the fetus and the neonate has
recently been addressed.*”*'

Adrenergic agonists and antagonists have also been used
to investigate catecholamines in the control of FBM. Murata
et al.** showed that noradrenaline inhibits FBM in the rhesus
monkey while isopreterenol, a B-adrenergic agonist, stimu-
lates FBM. However, Bamford et al** showed that the o,-
agonist clonidine increases and the o,-antagonist idazoxan
inhibits FBM fetal sheep. o,-Adrenoreceptors exert a pre-
synaptic inhibition on noradrenaline release suggesting that
noradrenaline stimulates, rather than inhibits, FBM as
indicated by Murata et al.** In a subsequent study, Bamford
and Hawkins** showed that the oy-adrenergic antagonist
MSDL 657743 also stimulated FBM in normoxia and also
maintained FBM during hypoxia in the fetal sheep. Giussani
et al* have reported a similar effect after treatment with
phentolamine, an o;- and o,-antagonist. Furthermore,
Joseph and Walker*® blocked the re-uptake of noradrenaline
from the synaptic cleft in fetal sheep and showed that FBM
were initially increased and then decreased, presumably

owing to a depletion of presynaptic stores of noradrenaline.
The conclusion is that noradrenaline stimulates FBM, but
that the predominant action of these drugs is on the
presynaptic o,-adrenergic receptor, which when stimulated
inhibits endogenous release of noradrenaline.

Prostaglandins exert a powerful influence on FBM and
postnatal breathing. Prostaglandin E, (PGE,) decreases the
incidence of FBM*” whereas meclofenamate and indometha-
cin, inhibitors of prostaglandin synthesis, increase FBM.*®>°
The effect of prostaglandins appears to be central, as it is
independent of the peripheral chemoreceptors’' and because
central administration of meclofenamate stimulates FBM.>>>*
The same effects can be produced postnatally, with PGE,
decreasing, and meclofenamate and indomethacin increasing,
ventilation in lambs.>*>> However, the change in the con-
centration of PGE, that occurs around birth cannot be solely
responsible for either the decrease in FBM seen immediately
before birth,>®>” or the onset of continuous breathing
postnatally.”® The well-established effects of ethyl alcohol to
reduce the incidence of FBM* are not mediated by prosta-
glandin® but by adenosine.”'

Bennet et al.%® showed that large doses of thyroid releasing
hormone (TRH) can induce stimulation of FBM. This effect
may be at the level of the respiratory neurons where TRH can
be localized, but its physiological significance is not known.
This may also be true of the effects of the cholinergic agonist,
pilocarpine, and serotonin (5-HT) precursor L-5-hydroxy-
tryptophan (L-5-HTP)®>®* Both of these agents stimulate
FBM, but pilocarpine induces LVECoG and L-5-HTP induces
HVECoG. This stresses again the coincidental rather than
causal relationship between FBM and LVECoG. 5-HTP has
been implicated in neural mechanisms controlling adult
sheep, but the site of action in the fetus is not known. A
range of opiates has effects on FBM® but the physiological
localization of their effects has not been established.

The high rate of progesterone synthesis by the placenta in
late gestation exposes the fetus to high concentrations of
progesterone and its metabolites. Progesterone can influence
fetal behavior, and normal progesterone production tonically
suppresses arousal or wakefulness in the fetus.®>®

Lastly, one of the striking aspects of FBM is that they cease
24-48 hours before parturition. The mechanism involved is
not known. Kitterman et al.*® excluded a rise in plasma PGE,
and Parkes et al.®® showed that it did not occur if the fall in
plasma progesterone was prevented.

LUNG GROWTH ASSOCIATED WITH FETAL
BREATHING MOVEMENTS

Fetal breathing movements are necessary for fetal lung
growth and maturation. By opposing lung recoil, FBM help
to maintain the lung expansion that is now known to be
essential for normal growth and structural maturation of the
fetal lungs. FBM induce complex and variable changes in
thoracic dimensions; these induce small alterations in the
shape of the lungs that may act as a stimulus to lung growth.
The prolonged absence or impairment of FBM is likely to
result in a reduced mean level of lung expansion, which can
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lead to hypoplasia of the lungs.®” Moreover, static distension
decreases steady-state SP-A and SP-B mRNA levels in whole
lung whereas cyclic stretching increases SP-B and SP-A
expression two- to four-fold and enhances 3H-choline
incorporation into saturated phosphatidylcholine.”

CHANGES AT BIRTH

At birth, breathing activity must become continuous in order
to fulfill its gas exchange function. After occlusion of the
umbilical cord the neonatal ECoG still cycles between low
and high voltage states, which seem to have identical spectral
characteristics to the fetal states. LVECoG activity is asso-
ciated with the absence of nuchal muscle activity, rapid eye
movements, and inhibition of polysynaptic reflexes, and
HVECoG is associated with the presence of nuchal muscle
activity, lack of rapid eye movements, and enhanced poly-
synaptic reflexes.”! However, despite the fact that after birth
the HVECoG state seems to be similar to the equivalent fetal
state, breathing activity is present. The reason for this is not
known. It may be that answering this question will require
detailed spectral analysis of the ECoG from different areas of
the brain before birth and during the first hours of postnatal
life. It is worth noting that some mammals, such as the rat,
cat, and rabbit, develop organized behavioral states 2—3
weeks after birth; however they do not breathe continuously
in utero and these species demonstrate the same transition to
continuous breathing after birth as do more precocial species.

Studies of the mechanisms involved in the establishment
of continuous breathing at birth have followed two lines:
(1) attempts to induce continuous breathing in utero, or
(2) observation of establishment of continuous breathing
during situations aimed at mimicking birth.

It is well established that the inhibition of FBM during
HVECoG can be overridden, as demonstrated by the presence
of continuous breathing during metabolic acidosis,”>”?
administration of prostaglandin synthetase inhibitors,***>>
5-hydroxytryptophan,®*”* catecholamines,” pilocarpine,”
thyrotrophin releasing hormone,”® corticotrophin releasing
factor,®" central or peripheral fetal cooling,”””® and by lesions
within the central nervous system (CNS). These experiments
show that FBM can become continuous through the opera-
tion of various mechanisms including disinhibition during
HVECoG, changes in the balance between stimulatory and
inhibitory neuromodulators, increased arousability, and
changes in chemoreceptor sensitivity.”” Some, but not all,
of these mechanisms are likely to play an important role at
birth.

Experiments designed to observe changes in breathing
activity after cord occlusion have led to two main hypotheses:
(1) the exclusion of fetal-placental circulation leads to the
disappearance of hormones or neuromodulators which exert
continuous tonic inhibition (through the CNS) during fetal
life, and that this allows continuous breathing postnatally.**~*?
There are reports indicating that prostaglandins originating
from placental tissue can inhibit fetal breathing activity.**
Although this is a possible explanation, it is not yet demon-
strated that such a substance is responsible for the modulation

by ECoG of FBM. It was shown that breathing movements of
goat fetuses maintained in an extrauterine incubation system
for more than 24 hours were episodic, suggesting that
intermittent breathing movements are intrinsic to the fetus,
independent of placenta-derived factors;® (2) breathing
activity is dependent on the level of PaCO, in utero and at
birth."” It is known that during hypocapnia, fetal and neonatal
breathing is reduced.'>”®* Hypercapnia stimulates breathing
activity but in utero this is inhibited during quiet sleep.®!
However, this inhibition can be overridden after lesions in the
lateral pons'® or when hypercapnia is combined with cool-
ing.”® This might be explained by changes in the CO,
sensitivity of central and/or peripheral chemoreceptors or
due to changes in the balance between central inhibitory and
excitatory mechanisms caused by an increase in afferent input
at birth. In this hypothesis, both changes in afferent input
from chemo- and thermoreceptors to the CNS, and/or
changes in CNS sensitivity to these inputs, are important in
the transition from fetal to neonatal breathing. Changes in the
plasma level of a placental neuromodulator at birth may then
serve to maintain postnatal breathing after its initiation. More
insight into these mechanisms may offer an explanation for
the occurrence of apnoeic periods after birth.

POSTNATAL BREATHING

Studies to identify brainstem mechanisms that regulate
breathing have been conducted in the neonate, in which
hypoxia also inhibits breathing but after a transient chemor-
eceptor-mediated stimulation. Therefore, the reasoning is
that similar inhibitory processes to those that operate in the
fetus produce the postnatal inhibition of ventilation by
hypoxia. Transection of the brainstem through the rostral
pons does indeed remove the secondary fall in ventilation,*®
as does placement of lesions in the lateral pons.*” However,
these studies did not identify any clear group of neurons
involved in mediating the effect. Investigators focused their
attention on the red nucleus, located above the pons in the
mesencephalon. The transection studies implicate structures
in either the rostral pons or caudal mesencephalon, so it is
likely that the red nucleus would have been affected. In
neonatal rabbits, electrical stimulation of the red nucleus
produces a profound inhibition of respiratory output, and
bilateral lesions in the red nucleus prevent the inhibition of
respiratory output in hypoxia while not affecting the
cardiovascular responses. Evidence that neurons in the red
nucleus are involved in this effect comes from the observation
that chemical stimulation with glutamate also produces an
inhibition of respiratory output.*® Interestingly, the efferent
pathway for these cells, rubrospinal tract, runs in precisely the
ventrolateral region of the pons lesioned by Gluckman and
Johnston in their fetal studies.’

The observations on the red nucleus are interesting
because in postnatal life it has been implicated in producing
the hypotonia of postural muscles, which occurs in rapid eye
movement (REM) sleep. Such hypotonia also occurs in the
fetus®® but at that time it is associated with presence, and not
absence, of FBM. Once again, behaviorally related and
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hypoxia-induced inhibition of FBM appears to be distinct. In
addition, the brainstem reticular formation and related nuclei
associated with sleep and arousal have not been greatly
studied in the postnatal period. In one study, Moore et al.®
reported that cooling the locus coeruleus by a few degrees,
sufficient to reduce neuronal activity but not conducted
action potentials, prevented the secondary fall in ventilation
in hypoxia in neonatal lambs. The locus coeruleus has been
implicated in producing arousal at birth.”® There are also
reports that structures as high in the brain as the thalamus
are implicated in the descending inhibition of breathing
during hypoxia.”!

While the effects of acute hypoxia on FBM have been
widely studied, the effects of prolonged hypoxemia are quite
different. Over a period of 6—12 hours, FBM return to their
control incidence as does cycling of the ECoG.** Studies
reveal that the peripheral chemoreceptors are necessary for
the return of FBM during sustained hypoxia produced by
reduced uterine blood flow, but the mechanisms involved are
not known.”’

In summary, spontaneous breathing movements are
present during fetal life and they are important for normal
development of the fetal lungs. Early in gestation they seem
to represent free-running activity of the respiratory centers,
not controlled by peripheral mechanisms but probably
dependent on a tonic CO, drive. Maturation of sleep states
brings into play powerful brainstem inhibitory mechanisms
that control this activity.

Fetal breathing activity is present during physiological and
normal fetal conditions and it can be monitored noninva-
sively by ultrasound, therefore its monitoring could be used
to interrogate fetal well-being. A recent Cochrane systematic
review did not support its usefulness when included in a
biophysical profile to detect high-risk fetuses.”* However, the
monitoring of fetal breathing activity could be used to predict
premature labor.*?

Birth clearly involves some irreversible processes, the
transition to continuous breathing being one. However,
breathing remains linked to behavioral and sleep states in
the neonate as in the fetus and clearly there is continuity of
some control processes from late gestation to early postnatal
life. Some of these processes mature relatively slowly after
birth, such as resetting of chemoreceptor hypoxia sensitivity
and the diminishing influence of descending inhibitory
effects on breathing in hypoxia. Understanding these effects
will be of vital importance to prevention of sudden infant
death syndrome (SIDS) and the care of newborn, especially
preterm babies.

THE FETAL CIRCULATION AND ITS
TRANSITION AT BIRTH

The fetal circulation is characterized by high pulmonary
vascular resistance (PVR), low systemic vascular resistance
(SVR), presence of an additional low resistance vascular bed
(i.e. the placental bed), and right-to-left shunting via the
foramen ovale and ductus arteriosus (DA). Local vascular
resistance determines distribution of blood flow to the lungs,

systemic organs, and placenta. The placental vascular bed
receives about 40-50% of the combined ventricular output
whereas the lungs receive less than 10%. In response to fetal
hypoxemia, distribution of cardiac output and venous return
is altered in an effort to maintain perfusion and O, delivery
to the vital organs such as the heart, brain, and adrenal
glands.”®®” Thus, during maternofetal hypoxia, the percen-
tage of systemic venous blood not sent to the placenta for
oxygenation is decreased, whereas the proportion of umbi-
lical venous blood contributing to fetal cardiac output is
increased.””’

The human placenta was widely thought of as a passive
organ in which blood flow depends only on the pressure
difference between the umbilical arteries and veins connect-
ing it to the fetus.”®*® However, more recent evidences
indicate that the regulation of vasomotor tone in the vessels
of the fetoplacental circulation is important to maintain an
adequate blood supply that makes possible maternofetal gas
and solute exchange.”® ' As fetoplacental blood vessels lack
autonomic innervation, control of vascular tone is mainly
influenced by circulating and/or locally released vasoactive
agents as well as by physical factors, such as flow or oxygen
tension.'”"  Accordingly, constriction and relaxation of
fetoplacental arteries and veins have been demonstrated in
response to a number of agonists and physical stimuli.
Moreover, various authors have suggested that the fetopla-
cental vasculature shows some form of flow matching similar
to hypoxic pulmonary vasoconstriction. This mechanism,
termed hypoxic fetoplacental ~vasoconstriction,'?®!9%10?
would divert blood flow to the placental areas with better
maternal perfusion as hypoxic pulmonary vasoconstriction
diverts pulmonary blood flow to the better ventilated areas of
the lung.'® 1%

Clamping of the umbilical cord at birth eliminates the
placental circulation producing a conspicuous increase in SVR.
Parallel, as the lung assumes the respiratory function, the
pulmonary circulation undergoes a striking transition char-
acterized by an immediate eight- to ten-fold rise in pulmonary
blood flow and a sustained decrease in PVR.'”'% The
postnatal fall in PVR and rise in SVR results in a reversal of
the relationships present in the fetus. Increasing blood return
to the heart via the pulmonary veins raises the pressure of the
left atrium above that of the right, causing a functional closure
of the foramen ovale. While the DA is still patent, the flow of
blood through it will change to a left-to-right shunt but the
DA normally achieves functional closure within 48 hours after
birth. Because the foramen ovale and ductus arteriosus are
only functionally closed and the pulmonary circulation is very
sensitive to vasoconstrictive stimuli, the neonatal circulatory
pattern can readily revert to the fetal pattern. In the following
paragraphs the different circulatory events that take place
during the transition between fetal and postnatal life will be
analyzed in more detail.

CLOSURE OF THE DUCTUS VENOSUS

The ductus venosus is a shunt between the umbilical vein and
the inferior vena cava which allows highly oxygenated and
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nutrient-rich umbilical venous blood to bypass the liver and
reach the central circulation rapidly. A large proportion of
inferior vena cava return crosses the foramen ovale into the
left atrium to the left ventricle, and is thus distributed to the
coronary and cerebral circulations. The PO, of blood
supplying the heart, brain, head, and neck is higher by
4-5mmHg than that of blood in the descending aorta.
Although the ductus venosus has received less attention than
the DA, it is now well accepted that it plays a major role in
the regulation of fetal circulation. Inlet of the vessel is under
active control and a compensatory mechanism, supported
by transient dilatation, is supposed to increase oxygenated
blood flow through the ductus venosus during hypoxia or
reduced umbilical flow.''® Absence of the ductus venosus is
associated with a high incidence of fetal anomalies and adverse
outcomes, including associated malformations, chromosomal
aberrations, in utero heart failure and absence of the portal
vein.!!"! Functional closure of the ductus venosus, which is
followed by anatomic closure, is virtually complete within a
few weeks of birth. However, the ductus venosus of almost all
neonates remains open for a certain period after birth with
important variations in the volume of blood flow."'* Closure
of the ductus venosus is more delayed in preterm neonates and
patent ductus venosus appears to be related to alterations in
ammonia detoxification, blood coagulation, and regulation of
serum total bile acid concentration.'"

CLOSURE OF THE FORAMEN OVALE

Anatomically, the foramen ovale comprises overlapping
portions of septum primum and septum secundum, acting
as a one-way flap valve allowing continuous right-to-left flow
during fetal life.""> Immediately after birth, with the acute
increase in pulmonary blood flow, left atrium pressure rises
to exceed right atrium pressure, pushing septum primum
rightward, against septum secundum, shutting the flap of the
foramen ovale. Afterwards, septum primum fuses to septum
secundum, completing septation of the atria. However, in
20-25%, incomplete fusion leads to the persistence of the
flap valve, leaving a patent foramen ovale.!® In general,
individuals with patent foramen ovale are never identified
because they have no symptoms. However, there is increasing
interest in the evaluation and treatment of patent foramen
ovale, which has been associated with various pathologic
conditions, such as cryptogenic stroke, decompression sick-
ness, platypnea-orthodeoxia syndrome and migraine.'**

FALL IN PULMONARY VASCULAR RESISTANCE

The ability to adapt to changes in the availability of O,
underpins vital changes to the circulation during the
transition from fetal to independent, air-breathing life.'"
The fetal lung is continuously exposed to a low O, tension
which induces a vigorous hypoxic pulmonary vasoconstric-
tion.'"”!'®!"7 The fetal pulmonary circulation can sense
small changes in Po,, which is at least partly responsible for

maintaining high PVR in utero.'””'"®'"” The acute response
to hypoxia in the fetal lamb is characterized by increased
pulmonary and systemic arterial pressures and a fall in
pulmonary blood flow.""® This response is mediated by
carotid chemoreceptors,"'® is already present before 0.7
term, and increases with gestational age.'*® However, acute
elevation of fetal PVR is likely to be due to direct effects of
lowered PO, on smooth muscle and modulated by various
neural and humoral mediators.'*”'*!

Besides the increase in oxygen tension, several other
mechanisms contribute to the normal fall in PVR at birth,
including the establishment of a gas—liquid interface in the
lung, rhythmic distension of the lung, and shear
stress.' %9712 These physical stimuli act, at least partially,
through the production of vasoactive products, especially the
release of potent vasodilator substances, such as nitric oxide
(NO) and prostaglandin 1,."°*'°*'*> Normally, pulmonary
arterial pressure falls to the half of the systemic pressure by
24 h and then progressively decreases to adult levels within
2-6 weeks.'** Therefore, the process of pulmonary circula-
tory transition is not limited to the first moments of
extrauterine life, but it extends during the following weeks.'**

Failure of the pulmonary circulation to undergo a normal
transition results in persistent pulmonary hypertension of the
newborn (PPHN), a clinical syndrome of various neonatal
cardiopulmonary disorders, which are characterized by
sustained elevation of PVR after birth, leading to right-to-
left shunting of blood across the ductus arteriosus or foramen
ovale and severe hypoxemia.'””'”” PPHN is a pathophysio-
logical phenomenon occurring in a heterogeneous group of
diseases with a wide diversity of etiologies. These range from
transient reversible pulmonary hypertension attributable to
perinatal insults to irreversible fixed structural malformations
of the lung. Diseases associated with the syndrome of PPHN

. . 106,108
can be classified in three categories:

1. maladaptation, in which vessels are presumably of normal
structure but have abnormal vasoreactivity;

2. excessive muscularization, in which smooth muscle cell
thickness is increased and muscle extends distally to
vessels that usually are not muscular;

3. underdevelopment, in which lung hypoplasia is associated
with decreased number of pulmonary arteries.

Either as a primary condition or secondary to other
pulmonary or extrapulmonary diseases, PPHN is an im-
portant cause of cardiorespiratory failure and is responsible
for a relevant percentage of morbidity in the neonatal
intensive care units,'*>'%®

CLOSURE OF THE DUCTUS ARTERIOSUS

Low oxygen tension, high levels of circulating PGE,, and
locally produced PGE, and PGI, are the main factors
maintaining patency of the DA in utero.'"”>'*” During fetal
life, the DA normally has an intrinsic tone due to components
that are both dependent on and independent of extracellular
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calcium.'* Endothelin-1 also appears to play a role in the
intrinsic tone of the ductus.'?” '*

Several events promote the constriction of the DA in the
full term newborn: (1) the increase in arterial PO,, (2) the
decrease in blood pressure within the ductus lumen (due to
the postnatal decrease in PVR), (3) the decrease in circulating
PGE,; (due to the loss of placental prostaglandin production
and the increase in prostaglandins removal by the lung), as
well as the decrease in the number of PGE, receptors in the
ductus wall.'*>"**'** The timing of closure of the DA after
birth varies between species, but in humans it is usually
completed within 48 hours.'?* In the full term infant, closure
of the DA at birth occurs in two phases. The first phase, the
‘functional’ closure of the lumen, occurs within the first
hours after birth by smooth muscle constriction. Constric-
tion produces ischemic hypoxia of the vessel wall, and this
hypoxia inhibits local production of PGE, and NO and
induces production of growth factors. This leads to the
second phase that involves ‘anatomic’ occlusion of the lumen
over the next several days due to extensive neointimal
thickening and loss of smooth muscle cells (SMC) from the
inner muscle media.'*>'*7"12?

Failure of DA closure after birth is a common complica-
tion of premature delivery that is still presenting challenges
in terms of diagnosis, assessment, and treatment options.'*’
Even when it does constrict, the premature ductus fre-
quently fails to develop profound hypoxia and anatomic
remodeling and is, therefore, susceptible to reopening.'*
Failure of DA closure in very preterm infants is associated
with several comorbidities, such as necrotizing enterocolitis,
intracranial hemorrhage, pulmonary edema/hemorrhage,
bronchopulmonary dysplasia, and retinopathy of pre-
maturity,'*> %’

LUNG DEVELOPMENT: STRUCTURAL
DEVELOPMENT, SURFACTANT, AND
LUNG FLUID

Lung development

The primary goal of lung development is to create a large gas
exchange surface area, a thin air—blood barrier, a mature
surfactant system, a conductive airway tree, and a set of
vascular tubes to supply the organism with sufficient oxygen
and to remove excess CO,. Lung development comprises
six different stages.'*’

During the embryonic stage (3—7 weeks post-conception)
the lung primordium appears as a ventral diverticulum of the
foregut and elongates caudally. The resulting bud branches
for the first time and gives rise to the main bronchi of the two
lungs. These bronchi divide dichotomously and form the
future bronchi.

During the pseudoglandular stage (517 weeks in the
human) the whole bronchial tree is formed by dichotomous
branching. Also, differentiation of epithelial cells starts with
the appearance of ciliated cells, goblet and basal cells, and
production of cartilage.

During the canalicular stage (1626 weeks in human) the
air—blood interface is formed by the appearance of vascular
canals or capillaries that multiply in the interstitial compart-
ment. In addition, differentiation of pulmonary epithelial
cells into type II cells, the producers of surfactant, is seen as
well as a subsequent development of type I cells, which
contribute to the formation of the thinned prospective air—
blood barrier.

Entering the saccular stage (24—38 weeks in human) is
crucial for extrauterine survival. On the one hand there is
dilation and expansion of the acinar tubules and buds into
thin, smooth walled, transitory alveolar sacules and ducts. On
the other hand there is reduction of the surrounding
mesenchymal tissue which allows for sufficient gas exchange.
Further branching of the alveolar ducts occurs and the
peripheral regions of the lung increase in size. Preparation
for real alveolarization begins with the development of
intersaccular and interductal septa. Maturation of type II
epithelial cells continues and surfactant production starts.
Further differentiation of other alveolar and bronchial cells
occurs.

The alveolar stage (36 weeks of gestation to two years
postnatal age) starts before birth but lasts well into the
postnatal period. The hallmark of this stage is secondary
septation, namely the formation of new interalveolar walls.
They originate from low ridges projecting into the airspaces.
Typically, elastic fibers are located at the tip of the crests
where the secondary septa originate.'”! Originally the septa
still consist of a doubled capillary layer separated by a sheet of
connective tissue.

During the last stage of lung development, the stage of
microvascular maturation (the first 2—3 years after birth) the
septa are restructured into a mature interalveolar wall,
consisting of minimal interstitial tissue and a capillary
monolayer.*>'*? At the end of this stage most of the alveolar
capillary endothelium and flattened type I epithelium are in
direct contact supporting optimal gas exchange.

At birth the lung contains up to 50 million alveoli and
most of the remaining alveoli are formed by so-called ‘bulk
alveolarization’ during the alveolar stage, mainly postnatally.
However, it is very well possible that a stage of late
alveolarization exists, as described by Burri,'*? where about
50% of the adult 300 million alveoli are formed. Especially in
the subpleural areas in the periphery of the lung, new alveolar
septa can be newly formed at a slower pace, but later than the
bulk alveolarization phase.

In most cases it is easy to link lung abnormalities or
syndromes to the stage of lung development.'** For example,
treacheo-esophagal fistulae, pulmonary agenesis or aplasia,
and extralobar pulmonary sequestration originate during the
embryonic stage of lung development. Pulmonary cysts, renal
pulmonary hypoplasia, and lung hypoplasia due to congenital
diaphragmatic hernia originate during the pseudoglandular
and canalicular stage. Alveolar capillary dysplasia originates
during the canalicular and saccular stage. Pulmonary hypo-
plasia due to oligohydramnion also originates during the
canalicular and saccular stage. In general, branching will be
permanently impaired by insults prior to 16 weeks of
gestation while the number of alveoli will be reduced by a
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later insult. From the stages of lung development it is also easy
to understand the border of survival in extreme prematurity.
Although there is some overlap between the stages, in general
the saccular stage starts at 24 weeks, not surprisingly the
gestational age where significant survival starts. Still, at
this stage of lung development surface area for gas exchange
is small, epithelia are not sufficiently flattened and inter-
stitium is still present between the epithelial layer and the
endothelial layer. As the alveolarization phase has not taken
place yet, many insults can disturb this process leading to
fewer and larger alveoli, typical of the so-called ‘new
bronchopulmonary dysplasia’.'** Many prenatal and postnatal
factors can influence this process such as chorioamnionitis,
interauterine growth retardation, oxygen toxicity, positive
pressure ventilation, infections, a patent ductus arteriosis, and
some therapeutical interventions such as the use of postnatal
corticosteroids.'**

Surfactant

In 1959, Avery and Mead'” showed that pulmonary
surfactant deficiency is a major factor in the pathophysiology
of respiratory distress syndrome (RDS). Since then the
physiology and metabolism of surfactant has been extensively
studied. In 1980 Fujiwara'’® administered exogenous surfac-
tant successfully to preterm infants with RDS for the first
time followed by numerous clinical trials in the 1990s."*’
In addition, a disturbed surfactant metabolism plays a role in
many neonatal lung diseases such as meconium aspiration
syndrome and congenital diaphragmatic hernia.'*®

The primary function of surfactant is to decrease the
surface tension at the air-liquid interface in the alveoli and
distal bronchioli, to promote lung expansion during inspira-
tion, and to prevent alveolar collapse at expiration. A
secondary role of surfactant is innate host defence.'””
Surfactant is produced by alveolar type II cells, which are
situated at the corners of the alveolar spaces. It is a complex
mixture of about 90% lipids and 10% proteins.'** Of the
surfactant lipids, 80-90% are phospholipids, of which
phosphatidylcholine (PC) is quantitatively the most impor-
tant, accounting for 70—80% of the total. The four surfactant
proteins are simply named surfactant protein (SP) A, B, C,
and D."*! SP-A enhances uptake of surfactant by the type II
cells and together with SP-D plays a role in innate immune
defense: it binds pathogens and influences the activity of
immune cells such as macrophages.'** Both proteins are large
glycoproteins. In contrast, SP-B and SP-C are small, very
hydrophobic proteins and are essential for the spreading of
surfactant phospholipids at the air-liquid interface of the
alveoli. The role of SP-B is so essential that a congenital
deficiency is lethal due to severe respiratory insufficiency.'*’
Surfactant is synthesized by type II alveolar cells from
precursors such as fatty acids, choline, glucose, and amino
acids in the endoplasmatic reticulum and via the Golgi
apparatus is then stored in lamellar bodies.'** These lamellar
bodies serve as the intracellular storage form of surfactant
and are secreted into the alveolar space. After secretion they
unravel to form lattice-like structures, named tubular myelin.

From this structure the monolayer of surfactant at the air—
liquid interface is generated. This monolayer is the essential
surface-tension-lowering component. Alveolar surfactant can
be cleared by different pathways.'*> Surfactant can be
removed from the lung by macrophages or via the upper
airways or can be recycled by uptake by the type II cell and
reinsertion in the lamellar bodies, which are ready for
resecretion. In the neonate more than 90% of surfactant is
recycled in this way, in contrast to the adult where recycling is
about 50%. ">

Surfactant kinetics have been studied in animals with the
use of radioactively labeled substrates."*® In recent years
stable isotope techniques were used to study surfactant
metabolism in human infants. Labeled precursors, such as
[U—13C]glucose, [1-1°C]acetate, or [U—13C]palmitic acid were
infused intravenously and incorporation of label was mea-
sured by mass spectrometry in surfactant PC isolated from
tracheal aspirates."”® In term ventilated neonates without
lung disease the first appearance of label in surfactant was
found after about 9 hours with a maximal enrichment at
about 44 hours."* "°! In comparison, preterm infants with
RDS showed a much slower surfactant synthesis and
metabolism with a first enrichment after about 17 hours
and maximal enrichment at about 75 hours."*>'** '>* When
the fractional synthesis rate of surfactant was calculated,
preterm infants with RDS only had a value of 4%/day
compared to 15%/day or more in term infants.'**"'>*
Catabolism and pool sizes of surfactant were studied by
giving a bolus of labeled surfactant PC endotracheally. Half-
life was calculated by the disappearance of the label from
tracheal aspirates and pool size from the dilution of the label.
Preterm infants only had less than 10 mg/kg of surfactant,
which is consistent with animal models of RDS."”> No
feedback inhibition was found of surfactant therapy on
endogenous surfactant synthesis.">® It was also proven in
human infants that prenatal corticosteroids stimulate surfac-
tant synthesis, as was extensively known from in vitro studies
and animal experiments.'>”'*® Controversy has long existed
about a possible surfactant deficiency in neonates with
congenital diaphragmatic hernia (CDH). In several animal
models of CDH a decrease in surfactant was found.">'®' In
humans, surfactant was measured from tracheal aspirates or
bronchoalveolar lavages with contradictory results.'®* '
Studies with stable isotopes did not completely clarify the
issue. Cogo et al.'"® found a decrease in pool size in infants
with CDH but Janssen et al."®” found no decrease in pool size
(about 73 mg/kg) in infants on extracorporeal membrane
oxygenation (ECMO). However, surfactant synthesis was
decreased in the patients in this study comparable with the
synthesis of preterm infants with RDS (fractional synthesis
2.4%/day versus 8%/day in control infants)."®® In patients
with less severe CDH, Cogo found no decreased synthesis
rate of surfactant."”*'®” Similar studies were performed in
neonates with meconium aspiration syndrome (MAS). Some
infants with MAS have severe respiratory insufficiency. From
animal studies it is well known that meconium inhibits
surfactant function. With stable isotope techniques it was
shown that the sickest infants on ECMO have a decreased
surfactant synthesis.'>"'7°
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From a clinical perspective the incidence of RDS is
inversely related to gestational age. This reflects the low
amount of surfactant leading to RDS in infants with a low
gestational age. Although surfactant production starts at the
beginning of the saccular stage (at around 24 weeks) it
remains low until 32—34 weeks of gestation and then rapidly
increases towards term. As mentioned before, preterm infants
with RDS are treated with surfactant nowadays, which has
been shown to decrease mortality and air leaks."”” Also, in
infants with severe MAS, surfactant therapy was shown to be
beneficial in that it decreases the need for ECMO. In infants
with CDH, the use of surfactant therapy is still controversial
which is consistent with the studies on surfactant metabolism
mentioned above. Standard use of surfactant in CDH is not
currently recommended."?’

Lung liquid secretion and absorption

From early in gestation, fluid is present in the embryonic
lung."”" This fluid is secreted by the developing lung epithelia
and is very important for normal lung development and
growth.'”? At birth, transition to air breathing requires
removal of the lung liquid for gas exchange.

Strong evidence for active secretion of lung liquid was
found by the observation that the Cl concentration of fetal
lung liquid was higher than that of plasma.'”* Indeed, later it
was shown that ClI” secretion is the driving force for the
secretion of lung liquid.'”* In fetal sheep the rate of liquid
secretion increases from about 1.5mL/kg per hour at mid-
gestation to about 5 mL/kg per hour in late gestation.'”” The
pressure in the lung is approximately 2 mmHg higher than
the pressure in the amniotic fluid, caused by a restriction to
the outflow of fluid by the vocal cords and the larynx and
nasopharynx.'”>™'”” The essential role of this lung liquid for
lung development'”® was shown by experimental continuous
drainage of lung liquid from fetal sheep lungs which resulted
in lung hypoplasia.'”® The opposite was found after tracheal
ligation with overdistention of the fetal lung resulting in lung
hyperplasia.'®>'®! Also, in humans, early and severe oligohy-
dramnion leads to lung hypoplasia because of continuous
drainage of lung fluid from the lungs. Plugging of the fetal
trachea is an experimental therapy to overcome lung
hypoplasia in CDH.'*?

At birth, rapid removal of the fetal lung liquid is essential
for air breathing. Liquid clearance starts before birth during
the process of labor. The basic mechanism is a switch from
Cl secretion to Na™ absorption. This switch is triggered by a
surge in fetal catecholamine secretion during labor. Activa-
tion of the B-adrenoreceptor recruits and stimulates Na™,
K" -adenosine triphosphatase (ATPase) at the basoateral
membrane and Na® channels of the luminal mem-
brane.'”*'®> The main Na™ channel is the epithelial Na*
channel, or ENaC, which has been cloned.'®® Of course part
of the fluid is squeezed out during the birth process. Active
liquid absorption is continuous after birth and most of the
liquid is cleared from the full-term newborn lung within 2
hours after birth. Infants born by Cesarean section without

labor have a slowed lung liquid clearance and sometimes
show signs of respiratory distress called transient tachypnea
of the newborn (TTN)."® 8 The switch from liquid
secretion to liquid absorption is disturbed in preterm infants
because of immaturity of the absorption processes described
above. This adds to the respiratory problems of preterm
infants with RDS. Prenatal corticosteroids have been shown
to improve liquid absorption,'®>'®¥ 1% besides the well-
known positive effect on surfactant synthesis.
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Clinical anatomy of the newborn

MARK D STRINGER

INTRODUCTION

CARDIOVASCULAR SYSTEM

A newborn infant more than triples in height and increases in
weight some 20-fold before reaching maturity. During the
process, structures change in size and position. Some, which
are critically important during fetal development, disappear.
Most persist but grow at different rates and at different ages.
It is therefore not surprising that newborn anatomy differs
from adults; some of these differences are particularly
important for the pediatric surgeon (Table 3.1 and Fig. 3.1).
This chapter summarizes the applied anatomy of the new-
born, emphasizing aspects that are clinically relevant and
different to adults.

GROWTH AND PROPORTIONS

Growth can be defined as ‘the progressive development of a
living being or any of its parts from its earliest stage to
maturity, including the attendant increase in size’' It involves
changes in size and mass, and includes processes such as cell
division, specialization, and apoptosis. Growth can be
proportional but is often differential. For example, the head
of a full-term newborn infant accounts for about 25% of its
body length and 20% of its body surface area. In adults, these
figures are about 13 and 9%, respectively (Fig. 3.2). Similarly,
the pelvis and lower limbs are proportionately small in the
neonate.” Body surface area to weight ratio decreases with
age: the absolute surface area of a neonate is about 0.25 m>
compared to 1.73 m?® in an adult. Neonates are consequently
more vulnerable to heat loss.

The mean length of the full-term newborn measured from
crown to heel is around 48-50 cm and weight 2.7-3.8 kg.
About 75-80% of this weight is water and 15-28% is fat.” By
one year of age, total body water has decreased to adult values
of around 60% of body weight.

Circulatory changes after birth

In the fetus, oxygen rich blood is transported from the
placenta via the umbilical vein to the left branch of the portal
vein lying within the umbilical recess of the liver (Fig. 3.3).
The ductus venosus arises from the posterior aspect of the left
branch of the portal vein directly opposite the opening of the
umbilical vein and passes superiorly and laterally between the
left lobe and caudate lobe of the liver to terminate in the left
hepatic vein near its entry into the inferior vena cava (IVC).
A valve along the anterior margin of the opening of the IVC
into the right atrium directs the oxygenated blood through
the foramen ovale to the left atrium. Deoxygenated systemic
blood returning from the fetal superior vena cava and
coronary sinus is directed preferentially to the right ventricle.
However, not more than 20% of the fetal cardiac output
reaches the lungs* because the ductus arteriosus shunts blood
from the pulmonary trunk to the aortic arch, just distal to the
origin of the left subclavian artery. At term, the ductus
arteriosus is about 8—12 mm long and 4-5 mm wide at its
origin from the beginning of the left pulmonary artery; the
thoracic aorta by comparison measures about 5-6 mm in
diameter.” The walls of the ductus arteriosus are rich in
smooth muscle fibers. In the fetus, ductal patency is
maintained by locally produced prostaglandins, which inhibit
muscle contraction in response to oxygen.

At birth, the lungs inflate and, as a result of mechanical
effects and oxygen-induced pulmonary vasodilatation, pul-
monary vascular resistance falls. The ductus arteriosus starts
to close. Blood is diverted from the pulmonary trunk into the
pulmonary circulation. Increased venous return to the left
atrium causes a rise in left atrial pressure. Right atrial pressure
falls as a result of reduced venous return secondary to
occlusion of the umbilical vein. These changes in atrial
pressure force the thin primary atrial septum against the free
lower margin of the secondary atrial septum (which lies to the
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Table 3.1 Key anatomical differences between neonates and
adults.

Cardiovascular

Respiratory system

Abdomen

Musculoskeletal

Nervous system

Recent transition from fetal circulation
Relatively large heart

Potential for congenital heart defects

Prominent thymic shadow on chest x-ray

Obligate nose breathing

Short neck with high larynx

Ability to breathe while suckling

Subglottis is narrowest part of the airway

Highly compliant chest wall

Greater reliance on diaphragm for
breathing

Relatively wide abdomen

Short inguinal canal

Propensity to inguinal hernias and
undescended testes

Small amount of intra-abdominal fat

Proportionately large liver

Poor radiological distinction between small
and large bowel

Small pelvic cavity

Intra-abdominal bladder and body of uterus

Proportionately large suprarenal glands

Proportionately large head, small pelvis,
and lower limbs

Open fontanelles

Relatively underdeveloped face and
mandible

Horizontal auditory tube

No spinal curvatures (other than shallow
sacral curve)

Absence of most secondary ossification
centers

Shallow acetabulum

Relatively small gluteal muscles

Relatively large brain with full complement
of neurones but incomplete myelination
of axons

Proportionately large cerebral ventricles

Spinal cord terminates at lower level

system

system

Skin Variable subcutaneous fat (some brown fat)

Thin skin, immature sweating
Greater body surface area to weight ratio
Head accounts for 20% of body surface area

right) resulting in functional closure of the foramen ovale.
A permanent seal usually develops during the first year of life.

Cardiovascular adaptation to neonatal life therefore

requires the functional closure of three fetal conduits:

1.

Foramen ovale. Incomplete fusion of the primary atrial
septum with the free lower margin of the secondary atrial
septum occurs in up to 25% of individuals,” resulting in
a small potential atrial communication, a patent foramen
ovale (PFO). Typically, this has no consequences because of
the flap-like arrangement of the opening and differential
atrial pressures. However, a PFO may rarely be associated
with paradoxical embolism (passage of an embolus from

Figure 3.1
viscera in the newborn (based on information from Ref. 19).

J

Diagram illustrating the relative proportions of

the venous system through an abnormal communication
between the chambers of the heart causing a systemic
arterial embolus, e.g. an embolic stroke) and an increased
risk of decompression sickness in divers.® After closure of
the foramen ovale, the valve of the IVC that was prominent
in the fetus becomes flimsy or disappears.

. Ductus arteriosus. In full-term neonates with no congeni-

tal heart disease, the ductus arteriosus starts to close
immediately after birth. Smooth muscle contraction with-
in the ductus is probably mediated by several mechanisms:
an increased arterial oxygen concentration, suppression of
endogenous prostaglandin I, synthesis, plasma catechola-
mines, and neural signaling. In addition, ductal blood flow
is reversed as a result of increased systemic vascular
resistance (due to absence of the placental circulation),
and decreased pulmonary vascular resistance. Functional
closure is complete within 3 days in more than 90% of
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40%
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Figure 3.2 The relative proportions of the head, trunk, and
lower limbs in a neonate and adult (adapted from Ref. 2).
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Figure 3.3

term infants.” Structural closure occurs more gradually,
leaving the fibrous ligamentum arteriosum connecting the
origin of the left pulmonary artery to the underside of the
aortic arch. Persistent ductal shunting can occur in
preterm infants with respiratory distress.”

3. Ductus venosus. Spontaneous closure of the ductus
venosus begins immediately after birth® and is usually
complete by about 17 days of age.”'® Closure may be
temporarily delayed in the presence of congenital heart

disease, presumably as a result of elevated venous pressure.
In the adult, the remnant ligamentum venosum runs
within the fissure separating the anatomic left lobe of the
liver and the caudate lobe. Persistent patency of the ductus
venosus is rare, more common in boys, and may cause
long-term problems such as hepatic encephalopathy.'’

The heart
In the full-term neonate, cardiac output measured by
Doppler studies is about 250 mL/kg per min, mean systolic
blood pressure in the first week is 70-80 mmHg (lower in
preterm infants), and heart rate settles within hours of
delivery to 120140 beats/min. As the pulmonary circulation
is established, the work of the right side of the heart decreases
and the left increases, reflected by changes in ventricular
muscle thickness; at birth, the mean wall thickness of both
ventricles is about 5 mm whereas in adults the left ventricle is
about three times as thick as the right.” The neonatal heart is
relatively large in relation to the thorax and lungs and
consequently it occupies a larger proportion of the lung fields
on a chest radiograph compared to an adult (Fig. 3.4).
Congenital cardiac malformations account for up to a
quarter of all developmental anomalies (eight per 1000 live
births*) and include dextrocardia (isolated or part of situs
inversus), isomerism, and structural defects (septal defects,
abnormal atrioventricular or ventriculoarterial connections,
and valvular anomalies). Ventriculoseptal defects are the
most frequent, more often affecting the membranous than
the muscular part of the interventricular septum. A true atrial
septal defect occurs when there is a failure of normal
development of the septum primum and/or atrioventricular
endocardial cushions. Coarctation of the aorta is often

Figure 3.4 Supine anteroposterior neonatal chest x-ray. Note
the prominent superior mediastinal thymic shadow which is
asymmetric on this rotated film (white arrows). Compared to an
adult, the hemidiaphragms are relatively flat, the ribs are more
horizontal, and the heart size is relatively large (although the
transverse cardiothoracic ratio should still be less than 60%"2).
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included within the spectrum of congenital heart disease.
Typically, there is narrowing or occlusion of the juxta-ductal
segment of aorta just distal to the origin of the left subclavian
artery, although preductal (involving the aortic arch and its
branches) and even postductal coarctation can occur.

Neonatal central venous catheters are generally positioned
such that the catheter tip lies outside the cardiac outline on a
chest radiograph in order to reduce the small but serious risk
of atrial perforation and cardiac tamponade.

Umbilical vessels

The normal umbilical cord contains two thick-walled
umbilical arteries and, near the 12 o’clock position, one
larger but thin-walled umbilical vein. The presence of a single
umbilical artery may be associated with other congenital
anomalies, particularly renal, vertebral, and anorectal mal-
formations,"” and an increased risk of perinatal mortality."*
However, routine karyotyping and renal sonography in an
infant with an isolated single umbilical artery is not
indicated.'*"

At birth, the umbilical vessels constrict rapidly in response
to a fall in umbilical cord temperature and hemodynamic
changes. Occlusion of the umbilical artery is facilitated by the
‘folds of Hoboken, constriction rings along the length of the
umbilical artery produced by oblique or transverse bundles of
myofibroblasts.'® Numerous mediators of umbilical vessel
vasoconstriction have been proposed, including bradykinin
and endothelin-1, some of which are produced locally within
the umbilical cord. After birth, the obliterated umbilical
arteries become the paired medial umbilical ligaments,
usually visible under the peritoneum of the anterior abdom-
inal wall below the umbilicus; the proximal parts of each
umbilical artery remain patent as the superior vesical artery.
The intra-abdominal segment of the umbilical vein becomes
the ligamentum teres. The urachus has normally involuted
before birth, leaving the fibrous median umbilical ligament.

The umbilical artery and vein can be catheterized within
24-48 hours of birth to provide vascular access for
resuscitation, intravascular monitoring, fluid administration,
blood transfusion, and parenteral nutrition."” The tip of an
umbilical artery catheter is usually positioned above the
diaphragm but below the ductus arteriosus (‘high’ position
equivalent to T6—9 vertebral level). Sometimes, the catheter
tip is sited below the origin of the renal and inferior
mesenteric arteries but above the aortic bifurcation (low’
position at L3—4 vertebral level).

Arteries

The femoral artery is palpable midway between the anterior
superior iliac spine and pubic tubercle in the neonate;'® it is
therefore more lateral than in an adult where the surface
marking is midway between the anterior superior iliac spine
and symphysis pubis.’ The renal arteries are at a higher
vertebral level in the neonate (T12-L1) compared to the
adult (upper border of L2)* and the aortic bifurcation is at
the upper rather than the lower border of L4.

RESPIRATORY SYSTEM

Upper airway

Relative to an adult, the newborn infant has a large head,
short neck, small face and mandible, and large tongue.w The
entire surface of the tongue is within the oral cavity, unlike
the adult where its posterior third is in the oropharynx.
Neonates are obligate nose breathers and do not begin to
breathe orally until about four months of age. All these
features predispose to airway obstruction.

The neonatal nasopharynx curves smoothly backwards
and downwards to join the oropharynx, rather than almost at
a right angle as in adults (Fig. 3.5). The hyoid bone and
larynx are high in the neck. Consequently, the upper margin
of the neonate’s epiglottis extends to the level of the soft
palate and the posterior nares are in direct continuity with
the larynx. This allows the infant to breathe while suckling.
Ingested liquids pass lateral to the epiglottis via the piriform
fossae. Despite immature coordination of swallowing and
breathing, the risk of aspiration is reduced by the high
position of the larynx. The higher, more anterior position of
the larynx also means that it is easier to intubate the trachea
with a straight-bladed laryngoscope. As the infant grows, the
larynx descends and the epiglottis loses contact with the soft
palate. Gender differences in laryngeal shape and size only
begin to appear at about three years of age.'” The narrowest
part of the infant’s upper airway (about 3.5 mm in a term
neonate) is the subglottis at the level of the cricoid cartilage,
rather than the vocal cords as in adults.

Figure 3.5 Sagittal magnetic resonance image of the upper
airway in a newborn. T = tongue, SP = soft palate, E = epiglottis.
Courtesy of Professor Terry Doyle.
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Trachea and bronchial tree

The trachea is short, measuring as little as 3 cm in premature
neonates, making positioning of an endotracheal tube critical.
The tip of the tube is usually sited between the clavicles,
1-2 cm above the carina, which corresponds to the vertebral
body of T1. As in adults, the trachea starts at the level of the
sixth cervical vertebra but bifurcates relatively higher at T3/4
(rather than T4/5 in adults). The trachea is rich in elastic
tissue®® and readily deformable. The right main bronchus is
wider and steeper than the left and the carina is more likely
to lie to the left of the midline. Contrary to some reports,
an aspirated foreign body is therefore more likely to enter
the right lung.*' The left brachiocephalic vein lies at a
relatively higher level and is at greater risk of injury during
tracheostomy.

The bronchial tree is developed by the 16th week of
intrauterine life; thereafter, conducting airways increase in size
but not number.** Postnatal lung growth is dominantly by
alveolar development. Lung volume increases rapidly during
infancy. Most alveoli have been formed by two years of age
and only increase in size thereafter.”>** Before the infant takes
its first breath, the terminal bronchioles and alveoli are filled
with fluid, mostly produced in the lung. There is more fluid in
the lungs of a newborn infant delivered by Cesarean section
than after vaginal delivery. For the alveoli to expand
adequately surface tension must be reduced; this is achieved
by the release of surfactant from type II pneumocytes lining
the alveoli. Surfactant also prevents alveolar collapse on
expiration, which explains why very premature infants with
inadequate surfactant production develop respiratory distress.
Remodeling of the pulmonary vessels begins immediately
after birth to reduce pulmonary vascular resistance.

Thorax and mechanics of breathing
The neonatal thorax has the shape of a truncated cone and is
more rounded in circumference. Unlike the adult in whom
the compliance of the chest wall and lung are similar, the
neonate’s chest wall is up to five times more compliant than
its lungs.” Consequently, it is easily deformable, a fact that is
readily apparent in the presence of respiratory distress.

The respiratory rate of a newborn at term is about 40—44
breaths/min. The ribs are more horizontal and contribute less
to chest expansion. Infants rely mainly on diaphragmatic
breathing. The diaphragm is relatively flat at birth (Fig. 3.4)
and becomes more dome-shaped with growth. Diaphrag-
matic contraction tends to pull the ribs inwards; concomitant
outward movement of the abdomen (thoracoabdominal
paradox) is a normal finding in newborns. The work of
breathing is greater in a neonate than an adult and still
greater in a preterm infant.

The neonatal thymus is large (up to 5 cm wide and 1 cm
thick) but variable in size at birth. It is a prominent feature
on a chest x-ray (Fig. 3.4). The gland overlies the trachea,
great vessels (especially the left brachiocephalic vein), and the
upper anterior surface of the heart. After the first year of life
it becomes progressively less vascular, and the lymphoid
tissue is increasingly replaced by fat.

ABDOMINAL WALL AND GASTROINTESTINAL
TRACT

Abdominal and pelvic cavities

The neonatal abdomen is relatively wide and protruberant
because the diaphragm is flatter and the pelvic cavity smaller.
The distance between the costal margin and iliac crest is
proportionately greater in the neonate. For these reasons,
transverse supraumbilical incisions provide good surgical
access. The inguinal canal in the newborn is short and
relatively vertical since the superficial inguinal ring almost
overlies the deep ring. The canal lengthens with growth. The
rectus abdominis muscles may be relatively wide apart
creating devarication, which improves with growth.

Compared to an adult the true pelvis in the neonate is
small, both relatively and absolutely, more circular in cross
section, orientated more vertically, and has a less pro-
nounced sacral curve. The peritoneal cavity is shallow
anteroposteriorly because there is no lumbar lordosis and
the paravertebral gutters are poorly developed. The urinary
bladder, ovaries, and uterus are all partly intra-abdominal
and the rectum occupies most of the true pelvis (Fig. 3.6).
The greater omentum is delicate and membranous, rarely
extending much below the level of the umbilicus. Indeed, the
neonate has altogether less fat in the mesenteries and around
the viscera.

Gastrointestinal tract
At term, the newborn esophagus measures about 8—10 cm in
length from cricoid to diaphragm;' the upper and lower
oesophageal sphincters each extend over about 1 cm.*> Lower
esophageal sphincter pressure is particularly low during the
first month or two of life. The narrowest part of the upper
digestive tract is where the cricopharyngeus muscle blends
with the upper esophagus, a potential site of esophageal
perforation during the passage of a nasogastric tube.*®

The anterior surface of the stomach is overlapped by the
left lobe of the liver, which extends almost to the spleen. The
capacity of the neonatal stomach is 30-35 mL at term but
reaches 100 mL by the fourth week. Gastric emptying is
relatively slow and poorly coordinated in the first few weeks.
The small bowel of the newborn is distributed more
horizontally because of the shape of the abdominal cavity.
The mean length of the small intestine from the duodeno-
jejunal flexure to the ileocecal junction is around 160 cm
when measured at term along its antimesenteric border
invivo™, but considerably longer when measured at autopsy.*®

The mean in vivo length of the colon from the ileocecal
junction to the upper rectum is 33 cm at term.”” The cecum,
ascending and descending colon are relatively short com-
pared to the adult and the transverse colon, sigmoid colon,
and rectum relatively long. The cecum tapers to a proportio-
nately large appendix with a relatively wide orifice. The
anal canal has well-defined anal columns and prominent anal
sinuses;”” stasis within these sinuses may be a cause of
perianal sepsis, particularly in male infants.*
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Figure 3.6 Midline sagittal section of a plastinated neonatal
(a) and adult (b) female pelvis. Note the relative positions of the
bladder (B) and uterus (U), the curvature of the sacrum (S), and the
angle of the pelvis (dotted line between sacral promontory and
pubic bone (P)). V =vagina, R = rectum. Courtesy of the WD
Trotter Anatomy Museum, University of Otago.

The neonatal small bowel has few circular folds (valvulae
conniventes) and the neonatal colon has no haustra. This
makes it difficult to distinguish the small and large bowel on
plain abdominal radiographs. Their relative position (central
versus peripheral) and caliber are a guide but a contrast study
may be required to accurately differentiate small from large
bowel.

Liver and spleen

The neonatal liver weighs about 120 g at term and comprises
about 4% of body weight (compared to 2% in the adult); it
more than doubles in weight during the first year. The
relatively large liver fills much of the upper abdomen. Its
inferior border extends 1-2 cm below the costal margin. The
premature baby’s liver is particularly fragile and vulnerable to
injury (e.g. from an abdominal retractor). The neonatal
gallbladder is more intrahepatic and its fundus may not
extend below the liver margin.

The tip of the newborn’s spleen is often palpable just
below the left costal margin. The pancreatic tail is in contact
with the spleen, usually at its hilum, in more than 90% of
cases, a much greater proportion than in adults.”" Accessory
spleens are found at autopsy in about 14% of fetuses and
neonates as compared to 10% of adults’* but it is uncertain
whether this is a true increased prevalence.

GENITOURINARY SYSTEM

Genitourinary anomalies are among the most common
congenital malformations and so it is especially important
to understand normal anatomy in the newborn.

Kidneys and suprarenal glands

At birth the kidneys are about 4-5 cm in length compared to
a mean length of 11 cm in adults. Fetal lobulation of the
kidneys is still present at birth. Individual nephrons consist of
a renal corpuscle with (1) a central glomerulus concerned
with plasma filtration and (2) a renal tubule that produces
urine by selective reabsorption of the filtrate. At birth there
are about one million renal corpuscles in the cortex of each
kidney. Postnatally, cortical nephron mass increases but no
new nephrons are made. The glomerular filtration rate (GFR)
is low in newborns, particularly in the premature, but in the
term infant the GFR doubles by 2 weeks of age and reaches
adult values (120 mL/min per 1.73 m?) by 1-2 years.33

The suprarenal glands are relatively large at birth with a
proportionately thick cortex. Their average combined weight
is 9 g compared with 7—-12 g in an adult. Both glands shrink
in the neonatal period.

Bladder and ureter

The bladder is largely intra-abdominal at birth (Fig. 3.6) with
its apex midway between the pubis and the umbilicus in the
unfilled state. Suprapubic aspiration and manual expression
of urine are therefore relatively easy. The bladder does not
achieve its adult pelvic position until about the sixth year.’
The intravesical segment of the ureter (intramural and
submucosal portions) lengthens from about 0.5 cm in
neonates to 1.3 cm (the adult value) by 1012 years of age.
An abnormally short submucosal tunnel is one of the causes
of vesicoureteric reflux (VUR) in preschool children; this
type of VUR tends to resolve spontaneously with growth.>
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Genitalia and reproductive tract

By about the sixth month in utero, the testis lies adjacent to
the deep inguinal ring connected to the developing scrotum
by the gubernaculum. About one month later, the testis
begins its inguinoscrotal descent surrounded by the elongat-
ing processus vaginalis. At term, about 4% of boys have an
undescended testis(es); the figure is higher in premature
infants. By three months of age, the prevalence of cryptorch-
idism has fallen to 1.5%. The timing and process of closure of
the processus vaginalis are both uncertain.”” Surgical studies
have shown that a patent processus vaginalis is present in
around 60% of contralateral groin explorations in infants
with a unilateral inguinal hernia in the first two months,
falling to around 40% after two years of age. Autopsy studies
have indicated that the processus is patent in about 80% of
newborns, decreasing to about 15-30% in adults. Boys with
cryptorchidism have higher patency rates.

The prostate and seminal vesicles are well developed at
birth. The penis and scrotum are relatively large and the
scrotum has a broad base and relatively thick walls. The
prepuce begins to separate from the glans in utero but is
usually only partially retractile at birth.

In baby girls, the ovary lies in the lower part of the iliac
fossa and only descends into the ovarian fossa within the true
pelvis during early childhood as the pelvis deepens. At birth
the ovaries are relatively large and contain the full comple-
ment of primary oocytes, each surrounded by a single layer of
follicular cells forming primordial follicles. Of the seven
million oocytes estimated to be present in the female fetus,
only one million remain at birth and this number decreases
further to approximately 40000 by puberty.

In the term infant, the uterus is about 3—5 cm long and
the cervix forms two-thirds or more of its length (Fig. 3.6).
Female newborns have a relatively prominent clitoris and
labia and the vagina, which is about 3 cm in length, is
relatively thick-walled with a fleshy hymen. After withdrawal
of maternal hormones, the uterus and vagina shrink in size.

MUSCULOSKELETAL SYSTEM

Skull and face

The skull vault is formed by intramembranous ossification,
the facial skeleton is derived from neural crest membrane
bones, and the skull base and some bony pharyngeal arch
derivatives (e.g. hyoid bone and ossicles) by endochondral
ossification.” During birth, the margins of the frontal and
parietal bones are able to slide over each other. In the first 2
days of life, palpable over-riding of the bones of the vault is
common. Persistent ridging of suture lines may indicate
craniosynostosis. Growth at the coronal suture is mostly
responsible for fronto-occipital expansion of the skull;
premature fusion causes brachycephaly if bilateral and
plagiocephaly if unilateral. Growth at the metopic and
sagittal sutures increases skull breadth, the metopic suture
fusing at around 18 months of age and the sagittal at puberty.
Premature fusion produces the elongated skull of sagittal

craniosynostosis, the most common form of craniosynosto-
sis. Premature babies have a tendency to develop a long thin
head (dolichocephaly) secondary to postnatal gravitational
molding but this is not caused by premature sutural fusion.

Fontanelles are formed where several skull vault bones
meet. The two most prominent are the anterior fontanelle
overlying the superior sagittal venous sinus at the junction of
the metopic and sagittal sutures (bregma), and the posterior
fontanelle at the junction of the sagittal and lambdoid sutures
(lambda).?® The size of the anterior fontanelle at birth is very
variable; if unduly large, it may be an indication of congenital
hypothyroidism or a skeletal disorder.>” The timing of closure
is also variable but the anterior fontanelle is obliterated by
two years of age in 95% of children®® and the posterior by
two months of age.”

Postnatal growth of the skull vault is accompanied by
disproportionate growth of the facial skeleton and mandible
(Fig. 3.7). At birth, the bony external ear canal is poorly
developed and the mastoid process is absent. The facial nerve
is therefore more at risk of injury where it emerges from the
stylomastoid foramen (e.g. from obstetric forceps). At birth,
the two halves of the mandible are united by a symphysis that
fuses in early childhood. The rami are at a more obtuse angle
to the body of the mandible. The mandible subsequently
changes shape as the teeth erupt and the muscles of
mastication and chin develop.

The maxillary and ethmoid sinuses are present at birth but
the sphenoid sinus is poorly developed and the frontal
sinuses are absent.'” The auditory tube is almost horizontal,
increasing the risk of middle ear disease; it becomes more
vertical during childhood. The hard palate is short, only
slightly arched, and ridged by transverse folds which assist
with suckling. The nasolacrimal duct which drains tear
secretions from the conjunctival sac to the inferior meatus
of the nasal cavity is relatively short and wide at birth but
may be obstructed due to incomplete canalization. This can
cause excessive tearing, discharge, and infection.

Vertebral column, pelvis, and limbs

The vertebral column in the neonate has no fixed curvatures
other than a mild sacral curve. After birth, the thoracic
curvature develops first and then, as the infant learns to
control its head, sit, stand and walk, curvatures in the lumbar
and cervical spine develop which help to maintain the centre
of gravity of the trunk when walking. The sacral promontory
‘descends’ and becomes more prominent. Hemopoiesis
occurs in the liver, spleen, and bone marrow in the fetus,
but is largely restricted to the bone marrow of the vertebrae,
ribs, sternum, proximal long bones, and diploe of the skull
after birth.

Of the 800 or so ossification centers in the human
skeleton, just over half appear after birth; these include
most secondary ossification centers (Fig. 3.8). Cartilage is
abundant at birth. None of the carpal bones have ossification
centers. The only secondary centers of ossification in the long
bones at birth are in the femoral and tibial condyles and
humeral head."® The iliac crest, acetabular floor, and ischial
tuberosity are all cartilaginous.
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Figure 3.7 Comparison of a neonatal (a) and adult male (b)
skull. Note the relatively small size of the face and mandible in the
neonate, the cranial vault sutures and the anterior fontanelle. The
mastoid process has not developed at birth. Courtesy of the WD
Trotter Anatomy Museum, University of Otago.

The acetabulum is relatively large and shallow at birth and
has a characteristic Y-shaped triradiate cartilaginous epiphy-
seal plate between the ilium, ischium, and pubis. Nearly
one-third of the neonatal femoral head lies outside the
acetabulum, making the hip joint easier to dislocate. Devel-
opmental dysplasia of the hip affects about one in 100 live
births and is more common in girls. The neonatal femoral
neck is short and the femoral shaft is straight. The proximal
femoral growth plate in early infancy is intra-articular so that
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Figure 3.8 The bony skeleton of a newborn baby. There are no
carpal bones at birth, there are separate ossification centers for
the hip, and secondary centers of ossification in the long bones are
absent except for the lower end of the femur and upper end of
tibia. Specimen prepared by Professor JH Scott in 1895. Courtesy
of the WD Trotter Anatomy Museum, University of Otago.

infection in the proximal femoral metaphysis may cause a
septic arthritis. The lower limb muscles in the newborn are
relatively underdeveloped and the gluteal muscle mass is
small. The thighs tend to be abducted and flexed, the knees
flexed, and the foot dorsiflexed and inverted. In congenital
talipes equinovarus (club foot), there is impaired develop-
ment of the talus causing inversion and supination of the foot
and adduction of the forefoot.

NERVOUS SYSTEM

At term, the neonatal brain weighs between 300 and 400 g,
accounting for about 10% of body weight (compared to 2%
in the adult)."” Brain growth is especially rapid during the
first year, when it reaches 75% of its adult volume. The
number of neurones is already established at birth and brain
growth is due to an increase in size of nerve cell bodies,
further development of neuronal connections, proliferation
of neuroglia and blood vessels, and myelination of axons.
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Myelination is at its peak in the first six months of life but
continues until maturity.” The arrangement of sulci and gyri
at birth is similar to the adult, although the central sulcus is
slightly further forward and the ventricles are proportionately
larger. Mean head circumference at term is 34 cm.

The termination of the spinal cord in the neonate may
reach as low as L3 whereas it is usually around the lower
border of L1 in the adult. The supracristal plane between the
tops of the iliac crests is slightly higher (L3/4 rather than L4);
a lumbar puncture in the newborn should not be performed
above this level.

SKIN AND SUBCUTANEOUS TISSUE

Body fat is laid down in the fetus from about 34 weeks’
gestation and, with appropriate intrauterine nutrition, in-
creases until term. Plantar fat pads give the neonate a flat-
footed appearance. Brown fat is a modified form of adipose
tissue concentrated at the back of the neck, in the inter-
scapular region, and in pararenal areas. It is composed of
adipocytes with mitochondria that have large and numerous
cristae adapted for heat production. However, the neonate’s
ability to regulate temperature is poorly developed.

At birth, breast tissue is similarly developed in girls and
boys. It may appear prominent due to the influence of
maternal hormones, even leading to the secretion of a small
amount of fluid (witch’s milk). Supernumerary nipple(s) may
be found along the mammary ridges (milk lines) which
extend from the axilla to the groin.

Neonatal skin is relatively thin but the ability to see
peripheral veins is very dependent on the thickness of the
subcutaneous tissues. Common sites for peripheral venous
cannulation (and long line access) include: the dorsal arch
veins of the hands and feet; the cephalic vein at the wrist;
the volar aspect of the wrist (where the veins are small
and fragile); the cubital fossa; the saphenous vein immedi-
ately anterior to the medial malleolus or behind the medial
aspect of the knee; and the superficial temporal vein anterior
to the ear.

ACKNOWLEDGMENTS

I wish to thank Chris Smith, Curator of the WD Trotter
Anatomy Museum and Robbie McPhee, Medical Illustrator
and Graphic Artist, Department of Anatomy and Structural
Biology, University of Otago.

REFERENCES

1. Sinclair D, Dangerfield P. Human growth after birth, 6th edn.
Oxford: Oxford Medical Publications, 1998.

2. Diméglio A. Growth in pediatric orthopaedics. In: Morrissy RT,
Weinstein SL (eds). Lovell and Winter's pediatric orthopaedics,
6th edn. Vol. 1. Philadelphia: Lippincott Williams and Wilkins,
2006: 35-65.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Standring S (ed). Gray's anatomy, 40th edn. Philadelphia:
Elsevier, 2008.

Archer LN. Cardiovascular disease. In: Rennie JM (ed).
Roberton’s textbook of neonatology, 4th edn. London: Elsevier
Limited, 2005: 619-60.

Hagen PT, Scholz DG, Edwards WD. Incidence and size of patent
foramen ovale during the first 10 decades of life: an autopsy
study of 965 normal hearts. Mayo Clin Proc 1984; 59: 17-20.
Holmes DR, Cohen HA, Ruiz C. Patent foramen ovale, systemic
embolization, and closure. Curr Probl Cardiol 2009; 34:
483-530.

Evans NJ, Archer LN. Postnatal circulatory adaptation in healthy
term and preterm neonates. Arch Dis Child 1990; 65: 24—6.
Meyer WW, Lind J. The ductus venosus and the mechanism of
its closure. Arch Dis Child 1966; 41: 597—605.

Loberant N, Barak M, Gaitini D et al. Closure of the ductus
venosus in neonates: findings on real-time gray-scale, color-
flow Doppler, and duplex Doppler sonography. Am J Roentgenol
1992; 159: 1083-5.

Fugelseth D, Lindemann R, Liestol K et al. Ultrasonographic
study of ductus venosus in healthy neonates. Arch Dis Child
1997; 77: F131-4.

Stringer MD. The Clin Anat of congenital portosystemic venous
shunts. Clin Anat 2008; 21: 147-57.

Arthur R. The neonatal chest X-ray. Paediatr Respir Rev 2001;
2:311-23.

Martinez-Frias ML, Bermejo E, Rodriguez-Pinilla E, Prieto D;
ECEMC Working Group. Does single umbilical artery (SUA)
predict any type of congenital defect? Clinical-epidemiological
analysis of a large consecutive series of malformed infants. Am
J Med Genet A 2008; 146A: 15-25.

Mu SC, Lin CH, Chen YL et al. The perinatal outcomes of
asymptomatic isolated single umbilical artery in full-term
neonates. Pediatr Neonatol 2008; 49: 230-3.

Deshpande SA, Jog S, Watson H, Gornall A. Do babies with
isolated single umbilical artery need routine postnatal renal
ultrasonography? Arch Dis Child 2009; 94: F265—7.

Rockelein G, Kobras G, Becker V. Physiological and pathological
morphology of the umbilical and placental circulation. Pathol
Res Pract 1990; 186: 187—96.

Anderson J, Leonard D, Braner DAV et al. Unmbilical vascular
catheterization. N Engl J Med 2008; 359: e18.

Van Schoor AN, Bosman M, Bosenberg A. Femoral nerve blocks:
a comparison of neonatal and adult anatomy. 17th Congress of
the International Federation of Associations of Anatomists,
Cape Town, South Africa, August 2009.

Crelin ES. Functional anatomy of the newborn. New Haven:
Yale University Press, 1973.

Kamel KS, Beckert LE, Stringer MD. Novel insights into the
elastic and muscular components of the human trachea. Clin
Anat 2009; 22: 689-97.

Tahir N, Ramsden WH, Stringer MD. Tracheobronchial anatomy
and the distribution of inhaled foreign bodies in children. Eur J
Pediatr 2009; 168: 289-95.

Jeffery PK. The development of large and small airways. Am J
Respir Crit Care Med 1998; 157: S174-80.

Thurlbeck WM. Postnatal human lung growth. Thorax 1982; 37:
564—71.

Hislop AA. Airway and blood vessel interaction during lung
development. J Anat 2002; 201: 325—34.

Gupta A, Jadcherla SR. The relationship between somatic
growth and in vivo esophageal segmental and sphincteric



38

Clinical anatomy of the newborn

26.

27.

28.

29.

30.

31.

32.

growth in human neonates. J Pediat Gastroenterol Nutr 2006;
43: 35-41.

Gander JW, Berdon WE, Cowles RA. latrogenic esophageal
perforation in children. Pediatr Surg Int 2009; 25: 395—401.
Struijs MC, Diamond IR, de Silva N, Wales PW. Establishing
norms for intestinal length in children. J Pediatr Surg 2009; 44:
933-8.

Weaver LT, Austin S, Cole TJ. Small intestinal length: a factor
essential for gut adaptation. Gut 1991; 32: 1321-3.

Shafik A. A new concept of the anatomy of the anal sphincter
mechanism and the physiology of defecation. Dis Col Rect
1980; 23: 170-9.

Nix P, Stringer MD. Perianal sepsis in children. Br J Surg 1997;
84: 819-21.

Ungér B, Malas MA, Sulak O, Albay S. Development of spleen
during the fetal period. Surg Radiol Anat 2007; 29: 543—-50.
Cahalane SF, Kiesselbach N. The significance of the accessory
spleen. J Pathol 1970; 100: 139—44.

33.

34.

35.

36.

37.

38.

39.

Lissauer T, Clayden G. /llustrated textbook of paediatrics, 3rd
edn. London: Mosby Elsevier, 2007.

Godley ML, Ransley PG. Vesicoureteral reflux: pathophysiology
and experimental studies. In: Gearhart JP, Rink RC, Mouriquand
PDE (eds). Pediatric urology, 2nd edn. Philadelphia: Saunders,
Elsevier, 2010: 283-300.

Godbole PP, Stringer MD. Patent processus vaginalis. In:
Gearhart JP, Rink RC, Mouriquand PDE (eds). Pediatric urology,
2nd edn. Philadelphia: Saunders, Elsevier, 2010: 577—-84.
Sundaresan M, Wright M, Price AB. Anatomy and development
of the fontanelle. Arch Dis Child 1990; 65: 386-87.

Davies DP, Ansari BM, Cooke TJ. Anterior fontanelle size in the
neonate. Arch Dis Child 1975; 50: 81-3.

Acheson RM, Jefferson E. Some observations on the closure of
the anterior fontanelle. Arch Dis Child 1954; 29: 196-8.
Bickley LS, Szilagyi PG. Bates’ guide to physical examination
and history taking, 10th edn. Chapter 18. Philadelphia: Wolters
Kluwer Health, 2009: 743—96.



The epidemiology of birth defects

EDWIN C JESUDASON

INTRODUCTION

Globally, birth defects are emerging as a leading cause of infant
death. During the last century, surgical correction of such
defects helped define the new specialty of pediatric surgery.
In the same era, congenital rubella syndrome and the
thalidomide disaster promoted the epidemiological investiga-
tion of birth defects and established the field of teratology. In
the twenty-first century, improved birth defects surveillance
can help delineate the causes of unsolved anomalies, improve
fetal counseling (and therapy), identify anomaly associations
(that illuminate both management and underlying develop-
mental biology) and facilitate outcomes comparison by
appropriate classification of surgical caseload.

BIRTH DEFECTS HELPED DEFINE PEDIATRIC
SURGERY

The surgical correction of birth defects helped create the
specialty of pediatric surgery during the middle of the last
century. Around this time, pioneering neonatal operations
were successfully performed to allow survival of babies with,
for example, esophageal atresia or congenital diaphragmatic
hernia (CDH). Indeed, along with innovations such as
parenteral nutrition, the concentration of surgical, anesthetic,
nursing, and critical care expertise now allows high survival
to be achieved for many previously fatal anomalies. More-
over, for certain conditions that retain high mortality and/or
morbidity, fetal surgery represents a promising experimental
procedure to further reduce the harm of birth defects. Given
these successes it would be tempting to assume that the
problem of birth defects was largely solved.

BIRTH DEFECTS ARE LEADING CAUSES
OF GLOBAL INFANT MORTALITY

However, given the huge progress made against infectious
disease in particular, birth defects are now emerging as a

leading cause of infant mortality. Moreover, this state of
affairs pertains not only to places with expensive healthcare
systems but in fact anywhere that infant mortality rates have
fallen below about 50 per thousand births.! Hence, as
progress against other infant killers continues, it is likely
that birth defects will gradually become one of the most
significant global causes of infant mortality. In addition, birth
defects are a leading contributor to both premature birth
(itself a major cause of infant mortality) and chronic
disability (with its substantial personal and societal costs).
Tragically, many such problems are already preventable: for
example, the birth defects associated with congenital rubella
syndrome might be virtually eradicated by an effective
program of maternal immunization.”> Moreover, a subset of
neural tube defects continue to occur due to inadequate
implementation of preconceptual folate prophylaxis.”* How-
ever, the epidemiological challenges for clinicians extend
beyond the known, preventable defects to unsolved condi-
tions and their changing circumstances (e.g. increased
gastroschisis prevalence, Fig. 4.1).>°

BIRTH DEFECTS EPIDEMIOLOGY AND
TERATOLOGY EMERGED FROM OUTBREAK
INVESTIGATION

With birth defects emerging as leading infant killers, the need
for epidemiological investigation of birth defects is increas-
ing. Although birth defects have been described with horror
and fascination since antiquity, teratology and scientific birth
defects epidemiology date, like pediatric surgery, from the
mid-twentieth century. Key historical developments include
the recognition of congenital rubella syndrome (noted by
clinical ophthalmological examination) and the thalidomide
disaster (phocomelia and other defects associated with
maternal thalidomide administration for morning sick-
ness).”® These episodes vividly illustrated the devastating
consequences of prenatal infection and drug exposure,
respectively. Moreover, these chastening experiences
highlighted the urgent need to formalize birth defects
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Figure 4.1 Gastroschisis — a birth defect on the move? Data
from birth defect registries indicate an unexplained increase in
gastroschisis prevalence. It remains to be seen if the severity of
gastroschisis is also increasing: in this severe and unusual
example, in addition to the gut, the liver (arrowed) lies outside
the neonatal abdomen. Furthermore, the thorax is narrowed; this
child needed ventilation immediately from birth (image used
courtesy of the author).

surveillance. Such birth defects monitoring can now be said
to serve a range of important purposes including outbreak
early-warning, identification of possible environmental or
genetic causes, rational planning for neonatal surgical provi-
sion, facilitation of prenatal counseling based on accurate
data, establishment of associations between birth defects
(that guide management and yield clues as to underlying
developmental biology) and comparison of outcomes (that
thereby guide us toward best practice).’

CAUSATION OF BIRTH DEFECTS REMAINS
OFTEN COMPLEX AND UNCERTAIN

Before considering the methods of birth defects surveillance,
it is worth sketching the developmental biology that under-
pins birth defects from a surgeon’s perspective.'® Causes of
birth defects can be classified as parental, fetal, and environ-
mental. An example of the former includes the impact of
maternal age on Down syndrome prevalence.'' Alternatively,
maternal diseases such as diabetes are well-described risk
factors for birth defect formation.'? The role of paternal age
and/or exposures remain more difficult to clarify."” Fetal
causes might include genetically determined inborn errors of

metabolism such as those causing intersex anomalies in
congenital adrenal hyperplasia, chromosomal lesions such as
Edwards etc., and twinning (with its increased risk of birth
anomalies). Environmental causes include those related to
prenatal drug exposure (alcohol, smoking, illicit drugs,
thalidomide, valproate, phenytoin, warfarin, etc.) as well as
the impact of intrauterine infections (e.g. toxoplasmosis,
rubella, cytomegalovirus).'* '® The impact of assisted repro-
ductive technologies such as in vitro fertilization and
intracytoplasmic sperm injection on birth defects prevalence
are actually quite difficult to assess.'” Suggestions that
anomaly rates are higher in such assisted pregnancies need
to contend with the confounding increased rates of multiple
pregnancy. Also, given the parents need to use assisted
reproductive technology, it may be that they are importantly
different to parents conceiving naturally: increased anomaly
risk could therefore be due to parental abnormality/predis-
position rather than a result of the techniques themselves.
More controversially still, other environmental contributors
to birth defects may include ‘endocrine disrupters’ these
estrogenic compounds are conjectured to contribute to
anomalies of sexual development in fetal males (e.g. hypos-
padias) as well as putative impairment of adult male sperm
quality.'® In light of such difficulties in attributing cause, it is
beneficial to recognize that only the minority of birth defects
are known to arise from a simple genetic or environmental
cause. At present, the remainder appear to have multifactorial
origins: in such circumstances it is helpful to consider birth
defect causation as the result of complex interactions between
genes and environment. Hence many cases of spina bifida
may result from micronutrient deficiency in the context of
predisposing enzyme polymorphisms.'® Similarly, teratogenic
drugs may interact with pharmacogenomic predispositions to
help explain why certain pregnancies are affected.'” Beyond
considerations of even complex causation, it remains likely
that simple chance has a major role to play (similar to
stochastic effects seen in radiation biology).*’

BIRTH DEFECTS APPEAR TO ARISE TYPICALLY
(BUT NOT EXCLUSIVELY) IN THE FIRST
TRIMESTER

Developmental biologists refer to ‘competence windows’ to
describe periods in development when particular cells and
tissues are capable of responding appropriately to certain
growth and transcription factors.?! In a similar manner,
developing organs are contended to have particular temporal
windows when an otherwise nonspecific teratogenic stimulus
will impact disproportionately on formation of that organ
system. During the first trimester, organ morphogenesis
predominates while later trimesters are devoted to organ
growth and maturation. Unsurprisingly, therefore, sensitivity
to teratogens is held to peak during the first trimester. Hence
pregnant women are advised to avoid medications during
this part of gestation in particular. Teleologically, ‘morning
sickness’ that peaks during the first trimester is postulated to
help reduce ingestion of potential teratogens during this
period of maximum vulnerability. While the model of first
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trimester teratogenesis appears appropriate for many birth
defects, it is now clear that certain anomalies may arise
during later development as a result of fetal events, for
example amniotic band formation, intussusceptions, or
vascular accident. Gastroschisis and intestinal atresiae may
be considered in this latter category.”* ** Indeed the contrast
between exomphalos and gastroschisis in terms of associated
anomalies (and hence prognosis) can be considered due to
the different times they are usually held to originate in
development. Exomphalos is considered an embryonic lesion
that is accompanied by contemporaneous lesions of organo-
genesis in other systems such as the heart. In contrast, like
associated intestinal atresiae, gastroschisis is thought to result
from a discrete fetal vascular accident and hence lack
extraintestinal manifestations. An alternative view, however,
is that intestinal atresiae result only rarely from fetal accidents
such as intussusception and are in fact better understood as
failures of mesenteric vascular development.”> A similar
contrast between duodenal atresia and small bowel atresia
may be likewise understood as the result of their differing
onsets and etiologies. Duodenal atresia was historically
explained as an embryonic failure of luminal recanalization;
although this ‘solid core’ theory has been contradicted by
more recent animal studies, the association between duode-
nal atresia and other defects (e.g. cardiac lesions, oesophageal
atresia, and Down syndrome) supports an embryonic origin
of this malformation.?®?” In contrast, small bowel atresiae are
claimed to follow mesenteric vascular occlusion usually in
fetal life.”® Hence, aside from gastroschisis, associated
structural lesions are unlikely. Between these two ‘extremes’
are birth defects where an embryonic lesion has deleterious
‘knock-on’ effects later in fetal development: based on
experimental models, the neurological sequelae of spina
bifida are postulated to result from not only the primary
failure of neural tube closure but also from consequent
exposure of the neural placode to amniotic fluid.* Similarly,
lung hypoplasia in CDH may emerge as an embryonic lesion
prior to CDH only for compression by the visceral hernia to
exacerbate the pulmonary lesion.”® In circumstances such as
these, where the pathology is thought to progress during fetal
life, prenatal surgical correction has been a logical proposal to
meet the challenge of refractory mortality and morbidity.>!
Results of ongoing clinical trials in these areas are awaited.

CLASSIFICATION OF BIRTH DEFECTS FOR
EPIDEMIOLOGICAL PURPOSES

Birth defect epidemiology involves the registration of anoma-
lies by type. At present, birth defects registries such as the
European Surveillance of Congenital Anomalies (EUROCAT),
use a classification scheme based around organ systems (see
Table 4.1), specific diagnoses, and International Classification
of Diseases (ICD) codes (see Table 4.2: both tables are derived
from data published by EUROCAT — www.eurocat.ulster.
ac.uk/pubdata/tables.html). Cooperation between registries
helps by pooling data and also by building consensus on, for
example, exclusion of minor anomalies without major and/or
long-term sequelae (e.g. cryptorchidism or congenital

Table 4.1 Birth prevalence of malformations 1980—2007
grouped by EUROCAT category. Note rates for each category are
inclusive of cases with chromosomal lesions and derived from
registries with full EUROCAT membership.

Live birth + fetal death +
termination/10000 births (to 2 s.f.)

Organ system

All 220
Congenital heart 67
disease
Limb 42
Chromosomal 31
Urinary 28
Nervous system 23
Digestive system 19
Genital 16
Oro-facial clefts 15
Musculo-skeletal 1
Other malformations 10
Respiratory 5.7
Abdominal wall defects 4.9
Genetic syndromes + 4.8
microdeletions
Eye 4.6
Ear, face, neck 4.1
Teratogenic syndromes 1.1

with malformations

hydrocele) or how abnormalities of gut fixation in CDH
might be recorded. Although anomalies are currently classified
by structural anomaly (e.g. CDH, esophageal atresia) or
defined diagnosis (e.g. Down syndrome), it is likely that in
the future, anomalies may be classified or at least subgrouped
by genotypic differences rather than anatomic details alone.
Such distinctions may be prognostically and therapeutically
important: for example, in contrast to isolated omphaloceles,
exomphalos in Beckwith—Wiedemann syndrome is associated
with hypoglycemia, macrosomia, and increased tumor risk due
to disordered gene imprinting.”> Hence the anatomic defect
(exomphalos) becomes less important than the genetics and
its multisystem sequelae. Similarly, it is postulated that
subgroups of spina bifida may be folate resistant due to
underlying genetic/enzymatic variation.'®> Designing pre-
conceptual prophylaxis for birth defects may need to acknowl-
edge pharmacogenomically distinct subgroups to avoid
benefits within one subgroup being overlooked due to a larger
surrounding non-responder cohort.

Having a system of classification is, however, only part of
the task. Notification and classification in practice are subject
to local variations. When resources exist for expert-mediated
classification of birth defect by diagnosis, this approach to
birth defects epidemiology appears the best currently avail-
able.”* However, even some North American registries lack
clinician input in the classification/assignment of observed
birth defects. The consequence(s) of this omission for data
quality remain to be determined. In the contrasting circum-
stances of rural China, expert-led assignment of cases has
been substituted by simple photographic recording of
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Table 4.2 Birth prevalence of malformations of relevance
to pediatric surgery (1980-2007) grouped by diagnosis from
registries with full EUROCAT membership. Note rates for each
category are inclusive of cases with chromosomal lesions; (b) these
are birth prevalences (including fetal death/terminations) and not
necessarily the prevalences at pediatric surgical units.

Anomaly Live birth + fetal death +
termination/10000 births
Down 18
Hypospadias 13
Congenital hydronephrosis 8.9
Spina bifida 5.3
Edward's 3.8
Anorectal malformations 3.0
Diaphragmatic hernia 2.8
Exomphalos 2.7
OA/TOF 2.3
Gastroschisis 1.9
Bilateral renal agenesis 1.6
Duodenal atresia/stenosis 1.2
Hirschsprung's disease 0.94
Posterior urethral valves/ 0.87
prune belly
Indeterminate sex 0.76
Intestinal atresia/stenosis  0.75
Bladder extrophy/ 0.58
epispadias
CCAM 0.56
Situs inversus 0.56
Amniotic band 0.46
Biliary atresia 0.28
Conjoined twins 0.18

malformations: this system allows the registry to function but
also allows difficult cases to be assigned later after remote
assessment of images by experts.’” In addition, the photo-
graphs potentially allow the classifiers to calibrate their
judgments against those from other registries.

COUNTING OF BIRTH DEFECTS IS AFFECTED
BY THE DEFINITION OF STILLBIRTH

Birth defects epidemiology becomes difficult whenever the
classification of defects is not uniform or straightforward.
However, an equal challenge remains the counting of birth
defects. This task is complicated by practical barriers to case
ascertainment (e.g. inadequate resources), the definition of
stillbirth and the effects of prenatal diagnosis and terminations.

Recording of anomaly prevalence lies at the core of birth
defects epidemiology. To account for the unknowable
incidence of a defect among vast numbers of naturally
miscarried pregnancies, epidemiologists measure the preva-
lences of defects within a defined birth cohort; ie. the
number of live and stillborn cases of the defect, as a
proportion of all births (live and stillborn). This definition

depends on the artificial distinction between miscarriage and
stillbirth: EUROCAT’s recommendation is that spontaneous
pregnancy losses prior to 20 weeks’ gestation are counted as
miscarriages (and do not contribute to anomaly prevalence)
while similar losses at 20 weeks of gestation and beyond are
counted as stillbirths (and included in prevalence statistics).
Despite these guidelines, several countries have established
different demarcations (e.g. 24 or 28 weeks or even 500¢g
weight). Clearly some estimate of prenatal birth defects is
required to avoid seriously underestimating overall preva-
lences.’® However, the demarcation of stillbirths begins to
complicate matters. Countries where later gestational cut-off
points are used may underestimate birth defect prevalence
compared to registries where 20 weeks is used. Hence minor
changes in convention can lead to large but artificial
differences in anomaly prevalence.

While a definition of stillbirths is needed for data
collection, the sharp demarcation (whether 20 weeks or
later) also appears arbitrary from a biological perspective.
Consider a hypothetical prenatal medical therapy that
reduces the prevalence of a specific birth defect. When the
anomaly is rare (as most are), it may be difficult to determine
whether an observed reduction in prevalence is truly due to
fewer malformations or is instead due to the promotion of
earlier loss of affected pregnancies (i.e. prior to the 20 week
or other agreed margin). This latter phenomenon, termed
‘terathanasia, has even been invoked to explain how folate
supplementation reduces neural tube defect prevalence.””

Prenatal diagnosis: the greatest challenge to
birth defect epidemiology?

While classification of birth defects and definition of stillbirth
make anomaly surveillance complex, the impact of prenatal
diagnosis is arguably still more important. Prenatal diagnosis
(in particular nonspecific ultrasound screening) confounds
birth defects surveillance in a number of ways: (1) it increases
identification of birth defects within the cohort of assess-
ment (still and liveborn) by diagnosing those who may
otherwise have perished prenatally (and uncounted), or those
who may have presented beyond the neonatal period (if at
all). Consider prenatal identification of cystic lung lesions:
some would never have been diagnosed (either regressing
spontaneously or persisting asymptomatically) while even
symptomatic lesions would often have presented later
(beyond the scope of the birth defects registry); (2) prenatal
diagnosis alters antenatal management and results in termi-
nations (or fetal intervention) that affect the numbers of
birth defects being counted; most registries therefore attempt
to keep separate data on terminations for birth defects.
However, where prohibitions on termination exist, such data
becomes still harder to find; (3) prenatal diagnosis may be
inaccurate but unchecked: pathological verification after
termination may be incomplete or absent yet the diagnosis
is included in the birth defect tally; (4) resources and
expertise to perform prenatal sonography vary with location
(thereby hampering national and international comparison
of birth defects prevalences). In summary, therefore, the
apparently simple task of counting live and stillborn cases for
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birth defects surveillance is fraught with difficulty once
(a) the arbitrary definition of stillbirth is imposed and
(b) ubiquitous prenatal imaging prompts both terminations
and identification of previously occult ‘cases’

Given these challenges in data collection, epidemiologists
are aided by being able to compare a variety of surveillance
databases. Many European registries are incorporated into
the EUROCAT initiative. Similarly several other registries
feed into birth defects surveillance data furnished by the
World Health Organization (WHO). Their Birth Defects
Atlas is an interesting publication available in the public
domain (www.who.int/genomics/publications/en/). Most im-
portantly, it is instructive to read and consider the caveats
that EUROCAT and WHO place upon their data. The
interpretational issues raised highlight not only the problems
discussed in the previous sections but also allude to the
ongoing challenge of inadequate resources and expertise for
birth defects reporting. This in turn impairs the data accuracy
and may help explain insufficient action upon findings.
Recent papers in the British Medical Journal reinforce the
logistical shortcomings of birth defects reporting in the UK.*®

PEDIATRIC SURGEONS OFTEN REPORT
INSTITUTIONAL SERIES OF BIRTH DEFECTS

Given the difficulties in collecting and interpreting data from
population-based registries, it should come as no surprise
that similar issues afflict institutional series that are the staple
of pediatric surgeons’ reporting. Again, ascertainment is the
most significant problem: prenatal diagnosis, terminations,
or deaths prior to transfer of high-risk cases can give the
misleading impression that changed institutional practice is
impacting on outcome (when in fact it is pre-institutional
interventions that are changing the results). Moreover,
pediatric surgeons like to estimate disease severity in their
cohort to show that their (good) results are not simply the
product of low-risk caseload (Fig. 4.2). However, in such
circumstances it can be highly misleading to use the
frequency of interventions (e.g. decision to patch and/or
use extracorporeal membrane oxygenation (ECMO) or nitric
oxide in CDH) to estimate severity in a birth defect cohort:
use of these techniques may in fact owe more to institutional
protocols rather than any pathophysiological differences
between cases. A number of studies have highlighted that
institutional series remain subject to biases and con-
founding.” *'

THE CHALLENGE FOR MODERN PEDIATRIC
SURGERY

Despite its confounding influence on modern birth defects
surveillance, the impact of prenatal diagnosis will not
disappear. On the contrary, advances in prenatal imaging
may only serve to identify more ‘defects’ of unknown
significance. Moreover, functional fetal imaging and geno-
typing may evolve to allow better prenatal prognostication
and hence case selection for future fetal therapies.*? In the

Figure 4.2 Birth defect registries and disease severity. Birth
defect registries generally do not distinguish anomaly severity
(despite implications for service provision and outcome measures).
This gap assessment x-ray for pure esophageal atresia (EA) shows
the tip of the oral tube pressed down (upper arrow) and refluxed
contrast in the distal pouch (lower arrow). Treated by the author
with a single-stage ‘Bax’ jejunal interposition at 7 weeks of age,
this anomaly is registered just like the more common EA with
distal fistula, despite the very different management and resources
required.

midst of all these potentially exciting developments, pediatric
surgeons retain a key role: using the best available birth
defects epidemiology, we may gradually learn which defects
need what intervention and when. To achieve this, pediatric
surgeons need to keep abreast of birth defects epidemiology
and work collaboratively with other surgeons, perinatologists,
obstetricians and public health physicians. As a model for
such cooperative endeavors, the Children’s Cancer Leukemia
Group (CCLG) is led by collaborating pediatric oncologists
and surgeons: they achieve remarkably high recruitment rates
of pediatric cancer cases into multicenter trials that are
helping transform clinical management. A similar consor-
tium approach to birth defects and their surgical correction
may allow pediatric surgeons to retain a central role in this
evolving field. As a beginning, the British Association of
Paediatric Surgeons Congenital Anomalies Surveillance
System (BAPS-CASS) and the National Perinatal Epidemiol-
ogy Unit are undertaking an annual UK census of a selected
birth defect for each year. Hence, as birth defects emerge as
the leading cause of infant mortality, such projects will
establish how pediatric surgeons can work together to
understand these human healthcare problems.
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Perinatal diagnosis of surgical disease

TIPPI C MACKENZIE AND N SCOTT ADZICK

INTRODUCTION

Prenatal diagnosis has undergone an explosion of growth in
the past decade. The primary impetus for this rapid
expansion has come from the widespread use of prenatal
ultrasonography. Most correctable malformations that can be
diagnosed in utero are best managed by appropriate medical
and surgical therapy after maternal transport and planned
delivery at term. Prenatal diagnosis may influence the timing
(Box 5.1) or the mode (Box 5.2) of delivery, and in some
cases, may lead to elective termination of the pregnancy. In
rare cases, various forms of in utero therapy may be possible
(Table 5.1).

Prenatal diagnosis has defined a ‘hidden mortality’ for
some lesions such as congenital diaphragmatic hernia,
bilateral hydronephrosis, sacrococcygeal teratoma, and cystic
hygroma. These lesions, when first evaluated and treated
postnatally, demonstrate a favorable selection bias. The most

Box 5.1 Defects that may lead to induced
preterm delivery

Obstructive hydronephrosis

Gastroschisis or ruptured omphalocele

Intestinal ischemia and necrosis secondary to volvulus,
meconium ileus, etc.

Sacrococcygeal teratoma with hydrops

Box 5.2 Defects which may require cesarian
delivery

Myelomeningocele

Giant omphalocele

Large sacrococcygeal teratoma

Giant neck masses or lung lesions (EXIT procedure)

severely affected fetuses often die in utero or immediately
after birth, before an accurate diagnosis has been made.
Consequently, such a condition detected prenatally may have
a worse prognosis than the same condition diagnosed after
delivery.! The perinatal management of the patients involves
many different medical disciplines, including obstetricians,
sonographers, neonatologists, geneticists, pediatric surgeons,
and pediatricians. It is essential that the affected family be
managed using a team approach, and that information and
experience be exchanged freely.

In this chapter we discuss the prenatal diagnosis of
neonatal surgical lesions. First, a brief summary of the
diagnostic methods currently available is given, then a review
of prenatal diagnosis by organ system is presented.

Table 5.1
selected cases.

Diseases amenable to fetal surgical intervention in

Effect on
development

Malformation In utero treatment

Congenital Pulmonary Tracheal occlusion
diaphragmatic hypoplasia, and release
hernia respiratory failure

CCAM or BPS Pulmonary Thoracoamniotic

hypoplasia, shunting,
hydrops lobectomy,
steroids

Sacrococcygeal Massive Excision
teratoma arteriovenous

shunting,
placentomegaly,
hydrops

Urethral obstruction Hydronephrosis, lung Vesicoamniotic
hypoplasia shunting, laser
ablation of PUV
Closure of defect

Myelomeningocele  Damage to spinal

cord, paralysis
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ULTRASOUND

Ultrasound testing has become a routine part of the prenatal
evaluation of almost all pregnancies. It is especially important
to perform ultrasound for pregnancies with maternal risk
factors (e.g. age over 35 years, diabetes, previous child with
anatomic or chromosomal abnormality) and if there is an
elevation in maternal serum alphafetoprotein (MSAFP).
Most defects can be reliably diagnosed in the late first or
early second trimester by a skilled sonographer. Nuchal
translucency measurements are an independent marker of
chromosomal abnormalities, with a sensitivity of about
60%.> This abnormality may be detected on transvaginal
ultrasound at 10—15 weeks’ gestation, thus providing an early
test for high-risk pregnancies. Nuchal cord thickening may
also be a marker for congenital heart disease’ and may be a
valuable initial screen to detect high-risk fetuses for referral
for fetal echocardiography. It is important to remember that
sonography is operator-dependent; the scope and reliability
of the information obtained is directly proportional to the
skill and experience of the sonographer.

MAGNETIC RESONANCE IMAGING

Until recently, the long acquisition times required for
magnetic resonance imaging (MRI) were not conducive to
fetal imaging because fetal movements resulted in poor
quality images. Obtaining adequate images with the tradi-
tional spin-echo techniques required fetal sedation or
paralysis.* With the development of ultrafast scanning
techniques, the artifacts caused by fetal motion have almost
been eliminated.” This technique is now an important part of
prenatal evaluation of fetuses referred to our institution and
has greatly enhanced our ability to diagnose and treat fetal
malformations.

AMNIOCENTESIS

The first report of the culture and karyotyping of fetal cells
from amniocentesis was by Steele and Breg in 1966.° Since
then, it has become the gold standard for detecting fetal
chromosomal abnormalities by karyotyping. It is usually
performed at 15-16 weeks’ gestation and involves a very low
risk of fetal injury or loss. Attempts at early amniocentesis
(11-12 weeks’ gestation) have been complicated by a higher
pregnancy loss, increased risk of iatrogenic fetal deformities,
and increased postamniocentesis leakage rate.” For this
reason, the most reliable method for first trimester diagnosis
remains chorionic villus sampling. Our ability to detect
particular mutations associated with single gene disorders as
well as syndromes such as 22q deletion continues to improve.

CHORIONIC VILLUS SAMPLING

Chorionic villus sampling (CVS) may be performed at 10—14
weeks’ gestation and involves the biopsy of the chorion

frondosum, the precursor for the placenta. Either a transcer-
vical or transabdominal approach may be used, both under
ultrasound guidance. The cells obtained may be subjected to
a variety of tests including karyotype, genetic probes, or
enzyme analysis. Due to the high mitotic rate of the chorionic
villus cells, results for karyotyping may be obtained in less
than 24 hours. Disadvantages include diagnostic errors due
to maternal decidual contamination or genetic mosaicism of
the trophoblastic layer of the placenta. When preformed by
experienced operators, the pregnancy loss rate is equivalent
to second trimester amniocentesis.

BIOCHEMICAL MARKERS

Maternal blood and amniotic fluid can be screened for the
presence of various biochemical markers that indicate fetal
disease. About two-thirds of women in the United States
currently undergo screening for Down syndrome and other
chromosomal abnormalities with the ‘triple test, which
includes measuring serum alpha-fetoprotein with human
chorionic gonadotropin and unconjugated estriol.” This
screening is performed in the early second trimester, and
the detection rate for Down syndrome is 69%, with a
5% false positive test.'” A positive result on the serum
screening test indicates a need for chromosome analysis by
amniocentesis.

PERCUTANEOUS UMBILICAL BLOOD SAMPLING

Obtaining umbilical venous blood can also be used to
determine the karyotype and diagnose various metabolic
and hematological disorders. The procedure is performed at
around 18 weeks’ gestation under ultrasound guidance.
Karyotype results may be obtained within 24—48 hours. In
various large series, the mortality from the procedure has
been reported to be 1-2%, with increasing mortality with
long procedure times and multiple punctures.'' *?

FETAL CELLS IN THE MATERNAL CIRCULATION

Since the advent of fluorescence-activated cell sorting
(FACS), there has been growing interest and progress in
detecting circulating fetal cells or cell-free nucleic acids in
maternal blood for diagnostic purposes.'* While the number
of intact cells in the circulation is limited, amplification of
fetal cell-free nucleic acids using real-time polymerase chain
reaction (PCR) has growing utility in early prenatal diag-
nosis.'” Fetal DNA can be detected reliably by 9 weeks and
increases with gestational age.'® This method can be used for
gender determination in the first trimester (if Y chromosome
sequences are found the fetus is male and if not, is assumed
to be female) and can thus be helpful in counseling for
X-linked disorders. Rhesus factor determinations are also
accurate and can avoid unnecessary treatment of Rh-negative
mother if the fetus is also negative. In the future, it may
be expanded to detecting paternally inherited single gene
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mutations. Although this is an extremely promising area of
investigation, there are currently significant limitations in
distinguishing fetal from maternal DNA. Therefore, invasive
testing remains the standard of care for prenatal diagnosis of
aneuploidies and other genetic abnormalities.

PRENATAL DIAGNOSIS OF SPECIFIC SURGICAL
LESIONS

Neck masses

Fetal airway obstruction could be a result of extrinsic
compression of the airway by lesions such as cervical teratoma
or cystic hygroma, or intrinsic defects in the airway such as
congenital high airway obstruction syndrome (CHAOS).
Although large congenital neck masses causing airway ob-
struction previously carried an enormous perinatal mortality,'”
the advent of the ex utero intrapartum treatment (EXIT)
procedure'®' has improved their outcome by providing a
means of controlling the airway during delivery and converting
an airway emergency into an elective procedure (Fig. 5.1).
Cystic hygroma diagnosed in utero is a severe diffuse
lymphatic abnormality which is frequently associated with
hydrops, polyhydramnios, and other abnormalities.”® Chro-
mosomal abnormalities are very common (62% overall) with
the most common being Turner’s sydrome.”' There are two
groups of prenatally diagnosed cervical lymphangiomas:
those diagnosed in the second trimester are usually in the
posterior triangle of the neck, have a high incidence of
associated abnormalities, and carry a very poor prognosis.*®
Those diagnosed later in gestation are most often isolated
lesions and generally do not lead to hydrops. Hydrops is an
ominous finding in fetuses with cystic hygroma,'” as is the
presence of aneuploidy and septations in the mass.”
However, fetuses with normal karyotype, non-septated

Figure 5.1 Ex utero intrapartum treatment (EXIT) procedure
for giant neck mass.

masses, and no evidence of hydrops may have a good
prognosis.** Therefore, it is important to monitor the fetus
for development of hydrops by serial evaluations. Some
fetuses with neck masses also have severe pulmonary
hypoplasia with its attendant morbidities and this possibility
should be addressed during prenatal counseling.>

Teratomas are asymmetrical lesions which are frequently
unilateral, with well-defined margins. They may also be
multiloculated, irregular masses with solid and cystic com-
ponents. Most teratomas contain calcifications. MRI is a very
useful adjunct to ultrasound in evaluating giant neck masses.
We have used it successfully for showing the relationship of
the mass to the airway in preparation for EXIT procedure.*
T1-weighted images may help differentiate teratomas from
lymphangiomas.*’

The EXIT procedure, originally designed for removal of
tracheal clips,'® has proven life-saving for many fetuses with
giant neck masses.'”***® This procedure involves performing
a maternal hysterotomy and obtaining control of the fetal
airway while the fetus remains on placental support. In order
to prevent uterine contractions during the procedure, the
mother is given inhalational anesthetic and tocolytics, warm
saline is infused through a level I device, and only the head
and shoulders of the fetus are delivered. After attaching a
pulse oximeter to the fetal hand to monitor heart rate and
oxygen saturation, direct laryngoscopy and, if possible,
endotracheal intubation is performed. If the airway cannot
be secured in this way, a rigid bronchoscope is inserted to
determine the anatomy. If secure airway establishment is still
unsuccessful, a tracheostomy can be performed. After secur-
ing the airway, surfactant is administered for premature
fetuses, the cord is clamped, and the infant is taken to an
adjacent operating room for resuscitation and possible
immediate resection of the mass. In our review of the EXIT
procedure,”® 31 fetuses underwent the procedure with
30 survivors. In 25 patients, endotracheal intubation was
accomplished, five patients needed a tracheostomy, and one
patient expired due to parental refusal for a tracheostomy.

The EXIT procedure has also been useful in the perinatal
resuscitation of fetuses with a range of anomalies expected to
cause hemodynamic compromise at birth, such as giant lung
masses (EXIT to congenital cystic adenomatoid malformation
(CCAM) resection),”® CHAOS,*' severe congenital heart
disease with congenital diaphragmatic hernia (CDH) (EXIT
to extracorporeal membrane oxygenation (ECMO)),** and
even thoracopagus conjoined twins with a single functioning
heart.”® One important caveat in its use is communication
between the surgery and anesthesia teams: deep inhalational
anesthesia (necessary to maximize uteroplacental blood flow)
can predispose to extensive maternal bleeding, as was recently
reported.*

Sacrococcygeal teratoma

Sacrococcygeal teratoma (SCT) is the most common new-
born tumor, occurring in 1/35000—40 000 births.>® The
American Academy of Pediatrics Surgical Section (AAPSS)
classification®® defines four types with differing prognoses:
type 1 tumors are external, with at most a small presacral
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component and carry the best prognosis; type 2 tumors
are predominantly external with a large intrapelvic portion;
type 3 lesions are predominantly intrapelvic with abdominal
extension with only a minor external component; and type 4
lesions are entirely intrapelvic and abdominal. The latter have
the worst prognosis since they are difficult to diagnose,
sometimes less amenable to surgical resection, and are
frequently malignant at the time of diagnosis because of
the delay in diagnosis. Overall, prenatally diagnosed SCT has
a worse prognosis than those diagnosed at time of birth.

On prenatal ultrasound, SCT appears as a mixed solid and
cystic lesion arising from the sacral lesion. The tumor
frequently contains calcifications. Since there is acoustic
shadowing by the fetal pelvic bones, it is not always possible
to determine the most cephalad portion of the tumor by
ultrasound. Ultrafast fetal MRI is superior,””*® since it can
determine the intrapelvic dimensions of the tumor as well as
the presence of hemorrhage (Fig. 5.2). Those fetuses with
mainly solid and highly vascular SCT have a higher risk of
developing hydrops.”>*° High output cardiac failure may
occur as a result of the hemodynamic effects of the large
blood flow to the tumor*"** and anemia from hemorrhage
into the tumor may compound this problem. In severe cases,
the mother with placentomegaly develops ‘mirror syndrome,
a severe pre-eclamptic state with vomiting, hypertension,
proteinuria, and edema. This phenomenon may be mediated
by the release of vasoactive compounds from the edematous
placenta. As with other fetal masses, the development of
hydrops is a grave sign, with almost 100% mortality without
fetal intervention.*>**

Figure 5.2
geal teratoma.

Magnetic resonance imaging of large sacrococcy-

The prediction of which fetuses with SCT are at highest risk
for developing hydrops is therefore the crucial issue in
prenatal management. A thorough prenatal evaluation with
ultrasound (US), MRI, and fetal echocardiography is im-
portant in defining such a group. In a series of 23 cases seen at
the Children’s Hospital of Philadelphia (CHOP) between
2003 and 2006," we observed that rapid tumor growth
(> 150 cm’/week) identifies a group of fetuses with a higher
risk of prenatal mortality. The combined cardiac output
(CCO) correlates with tumor growth, with those fetuses
> 600 mL/kg per min portending a higher risk of complica-
tions. The solid component of the mass is an important
prognostic indicator: a recent report showed that when the
solid tumor volume is normalized to the head volume, fetuses
with a ratio <1 all survive whereas those with a volume >1
have 61% mortality.*® A similar classification scheme based
on size, growth, and vascularity has also been reported.*’

Prenatal interventions for SCT include cyst aspiration
(for those with a dominant cystic component), amnioreduc-
tion (for those with severe, symptomatic polyhydramnios
with an amniotic fluid index (AFI)>35), amnioinfusion
(for those with bladder outlet obstruction, to facilitate
placement of a vesioamniotic shunt), or open fetal surgery
for resection of the mass. In our current management
algorithm, the latter option should only be considered for
fetuses with impending high output failure, rapid growth,
type I lesion amenable to resection, and gestational age
between 20 and 30 weeks. Since our initial report of the first
successful case of fetal SCT resection,*® we have reported four
additional cases, with three survivors.*” One patient died
postoperatively due to cardiac failure from indomethacin-
mediated closure of the ductus arteriosus. Other complica-
tions included an embolic event leading to renal agenesis and
jejunal atresia (one), chronic lung disease (one), and tumor
recurrence (one). Minimally invasive prenatal interventions
such as laser vessel ablation and alcohol sclerosis have been
reported for the management of hydropic fetuses, albeit with
limited success (6/7 in utero or neonatal deaths).”® For fetuses
older than 30 weeks and impending hydrops, emergent
delivery with postnatal resection should be considered. The
combined perinatal mortality from both of our recent series
is 43% (19/44) excluding terminations,” illustrating the
severity of this disease.

CONGENITAL CHEST LESIONS

CCAM and bronchopulmonary sequestration

CCAM represents a spectrum of disease characterized by
cystic lesions of the lung.”’ Macrocystic lesions are larger
than 5mm in diameter and may be solitary cysts that grow to
several centimeters (Fig. 5.3). Microcystic disease has
multiple cystic lesions less than 5mm in diameter. Prenatal
US can generally distinguish individual cysts in macrocystic
disease while microcystic lesions usually have the appearance
of an echogenic, solid lung mass.”> Bronchopulmonary
sequestration (BPS) is an aberrant lung mass which is
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Figure 5.3 Ultrasound image of large congenital cystic adeno-
matoid malformation following the placement of a thoracoamniotic
shunt. L, lung.

non-functional and usually has a systemic blood supply. It
may be difficult to distinguish microcystic CCAM from
BPS on US. Indeed, there is growing evidence that the two
lesions may be related embryologically, with several reported
cases of hybrid lesions which have CCAM-like architecture
and a systemic blood supply.”>** Some of these lesions may
decrease in size or ‘disappear’ altogether during fetal life>® but
postnatal evaluation is still warranted to detect residual
disease for resection®® because of the risk of pulmonary
infections and the development of tumors such as pleur-
opulmonary blastoma.

MRI is useful in delineating normal lung from abnorma
In CCAM, the number and size of cysts contribute to the
signal intensity on T2-weighted images.” MRI can also define
BPS from surrounding lung due to its high signal intensity and
homogeneous appearance.”” To date, ultrasound has been
more accurate in demonstrating systemic feeding vessels. MRI
may also be helpful in making the correct diagnosis in cases
where US is ambiguous. In a series of 18 lung lesions which
were viewed with both US and MRI, multiple chest abnorm-
alities were misdiagnosed as CCAM on the US, including
CDH, tracheal atresia, pulmonary agenesis, neurenteric cyst,
bronchial stenosis, and BPS.”” MRI helped form the correct
diagnosis in these cases and was thus crucial for perinatal
management.

Polyhydramnios is a frequent accompanying finding in
fetuses with large chest masses. This is likely due to
esophageal compression caused by the large thoracic mass,
decreasing the fetal ability to swallow amniotic fluid.”® The
most important prognostic indicator in fetuses with CCAM
is the development of hydrops. Hydrops is secondary to
obstruction of the vena cava or cardiac compression from
extreme mediastinal shift.”> Historically, the development of
hydrops has indicated a grave prognosis with 100% mortal-
ity’® and it is important to predict which fetuses are at high
risk for this complication. The volume of the CCAM
compared to the head circumference (CCAM volume ratio,
CVR) is an important prognostic indicator: fetuses with a
CVR greater thanl.6 are more likely to develop hydrops.®

1.57

For fetuses with large macrocystic CCAMs with a
dominant cyst, or large pleural effusion causing pulmonary
hypoplasia, thoracoamniotic shunting may be life-saving: in
our series of 19 high-risk fetuses who underwent prenatal
shunt placement,®" survival was 67% (6/9) in the pleural
effusion group and 70% (7/10) for the CCAM group, with an
average age of delivery at 334+ weeks. However, we have
reported an increased risk of chest wall anomalies if shunts
are placed prior to 20 weeks’ gestation.®?

Fetuses with large microcystic CCAMs (thus not amen-
able for shunting) and signs of hydrops are more proble-
matic. After 32 weeks’ gestation, delivery with immediate
resection is the optimum management. In fact, given the
high risk of perinatal circulatory collapse secondary to
mediastinal shift and inability to ventilate, we currently
perform an EXIT procedure with resection of the mass on
placental support.’® EXIT to ECMO strategy for severe
masses has also been described.”> For those fetuses
<32 weeks with hydrops, open fetal surgery with thoracot-
omy and resection of the mass may be offered at select
centers. At CHOP, we have performed 24 cases of in utero
resection of fetal lung lesions for hydrops between 21 and
31 weeks’ gestation.”* There were 13 healthy survivors, all of
whom had resolution of hydrops at 1-2 weeks after the
operation. Eleven fetuses had in utero demise, with six
intraoperative deaths. Intraoperative hemodynamic compro-
mise secondary to acute changes in cardiac output upon
delivery of the mass has led us to adopt a method of
continuous intraoperative cardiac monitoring, with volume
resuscitation of the fetus and administration of atropine
prior to thoracotomy.®* Grethel and colleagues have reported
a similar experience at the University of California, San
Francisco (UCSF), in which open resection of the mass in
fetuses with hydrops led to the survival of 15 of 30 fetuses.®
While minimally invasive methods such as intrathoracic YAG
laser therapy have been described,” technical limitations
leading to damage to adjacent normal lung and ribs should
prohibit offering such treatments until proven in animal
models.

The recognition that maternal administration of steroids
can reverse hydrops has been an exciting new development in
the antenatal management of CCAM, with survival of all three
hydropic fetuses in the initial report.®” The experience at
CHOP has also been favorable:®® eleven fetuses (ten micro-
cystic, one macrocystic) were given maternal betamethasone,
with survival of all five hydropic fetuses and all seven fetuses
with CVR >1.6 (compared to a mortality of 100 and 56%,
respectively, in historical controls). Only one patient still
needed fetal intervention while one needed resection on EXIT
due to large size of the mass; the remaining nine fetuses
underwent vaginal delivery with postnatal resection without
complication. The salutary effects of steroids cannot simply
be ascribed to reductions in the size or rate of growth of the
CCAM as there was variable growth in these patients and a
natural growth plateau is well-described.”***”°  Further
studies into the basic biology of CCAM to understand how
steroids may influence alveolar maturation or hydrops are
areas of active research interests in many laboratories.
However, a recent report on the experience with 15 fetuses
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with large CCAM who received steroids’' did not show a
beneficial effect in 6/13 hydropic fetuses, while three addi-
tional fetuses in the group of initial responders still needed
fetal intervention (two thoracoamniotic shunts, one open
fetal surgery). Our current algorithm for the management of
hydropic fetuses with CCAM prior to 32 weeks is to
administer steroids with close observation and open lobect-
omy if hydrops fails to resolve.

Congenital diaphragmatic hernia

Herniation of abdominal viscera into the chest in utero occurs
most commonly due to failure of the pleuroperitoneal folds to
fuse normally. The left side is affected five times more
commonly than the right. The ultrasonographic diagnostic
criteria include herniated abdominal viscera, abnormal upper
abdominal anatomy, mediastinal shift away from the side of
herniation, and, in severe cases, polyhydramnios. The extent of
pulmonary hypoplasia is proportional to the timing of
herniation, the size of the diaphragmatic defect, and the
amount of viscera herniated. Despite earlier impressions that
CDH was infrequently associated with other serious congenital
lung lesions, recent reports state that other major anomalies
occur in 10-50% of cases, including a high proportion of
chromosomal abnormalities and cardiac anomalies.

Distinguishing CDH from other congenital chest condi-
tions and gastrointestinal lesions can be difficult. The presence
of abdominal contents intrathoracically on a transverse
sonographic scan at the level of a four-chamber view of the
heart is required for diagnosis. In the case of a right-sided
defect, the presence of liver, and especially gallbladder, in the
chest makes the diagnosis more clear cut. MRI is superior in
defining the position of the liver in CDH (above or below the
diaphragm), which carries important prognostic significance
(Fig. 5.4).”>” MRI is also better at determining the exact
diagnosis, when ultrasound may mistake CDH for congenital
lung masses. Since the extent of pulmonary hypoplasia is an
important prognostic indicator, MRI has the potential to
become a very useful tool for more accurate measurement of
hypoplastic and contralateral lung volumes as well as the
extent of liver herniation.”* 7

The best predictor of outcome in CDH has been the right
lung to head circumference ratio (LHR), defined as right lung
area (measured at the level of the transverse four-chamber
cardiac view) divided by head circumference (Fig. 5.5).”” The
utility of LHR in predicting survival has been validated
prospectively’® and in a recent multicenter trial,”® with
LHR <1 portending a very poor prognosis. The position
of the liver is an independent prognostic indicator. For
example, in our experience, fetuses who have an intrathoracic
liver (‘liver up’) need ECMO more frequently than those with
the liver down (80 versus 25%) and have a higher mortality
(45 versus 93%).* Given the age-related changes in normal
lung area compared to head circumference through gestation,
another commonly used approach is to normalize the LHR to
the expected mean LHR for that gestational age, thus
obtaining an ‘observed to expected’ ratio.®' Furthermore,
the timing of these measurements is important and the

Figure 5.4 Magnetic resonance imaging of a congenital
diaphragmatic hernia showing liver (L) and stomach (S) in the chest.

Figure 5.5 Ultrasound of congenital diaphragmatic hernia at
the level of the transverse four-chamber view of the heart (H)
showing measurements used for LHR calculation on the right
lung (L).

‘prognostic LHR’ should be measured between 24 and 28
weeks’ gestation. Right-sided CDH is less common than on
the left, but is a more severe disease with a particularly high
rate of prenatal complications such as polyhydramnios,
premature rupture of membranes, and preterm labor.*
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The realization that infants with severe CDH succumb to
pulmonary hypertension (more so than pulmonary hypo-
plasia) has fueled interest in measuring prenatal surrogates
of this parameter to guide counseling and management.
Fetal echocardiography may be used to measure pulmonary
artery diameter,”>® peak early diastolic reversed flow
velocity,®” as well as pulmonary artery reactivity to maternal
hyperoxygenation.®®

The strategy for in utero treatment of CDH has undergone
many permutations in the last two decades, with the current
approach involving tracheal occlusion using a percutaneous,
fetoscopically placed balloon (FETO) and subsequent reversal
of occlusion prior to delivery (reviewed in Refs 87 and 88).
The basis for this approach is the recognition that fetal
tracheal occlusion leads to compensatory lung growth due to
decrease in lung liquid egress, as confirmed in lamb models
of CDH.*” Given the embryology of lung growth, occlusion
earlier in gestation, prior to the pseudoglandular stage of
lung development, may lead to more reliable lung growth.
The outcome in fetuses after tracheal occlusion has been
favorable in both the lamb model® and in initial clinical
reports.””> Although a subsequent randomized clinical trial
comparing prenatal tracheal occlusion (using a clip or
balloon, but without reversal) did not show a treatment
benefit,”” this may have been secondary to a generous
inclusion criteria (LHR <1.4) as well as preterm labor, still
the Achilles heel of fetal surgery. Furthermore, reversal of
occlusion may confer more benefit. The European experience
with fetal occlusion and reversal has been quite favorable.
Deprest and colleagues reported on 24 fetuses (LHR <1,
liver up) that underwent FETO between 26 and 28 weeks,
with 12 undergoing reversal at 34 weeks and 12 undergoing
delivery via EXIT.”* Survival to discharge was 50% overall
(83% in the in utero reversal group; 33% in the EXIT group)
compared to 9% in historical controls with the same disease
severity. The mean gestational age at delivery was 33.5 weeks
although preterm premature rupture of membranes
(PPROM) was still seen in 17% of patients at 28 weeks and
33% at 32 weeks. A similar approach is also currently offered
at UCSF for fetuses with LHR = 1.0 with liver up.

GASTROINTESTINAL LESIONS

Esophageal and bowel atresias
Esophageal atresia is typically diagnosed on prenatal ultra-
sound by the presence of a small or absent stomach bubble
and polyhydramnios, but no ultrasound finding is sensitive
or specific for esophageal atresia.”” Esophageal atresia is
associated with anatomic and chromosomal abnormalities in
63% of cases,”® most notably trisomy 18 and VACTERL
(vertebral anomalies, anal atresia, cardiac anomalies, tracheo-
esophageal fistula, renal agenesis, and limb defects).
Duodenal atresia has a characteristic ‘double bubble’
appearance on prenatal ultrasound, resulting from dilatation
of the stomach and proximal duodenum. The incidence of
associated malformations is high (57% in one recent
series”’ (classically with Down syndrome and endocardial

cushion defects) and those who are prenatally diagnosed
are more likely to have associated anomalies.”” In a recent
review of all small intestinal atresias, Hemming et al®®
reported that 25% have chromosomal anomalies and 25%
have other structural anomalies.

There are many bowel abnormalities which may be noted
on prenatal ultrasound (dilated bowel, ascites, cystic masses,
hyperperistalsis, polyhydramnios); however, none is abso-
lutely predictive of postnatal outcome. Patients with obstruc-
tion frequently have findings of increased bowel diameter
(especially in the third trimester), hyperperistalsis, or poly-
hydramnios, but ultrasound is much less sensitive in
diagnosing large bowel anomalies than those in the small
bowel.” Since the large bowel is mostly a reservoir, with no
physiologic function in utero, defects in this region, such as
anal atresia or Hirschsprung’s disease, are very difficult to
detect, although low MSAFP may be a marker for anal
atresia.'”” Bowel dilatations may be associated with cystic
fibrosis; therefore, all such fetuses should undergo postnatal
evaluation for this disease.”’

ABDOMINAL WALL DEFECTS

Omphalocele is thought to be secondary to failure of the
abdominal viscera to return to the abdomen in the 10th week
of gestation.'”" It characteristically has a viable sac composed
of amnion and peritoneum containing herniated abdominal
contents. The defect is in the midline, usually near the
insertion point of the umbilical cord. Ultrasound may
demonstrate the internal viscera and sometimes the liver
within the sac. Ascites may also be present. Since chromo-
somal and structural abnormalities are very common in
omphalocele (cardiac and renal anomalies, chromosomal
anomalies including Beckwith—Wiedemann syndromes and
Pentalogy of Cantrell), fetuses with this defect should be
screened by karyotype in addition to a detailed sonographic
review and echocardiogram.'®® Omphalocele is rarely seen as
part of the omphalocele, extrophy of the bladder, imperforate
anus, and spinal anomalies (OEIS) sequence,'® requiring
multiple operations with considerable morbidity Patients
with giant omphaloceles (containing predominantly liver,
with a defect >5cm) can have a prolonged course with high
long-term morbidity, especially with respiratory and feeding
difficulties.'*

Gastroschisis is more often an isolated lesion with a right
para-umbilical defect.'”> There is no membrane covering
the exposed bowel. On ultrasound, the bowel appears free-
floating and the loops may appear thickened due to peel
formation from exposure to amniotic fluid (Fig. 5.6).
Dilated loops of bowel may be seen from obstruction
secondary to protrusion from a small defect or from the
presence of an atresia, seen in 8—10% in most series. The
pathophysiology of bowel damage is likely due to amniotic
fluid exposure and bowel constriction, the latter leading to
ischemia and venous obstruction.'®'% There is a high rate
of in utero fetal demise,'”” highlighting the need for careful
serial monitoring once the diagnosis is made. Many infants
have intrauterine growth retardation: 70% are below the
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Figure 5.6 Ultrasound of fetus with gastroschisis with cross-
marks showing the abdominal wall defect and arrow indicating
extra-abdominal bowel.

50th percentile at birth (this number is overestimated on
prenatal measurements, since the abdominal cavity is small
because of the defect).!?

Predicting outcome in fetuses with gastroschisis based on
prenatal ultrasound findings remains a challenge. Analysis of
infants with gastroschisis has led to the definition of two
groups of patients: simple (isolated gastroschisis, very low
mortality) versus complex (those who also have bowel
atresias, perforation, volvulus, or bowel necrosis and a higher
mortality (28% in Ref. 108; 8.7% in Ref. 109)). It is therefore
crucial to develop prenatal diagnostic criteria for prediction
of postnatal outcome. In addition, the timing of delivery has
been an unanswered question: the urgency to prevent in utero
bowel damage must be tempered with the risks of prema-
turity in these infants, many of whom are small for
gestational age. Both ultrasound and biochemical character-
istics have been examined to address this issue. Examination
of amniotic fluid for markers of fetal distress such as
"9 and B-endorphin''' may carry prognostic
significance but is not currently used in clinical practice.
Ultrasound characteristics such as bowel dilatation, bowel
wall thickening, and mesenteric flow have been studied by
many groups as possible prognostic indicators. We recently
reviewed our experience with 64 cases of gastroschisis seen at
CHOP between 2000 and 2007.''* Fifty-three were simple
and 11 were complex (17%). There were three in utero
mortalities (two fetal demises and one termination) with an
overall postnatal mortality of 9%. Interestingly, prenatal
ultrasound findings were not predictive of the postnatal
course for any of the parameters examined (simple versus
complex, primary versus silo, hospital length, time to enteral
feedings, etc).

The question of whether Cesarian section delivery would
protect the exposed bowel from further damage during
delivery has been considered but does not appear to confer
any outcome benefit."'>''* Thus, the mode of delivery for

meconium

abdominal wall defects can be vaginal except in cases of giant
omphalocele, in whom the risk of liver rupture and dystocia
mandate a Cesarian section. The issue of whether transport
prior to delivery impacts outcome (secondary to ongoing
ischemia and damage to the exposed intestines during
transport) has also been studied and, interestingly, does not
appear to make a difference in one series.''” Our current
strategy for management is serial ultrasounds to monitor for
signs of fetal distress, with planned delivery at term and
either primary or silo closure.

PRENATAL DIAGNOSIS OF RENAL ANOMALIES

Prenatally diagnosed hydronephrosis (HN) represents a
broad spectrum of diseases with widely disparate prognoses
(reviewed in Ref. 116). The ultrasound findings of HN
include dilated renal pelvis and calyces, with or without
dilatation of the bladder and ureter, depending on the cause
of HN (Fig. 5.7). The Society for Fetal Urology defines
four grades with increasing severity, with grade 1 being split
pelvis only, and grade 4 being dilated pelvis with distended
calyces and thinned parenchyma.''” In addition, an anterior-
posterior diameter >10mm has been suggested as being
predictive of fetuses who will need some postnatal interven-
tion.''® The differential diagnosis of prenatal hydronephrosis
includes ureteropelvic junction (UPJ) obstruction, multi-
cystic kidney, primary obstructive megaureter, ureterocele,
ectopic ureter, and posterior urethral valves.""” Severe,
bilateral hydronephrosis leads to oligohydramnios with a
fetus small for gestational age. Because of the lack of amniotic
fluid, ultrasound diagnosis may be difficult and MRI may
help define the cause of hydronephrosis.”

Figure 5.7 Ultrasound of hydronephrosis showing enlarged
bladder (BL), compressed renal parenchyma (K), and dilated renal
pelvises (P).
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UPPER URINARY TRACT OBSTRUCTION

The most common cause of prenatal HN is UPJ obstruction.
The prognosis of prenatally diagnosed HN is excellent, if there
is unilateral disease'*® and if the renal pelvic diameter is less
than 10 mm.'?! In one large series, 80% were normal at three
years and 17% were normal at birth, suggesting spontaneous
resolution of the problem.'”” Only 17% needed surgical
intervention. Prenatally diagnosed HN requires follow-up
with ultrasound at birth and at one month. If there is any
evidence of abnormality, a voiding cystourethrogram, and
diuretic renal scintigram should be performed.'*’

LOWER URINARY TRACT OBSTRUCTION

The most common cause of lower urinary tract obstruction is
posterior urethral valves (PUV); it is also seen in prune belly
syndrome and urethral atresia.'** The most important factor
in the morbidity and mortality from fetal urethral obstruc-
tion is pulmonary hypoplasia secondary to oligohydram-
nios.'* For patients with posterior urethral valves, prenatal
diagnosis defines a subgroup of patients with very poor
prognosis, with 64% incidence of renal failure and transient
pulmonary failure, compared to 33% in the postnatally
diagnosed group.'?® Serial fetal urine analysis may provide
prognostic information in this group of fetuses. Drainage of
the bladder three times at 48-72 hour intervals with
measurement of sodium, chloride, osmolality, calcium, a-2
microglobulin, and total protein should be performed to
determine renal function. In this strategy, the later taps
indicate the characteristics of recently produced urine and a
decrease in the electrolytes, proteins, and tonicity correlate
with a favorable outcome.'**

The rationale for prenatal intervention originates from
sheep models of the disease, in which bladder outlet
obstruction in fetal lambs reproduced the pulmonary
hypoplasia and renal dysplasia seen in patients with bilateral
obstructive uropathy.'*” Correction of the obstruction led to
normal lung growth."”® Fetal intervention in prenatal
obstructive uropathy is only warranted in male fetuses with
oligohydramnios, bladder distention, and bilateral hydrone-
phrosis (with no other abnormalities), who have improving
urine profiles with serial bladder drainage.'”” In female
fetuses, lower urinary tract obstruction (LUTO) is generally
part of a complex cloacal anomaly and fetal intervention has
not been beneficial. Male fetuses may be considered for
vesico-amniotic shunting or fetal cystoscopy with cystoscopic
ablation of posterior urethral valves."** More recently, fetal
microcystoscopy and mechanical disruption has been re-
ported.””" This method is promising in that it provides a
more physiologic method for bladder drainage.

Although vesico-amniotic shunting in a fetus with oligo-
hydramnios can be technically challenging, the survival
benefit of prenatal shunting in carefully selected populations
of fetuses has been reported, with 43% of patients having
normal renal function two years after birth.'"*> We recently
reported our series of 18 patients who had vesico-amniotic
shunts for PUV (seven), prune belly syndrome (seven) and

urethral atresia (four).'”® Eight patients have good renal
function, four have mild renal insufficiency, and six required
hemodialysis with subsequent transplantation. Respiratory
problems and frequent urinary tract infections were seen in
eight and nine patients, respectively. While short-term
outcomes are variable in different reports,'** a recent meta-
analysis'>* determined that in utero drainage improved
survival compared to postnatal management alone in the
group of fetuses with poor prognosis. Patients who have been
shunted can still die from pulmonary hypoplasia as well as
renal failure. Given the need to select only those fetuses that
would benefit from fetal intervention, a randomized con-
trolled trial for prenatal management of LUTO (PLUTO) is
currently under way in Europe.'>

MYELOMENINGOCELE

Myelomeningocele (MMC) is a neural tube defect character-
ized by the protrusion of the spinal cord and meninges
through open vertebral arches. It is the most common form
of spina bifida, which affects one in 2000 births per year.
Maternal serum testing identifies 75-80% of pregnancies
with MMC by 16 weeks of age.'*® If an increase in serum
alphaprotein (AFP) is noted, amniocentesis is performed to
assess amniotic fluid AFP and acetycholinesterase to confirm
the diagnosis."”” The ultrasound characteristics include the
‘lemon’ and ‘banana’ signs which are scalloping of the frontal
bone and abnormal anterior curvature of the cerebellar
hemispheres, respectively.'”® Most fetuses have an associated
Arnold—Chiari malformation, characterized by the caudal
displacement of the vermis and cerebellum with midbrain
herniation through the foramen magnum. Ultrasound con-
firmation can be made as early as 18 weeks, which allows
localization of the defect as well as assessment of limb
function, the presence of clubbing or of the Arnold—Chiari
malformation (Fig. 5.8).

Figure 5.8 Ultrasound of fetus with myelomeningocele
showing the sac (crossmarks) over the spinal defect (arrow).
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Figure 5.9 Magnetic resonance imaging of fetus with
myelomeningocele showing hindbrain herniation (arrow).

Analysis of the potential benefits of fetal repair of MMC has
been accomplished in sheep models of the defect,'****! thus
providing a compelling reason for in utero repair, the first non-
lethal disease to be considered for this treatment. The goals of
fetal repair are to prevent the chemical and mechanical trauma
to the exposed spinal cord, to resolve the hindbrain herniation
frequently seen with this defect, to decrease the need for
postnatal ventriculoperitoneal shunt, and to allow time for
possible neural regeneration after repair. We reported the first
open repair of fetal MMC which led to improved neurological
outcome'** and resolution of the Arnold—Chiari malforma-
tion (Fig. 5.9). Long-term analysis of patients who underwent
in utero repair has indicated that this may lead to a decreased
need for ventriculoperitoneal shunting'**'** as well as im-
proved brainstem function'*’ and neurodevelopmental out-
comes.'*® The initial promising observations have led to the
institution of a randomized clinical trial comparing prenatal
repair to postnatal treatment alone. This trial is partly funded
by the National Institutes of Health in the United States and is
called the Management of Myelomeningocele Study (MOMS).
It is currently underway at CHOP and UCSE If fetal repair is
not performed, fetuses with MMC should be delivered by
planned Cesarian section to avoid trauma to the cord during
the birth process.'*”'*®

CONCLUSIONS

Prenatal ultrasound has led to a rapid increase in the number
of pediatric surgical conditions diagnosed in utero. Prenatal
detection and serial sonographic study of fetuses with
anatomic lesions now make it possible to define the natural
history of these abnormalities, determine the pathophysiolo-
gic causes that affect outcome, and formulate management
based on prognosis. Since many congenital anomalies are

associated with others, it is important to perform a careful
ultrasound evaluation and karyotype analysis when one
abnormality is discovered.

Careful evaluation of patients followed pre- and post-
natally, as well as studies of congenital defects in animal
models, has defined select populations of fetuses who may
benefit from prenatal intervention. In most cases, these are
fetuses that would not be expected to survive the prenatal
period given the natural history of their disease. Further
progress in prenatal diagnosis and monitoring as well as
continued re-evaluation of outcomes will doubtless tune our
current algorithms regarding the management of these
congenital anomalies. Pediatric surgeons have a unique
opportunity to continue to shape this exciting field in the
new millennium.
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Fetal counseling for surgical malformations

KOKILA LAKHOO

INTRODUCTION

CONGENITAL MALFORMATION

Pediatric surgeons are often called to counsel parents once a
surgical abnormality is diagnosed on a prenatal scan. The
referral base for a pediatric surgeon now includes the
perinatal period. Expertise in surgical correction of con-
genital malformations may favorably influence the perinatal
management of prenatally diagnosed anomalies by changing
the site of delivery for immediate postnatal treatment,
altering the mode of delivery to prevent obstructed labor or
hemorrhage, early delivery to prevent ongoing fetal organ
damage, or treatment in utero to prevent, minimize or reverse
fetal organ injury as a result of a structural defect."”
Crombleholme et al.’ have confirmed the favorable impact
of prenatal surgical consultation in influencing the site of
delivery in 37% of cases, changing the mode of delivery by
6.8%, reversing the decision to terminate a pregnancy by
3.6%, and influencing the early delivery of babies by 4.5%.

The pediatric surgeon performing prenatal consultations
must be aware of differences between the prenatal and
postnatal natural history of the anomaly. There is often a
lack of understanding of the natural history and prognosis of
a condition presenting in the newborn and the same
condition diagnosed prenatally.*”

The diagnosis and management of complex fetal anoma-
lies require a multidisciplinary team encompassing obstetri-
cians, neonatologists, geneticists, pediatricians, pediatric
surgeons, and occasional other specialists with expertise to
deal with all the maternal and fetal complexities of a
diagnosis of a structural defect.® This team should be able
to provide information to prospective parents on fetal
outcomes, possible interventions, appropriate setting, time
and route of delivery, and expected postnatal outcomes. The
role of the surgical consultant in this team is to present
information regarding the prenatal and postnatal natural
history of an anomaly, its surgical management, and the
long-term outcome.>®”

Congenital malformations account for one of the major
causes of perinatal mortality and morbidity. Single major
birth defects affect 3% of newborns and 0.7% of babies have
multiple defects. The prenatal hidden mortality is higher
since the majority abort spontaneously. Despite improve-
ments in perinatal care, serious birth defects still account for
20% of all deaths in the newborn period and an even greater
percentage of serious morbidity later in infancy and child-
hood.® The major causes of congenital malformation are
chromosomal abnormalities, mutant genes, multifactorial
disorders, and teratogenic agents.

PRENATAL DIAGNOSIS

Prenatal diagnosis has remarkably improved our under-
standing of surgically correctable congenital malformations.
It has allowed us to influence the delivery of the baby, offer
prenatal surgical management, and discuss the options of
termination of pregnancy for seriously handicapping or lethal
conditions. Antenatal diagnosis has also defined an in utero
mortality for some lesions such as diaphragmatic hernia and
sacrococcygeal teratoma so that true outcomes can be
measured. Prenatal ultrasound scanning has improved since
its first use 30 years ago, thus providing better screening
programs and more accurate assessment of fetal anomaly.
Screening for Down syndrome may now be offered in the
first trimester (e.g. nuchal scan combined test) (Fig. 6.1), or
second trimester (e.g. quadruple blood test). Better resolu-
tion and increased experience with ultrasound scans has led
to the recognition of ultrasound soft markers which have
increased the detection rate of fetal anomalies but at the
expense of higher false-positive rates.”

Routine ultrasound screening identifies anomalies and
places these pregnancies in the high risk categories with
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Figure 6.1

Nuchal thickening.

maternal diabetes, hypertension, genetic disorders, raised
alphafeto protein (AFP), etc. High risk pregnancies may be
offered further invasive diagnostic investigations such as
amniocentesis or chorionic villous sampling (CVS). Struc-
tural abnormalities difficult to define on ultrasound, such as
hindbrain lesions, or in the presence of oligohydramnios are
better imaged on ultrafast magnetic resonance imaging.
With the increasing range of options and sophistication of
diagnostic methods, parents today are faced with more
information, choice, and decisions than ever before, which
can create as well as help to solve dilemmas. The different
tests and screening procedures commonly in use are
outlined below.

Ultrasound examination

Ultrasound scan is routinely performed at 18—-20 weeks’
gestation as part of the prenatal screening for all pregnancies
in England and Wales. Older mothers are routinely screened
but in addition are offered invasive testing. Pregnancies with
maternal risk factors such as raised AFP levels, genetic
disorders, family history of chromosomal abnormalities, or
monochorionic twins that carry a high risk for chromosomal
anomalies are offered earlier scans in the first trimester.
Abnormalities such as diaphragmatic hernia may be detected
as early as 11 weeks’ gestation. First trimester scans are also
useful for accurately dating pregnancies and defining chor-
ionicity in multiple pregnancies.

Recently, nuchal translucency (NT) measurements have
emerged as an independent marker of chromosomal
abnormalities with a sensitivity of 60%,'° structural anoma-
lies (particularly cardiac defects),'' and for some rare genetic
syndromes.'? It involves measuring the area at the back of the
fetal neck at 11—-14 weeks’ gestation (Fig. 6.1). The mechan-
isms by which some abnormalities give rise to this transient
anatomical change of nuchal translucency are poorly under-
stood."? Although some abnormalities can be seen at the time
of the nuchal scan (11-14 weeks), most are detected at the

18—20 week anomaly scan. Some abnormalities such as
gastroschisis have a higher detection rate on a scan than
others, e.g. cardiac abnormalities.

If the NT measurement is increased and the karyotype is
normal there is a higher risk for a cardiac anomaly and these
high-risk fetuses may be referred for fetal echocardiography,
which provides better prenatal cardiac assessment than the
routine screening scan.'* Ultrasound surveillance is essential
during the performance of invasive techniques such as
amniocentesis, CVS, and shunting procedures. It is also
useful for assessing fetal viability before and after such
procedures. Some abnormalities, such as tracheo-oesophageal
fistula, bowel atresia, diaphragmatic hernia and hydroce-
phaly, may present later in pregnancy and thereby are not
detected on the routine 18 week scan.

Overall, around 60% of structural birth defects are
detected prenatally'® but the detection rate varies from 0%
(isolated cleft palate) to close to 100% (gastroschisis)
depending on the defect. True wrong diagnoses are rare but
false-positive diagnoses do occur; some are due to natural
prenatal regression, but most are due to ultrasound ‘soft
markers’.

Ultrasound ‘soft markers’ are changes noted on prenatal
scan that are difficult to define. Examples are echogenic
bowel,"” hydronephrosis, and nuchal thickening. Their pre-
sence creates anxiety among sonographers since the finding
may be transient with no pathological relevance or may be an
indicator of significant anomalies such as chromosomal
abnormalities, cystic fibrosis (echogenic bowel), Down
syndrome (nuchal thickening), or renal abnormalities (hy-
dronephrosis). Once soft markers are detected, whether
should they be reported or further invasive tests offered is a
dilemma faced by obstetricians. Reporting these markers has
increased detection rates at the expense of high false-positive
rates.

Ultrasound is routinely performed as a prenatal screening
test. The reliability of the information obtained is dependent
on the expertise and experience of the person performing the
scan. In a recent study, congenital anomalies noted at birth
were diagnosed on prenatal scan in 64% of cases with
0.5% opting for termination.'®

Invasive diagnostic tests

Amniocentesis'’ and CVS'® are the two most commonly
performed invasive diagnostic tests.

AMNIOCENTESIS

Amniocentesis is commonly used for detecting chromosomal
abnormalities and less often for molecular studies, metabolic
studies, and fetal infection. It is performed after 15 weeks’
gestation and carries a low risk of fetal injury or loss (0.5—
1%). Full karyotype analysis takes approximately 2 weeks but
newer rapid techniques using fluorescent in situ hybridization
(FISH) or polymerase chain reaction (PCR) can give limited
(usually for trisomies 21, 18, 13) results within 2—3 days.
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CHORIONIC VILLOUS SAMPLING

CVS is the most reliable method for first trimester diagnosis
and may be performed at 10—14 weeks™ gestation. The test
involves ultrasound-guided biopsy of the chorionic villi. The
added risk for fetal loss is approximately 1-2%. The samples
obtained may be subjected to a variety of tests including full
karyotype, rapid karyotyping (FISH-PCR), enzyme analysis,
or molecular studies. Approximate timing of chromosomal
results is 1-2 weeks for karyotyping and 2—3 days for FISH
and PCR.

PRENATAL MATERNAL SERUM SCREENING

Interest in detecting circulating fetal cells in maternal blood
for diagnostic purposes has grown since the advent of
fluorescence-activated cell sorting (FACS)." The observation
by Brock and Sutcliffe*® of high levels of AFP in amniotic
fluid of pregnancies complicated by open neural tube defects
(NTDs) popularized this test. However, with increasing
accuracy of ultrasound diagnosis, maternal serum screening
of AFP solely for identification of NTDs cannot be justified.
The more popular maternal serum screening test is the triple
test (hCG, AFP, estrogen) used in combination with the
nuchal scan.

FETAL BLOOD SAMPLING

Rapid karyotyping of CVS and amniotic fluid samples FISH
and PCR has replaced fetal blood sampling for many
conditions. However, fetal blood sampling (FBS) is still
required for the diagnosis and treatment of hematological
conditions and some viral infections. When required, it is
best performed by ultrasound-guided needle sampling after
18 weeks’ gestation rather than the more invasive fetoscopic
technique. Mortality from this procedure is reported to be
1-2%.”!

FETAL SURGERY

There is a spectrum of interventions ranging from simple
aspiration of cysts to open fetal surgery. Minimally invasive
techniques such as ablation of vessels in sacrococcygeal terato-
ma, fetoscopic ablation of posterior urethal valves, tracheal
occlusion for congenital diaphragmatic hernia, etc. are currently
under trial. However, laser ablation in twin-to-twin transfusion
is now well established.

Genetic diagnoses

Antenatal detection of genetic abnormalities is increasing,
especially in high-risk pregnancies. Previously undiagnosed
conditions such as cystic fibrosis, Beckwith—Wiedemann
syndrome, Hirschsprung’s disease, sickle cell disease, etc.
may be detected prenatally following invasive testing and
genetic counseling and assessment offered early in pregnancy.

Future developments

The aim of prenatal diagnosis and testing is to have 100%
accuracy without fetal loss or injury and no maternal risk.
National plans to improve Down syndrome screening using
ultrasound and biochemical combination tests are now in
place in the UK. Research into new markers for chromosomal
abnormalities is ongoing. The fetal nasal bone is one such
example, which may assist in detecting babies with chromo-
somal abnormalities.*?

Management of Rhesus disease is showing promise
whereby fetal blood groups may be determined from
maternal blood samples through detection of free fetal
DNA.* The search for fetal components in maternal blood
is an exciting and expanding field of research since past and
present efforts to isolate and use them for diagnosis have met
with little success.”* Rapid detection techniques versus
traditional cultures for karyotyping are currently under
debate at present.”®

Three-dimensional images from new ultrasound machines
may have a useful role in diagnosis and assessment of facial
deformities such as cleft lip and palate. Magnetic resonance
imaging (MRI) may assist in better defining some lesions
difficult to view on conventional prenatal scanning such as
the presacral teratoma, posterior urethral valves in the
presence of oligohydramnios and hindbrain lesions.

SPECIFIC SURGICAL CONDITIONS

Congenital diaphragmatic hernia

Congenital diaphragmatic hernia (CDH) accounts for one in
3000 live births and challenges the neonatologist and pediatric
surgeons in the management of this high-risk condition
(Fig. 6.2). Mortality remains high (more than 60%) when
the ‘hidden’ mortality of in ufero death and termination of
pregnancy are taken into account.”® Lung hypoplasia and
pulmonary hypertension account for most deaths in isolated
CDH newborns. Associated anomalies (30—40%) signify a
grave prognosis with a survival rate of less than 10%.>

In the UK, most CDH are diagnosed at the 20 week
anomaly scan with a detection rate approaching 60%,
although as early as 11 weeks’ gestation has been reported.”®

Figure 6.2 Congenital left diaphragmatic hernia shown on
prenatal magnetic resonance imaging on the left and postnatal
radiograph on the right.
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MRI has a useful role in accurately differentiating CDH from
cystic lung lesions® and may be useful in measuring fetal
lung volumes as a predictor of outcome.’® Cardiac anomalies
(20%),>' chromosomal anomalies of trisomy 13 and 18
(20%),”* and urinary, gastrointestinal, and neurological
(33%)* can coexist with CDH and should be ruled out by
offering the patient fetal echocardiogram, amniocentesis, and
detailed anomaly scan. These associated anomalies and, in
isolated lesions, early detection, liver in the chest, polyhy-
dramnios, and fetal lung head ratio (LHR) of less than one
are implicated as poor predictors of outcome.’® In these
patients with poor prognostic signs, fetal surgery for CDH
over the last two decades has been disappointing, however
benefit from fetal intervention with tracheal occlusion
(FETO) awaits randomized studies.*>*® Favorable outcomes
in CDH with the use of antenatal steroids have not been
resolved in the clinical setting.’” Elective delivery at a
specialized center is recommended with no benefit from
Cesarean section,”®?’

Postnatal management is aimed at reducing barotrauma
to the hypoplastic lung by introducing high frequency
oscillatory ventilation (HFOV) or permissive hypercapnea,”
and treating the severe pulmonary hypertension with
nitric oxide. No clear benefits for CDH with extracorporeal
membrane oxygenation (ECMO) have been concluded in a
2002 Cochrane ECMO study.*

Surgery for CDH is no longer an emergency procedure.
Delayed repair following stabilization is employed in most
pediatric surgical centers.*' Primary repair using the trans-
abdominal route is achieved in 60—70% of patients with the
rest requiring a prosthetic patch. Complications of sepsis or
reherniation with prosthetic patch requiring revision is
recorded in 50% of survivors.*?

Cystic lung lesions

Congenital cystic adenomatoid malformations (CCAM),
bronchopulmonary sequestrations (BPS) or ‘hybrid’ lesions
containing features of both are common cystic lung lesions
noted on prenatal scan. Less common lung anomalies include
bronchogenic cysts, congenital lobar emphysema and bron-
chial atresia. Congenital cystic lung lesions are rare anomalies
with an incidence of one in 10000 to one in 35000 (Figs 6.3
and 6.4).434

(b)

Figure 6.3 Prenatal diagnosis of congenital cystic adenoma-
toid malformation (CCAM) and reconstruction computed tomo-
graphy scan of a large CCAM of the left upper lobe.

(@) (b)

Figure 6.4 Chest radiograph and congenital cystic adenoma-
toid malformation of right upper lobe.

Prenatal detection rate of lung cysts at the routine 18—20
week scan is almost 100% and may be the most common
mode of actual presentation. Most of these lesions are easily
distinguished from congenital diaphragmatic hernia, however
sonographic features of CCAM or BPS are not sufficiently
accurate and correlate poorly with histology.*> MRI, though
not routinely used, may provide better definition for this
condition, however inaccuracies were reported in 11% of
cases.*

Bilateral disease and hydrops fetalis are indicators of poor
outcome, whereas mediastinal shift, polyhydramnios, and
early detection are not poor prognostic signs.*” * In the
absence of termination the natural fetal demise of antenatally
diagnosed cystic lung disease is 28%. Spontaneous involution
of cystic lung lesions can occur’® but complete postnatal
resolution is rare,”” and apparent spontaneous ‘disappear-
ance’ of antenatally diagnosed lesions should be interpreted
with care, as nearly half of these cases subsequently require
surgery.*>*’

In only 10% of cases does the need for fetal intervention
arise. The spectrum of intervention includes simple centesis
of amniotic fluid, thoracoamniotic shunt placement, percu-
taneous laser ablation, and open fetal surgical resection.”"
Maternal steroid administration has also been reported to
have a beneficial effect on some CCAMs although the
mechanism is unclear.”” A large cystic mass and hydrops in
isolated cystic lung lesions are the only real indication for
fetal intervention.*”*

Normal vaginal delivery is recommended unless maternal
condition indicates otherwise. Large lesions are predicted to
become symptomatic shortly after birth (as high as 45% in
some series), thus delivery at a specialized center would be
appropriate, however smaller lesions are less likely to be
symptomatic at birth and could be delivered at the referring
institution with follow up in a pediatric surgery clinic.>*

Postnatal management is dictated by clinical status at birth.
Symptomatic lesions require urgent radiological evaluation
with chest radiograph and ideally computed tomography
(CT) scan (Fig. 6.2) followed by surgical excision. In
asymptomatic cases postnatal investigation consists of chest
CT scan within one month of birth, even if regression or
resolution is noted on prenatal scanning.*>*>** Plain radio-
graphy should not be relied upon since it will miss and
underestimate many lesions.™

Surgical excision of postnatal asymptomatic lesions
remains controversial, with some centers opting for con-
servative management.”>”° The approach to treating this
asymptomatic group has evolved in some centers, whereby a
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CT scan is performed within one month post-birth,
followed by surgery before six months of age due to the
inherent risk of infection and malignant transformation.”*
Small lesions less than 1cm may be managed expectantly,
bearing in mind that the true resolution of these lesions is
exceptional.*>** Successful outcomes of greater than 95%
have been reported for these surgically managed asympto-
matic lung lesions.*>*>>*

Abdominal wall defects

Exomphalos and gastroschisis are both common but distinct
abdominal wall defects with an unclear etiology and a
controversial prognosis. Attention may be drawn to their
presence during the second trimester because of raised
maternal serum AFP level, or abnormal ultrasound scan.

EXOMPHALOS

Exomphalos is characteristically a midline defect, at the
insertion point of the umbilical cord, with a viable sac
composed of amnion and peritoneum containing herniated
abdominal contents (Fig. 6.5). Incidence is known to be
one in 4000 live births. Associated major abnormalities which
include trisomy 13, 18, and 21, Beckwith—Wiedemann
syndrome (macroglossia, gigantism, exomphalos), Pentology
of Cantrell (sternal, pericardial, cardiac, abdominal wall, and
diaphragmatic defect), cardiac, gastrointestinal, and renal
abnormalities are noted in 60~70% of cases,”” thus karyotyp-
ing, in addition to detailed sonographic review and fetal
echocardiogram, is essential for complete prenatal screening.
Fetal intervention is unlikely in this condition. If termination
is not considered, normal vaginal delivery at a center with
neonatal surgical expertise is recommended and delivery by
Cesarean section only reserved for large exomphalos with
exteriorized liver to prevent damage.”

Surgical repair includes primary closure or a staged repair
with a silo for giant defects. Occasionally, in vulnerable
infants with severe pulmonary hypoplasia or complex cardiac
abnormalities, the exomphalos may be left intact and allowed
to slowly granulate and epithelialize by application of
antiseptic solution.”® Postnatal morbidity occurs in 5-10%
of cases.” Malrotation and adhesive bowel obstruction does
contribute to mortality in isolated exomphalos, however the
majority of these children survive to live normal lives.*’

Exomphalos

X

Prenatal and postnatal images of exomphalos.

Figure 6.5

GASTROSCHISIS

Gastroschisis is an isolated lesion that usually occurs on the
right side of the umbilical defect with evisceration of the
abdominal contents directly into the amniotic cavity (Fig. 6.6).
The incidence is increasing from 1.66 per 10000 births to
4.6 per 10000 births affecting mainly young mothers, typically
less than 20 years old. Associated anomalies are noted in only
5-24% of cases, with bowel atresia the most common
coexisting abnormality.®"®> On prenatal scan with a detection
rate of 100%, the bowel appears to be free floating, and the
loops may appear to be thickened due to damage by amniotic
fluid exposure causing a ‘peel’ formation. Dilated loops
of bowel (Fig. 6.3) may be seen from obstruction secondary
to protrusion from a defect or atresia due to intestinal
ischemia.®>**

Predicting outcome in fetuses with gastroschisis based on
prenatal ultrasound finding remains a challenge. There is
some evidence that maximum small bowel diameter may be
predictive,’® however thickened matted bowel®® and Doppler
measurements of the superior mesenteric artery are not
accurate predictors of outcome.®” To reduce the rate of third
trimester fetal loss, serial ultrasounds are performed to
monitor the development of bowel obstruction and delivery
around 37 weeks is recommended at a center with neonatal
surgical expertise.’®

A recent study by Logghe et al®® has challenged elective
preterm delivery with a randomized control trial. Delivery by
Cesarean section has no advantage to the normal vaginal
route. Despite efforts to plan elective delivery, 50% of cases
will require emergency Cesarean section due to the develop-
ment of fetal distress.*”

Various methods of postnatal surgical repair include the
traditional primary closure, reduction of bowel without
anesthesia,” reduction by preformed silo,”* or by means of
a traditional silo. Coexisting intestinal atresia could be
repaired by primary anastamosis or staged with stoma
formation. Variation in achieving full enteral feeding due to
prolonged gut dysmotility is expected in all cases.

The long-term outcome in gastroschisis is dependent on
the condition of the bowel. In uncomplicated cases the
outcome is excellent in more than 90% of cases.”> The
mortality of live born infants is 5% with a further 5%
suffering short bowel syndrome and 10% requiring surgery
for adhesive bowel obstruction.”” Late third trimester fetal
loss should always be mentioned during fetal counseling.

Dilated bowvel
exomphalos

Figure 6.6 Prenatal and postnatal images of gastroschisis.
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Tracheo-esophageal fistula and esophageal
atresia

Repair of trachea-esophageal fistula (TOF)/esophageal atresia
(EA) is a condition which measures the skill of pediatric
surgeons from trainee to independent surgeon (Fig. 6.7). The
incidence is estimated at one in 3000 births. Prenatally, the
condition may be suspected from maternal polyhydramnios
and the absence of a fetal stomach bubble at the 20-week
anomaly scan. Prenatal scan diagnosis of TOF/EA is
estimated to be less than 42% sensitive with a positive
predicted value of 56%.'>”>”* Additional diagnostic clues are
provided by associated anomalies such as trisomy (13, 18,
21), vertebral, anorectal, cardiac, tracheo-esophageal, renal,
limbs (VACTERAL) sequence and coloboma, heart defects,
atresia choanae, retarded development, genital hypoplasia,
ear abnormality (CHARGE) association. These associated
anomalies are present in more than 50% of cases and worsen
the prognosis, thus prenatal karyotyping is essential.”
Duodenal atresia may coexist with TOF/EA. The risk of
recurrence in subsequent pregnancies for isolated TOF/EA is
less than 1%.”° Delivery is advised to be at a specialized
center with neonatal surgical input.

Postnatal surgical management is dependent on the size
and condition of the baby, length of esophageal gap, and

BT
. = e

iz Polyhydramnios

(]

Figure 6.7 (@) Prenatal imaging of suspected tracheo-
esophageal (TOF) with polyhydramnios and small stomach. (b)
Plain radiograph showing esophageal pouch tube and distal gas
confirming TOF with esophageal atresia. (c) Plain radiograph
showing esophageal pouch tube and no abdominal gas confirming
isolated esophageal atresia.

associated anomalies. Primary repair of the esophagus is the
treatment of choice however, if not achieved, staged repair
with upper esophageal pouch care and gastrostomy or organ
replacement with stomach or large bowel are other options.
Associated anomalies require evaluation and treatment.

Long-term outcomes are indicated by improved perinatal
management and inherent structural and functional defects
in the trachea and esophagus.”’ In early life, growth of the
child is reported to be below the 25th centile in 50% of cases,
respiratory symptoms in two-thirds of TOF/EA, and gastro-
esophageal reflux recorded in 50% of patients.”® * Quality of
life is better in the isolated group with successful primary
repair as compared to those with associated anomalies and
delayed repair.®’

Gastrointestinal lesions

The presence of dilated loops of bowel (>15mm in length
and 7mm in diameter) on prenatal ultrasound scan is
indicative of bowel obstruction.

Duodenal atresia has a characteristic ‘double bubble’
appearance on prenatal scan, resulting from the simultaneous
dilatation of the stomach and proximal duodenum.® Detec-
tion rate in the second trimester anomaly scan is almost
100% in the presence of polyhydramnios and the ‘double
bubble’ sign. Associated anomalies are present in approxi-
mately 50% of cases with most notably trisomy 21 in 30% of
cases, cardiac anomalies in 20%, and the presence of the
VACTERL."

The incidence of duodenal atresia is one in 5000 live
births. The postnatal survival rate is >95%'> with associated
anomalies, low birth weight, and prematurity contributing to
the <5% mortality. Temporary delay in enteral feeding
occurs due to the dysmotility in the dilated stomach and
duodenum.

There are many bowel abnormalities which may be noted
on prenatal scanning (dilated bowel, ascites, cystic masses,
hyperparistalsis, polyhydramnios, and echogenic bowel,*’
however none is absolutely predictive of postnatal outcome.
Patients with obstruction frequently have findings (especially
in the third trimester) of bowel dilatation (Fig. 6.8),
polyhydramnios, and hyperparistalsis, but ultrasound is
much less sensitive in diagnosing large bowel anomalies
than those in the small bowel."> Since the large bowel is
mostly a reservoir, with no physiologic function in utero,

(a)

Figure 6.8
atresia.

Prenatal and postnatal imaging of intestinal
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defects in this region such as anorectal malformations or
Hirschsprung’s disease are very difficult to detect. Bowel
dilatation and echogenic bowel may be associated with cystic
fibrosis, therefore all such fetuses should undergo postnatal
evaluation for this disease.® Prenatally diagnosed small bowel
atresia does not select for a group with a worse prognosis and
survival rates are 95-100%.

Abdominal cysts

Abdominal cystic lesions are not uncommonly diagnosed at
antenatal ultrasound examination. A cystic mass identified in
this way may represent a normal structural variant or a
pathological entity requiring surgical intervention postnatally.
Despite increasingly sophisticated equipment some congenital
anomalies have significant false-positive rates on ultrasound
and fetal cystic abdominal masses in particular can be difficult
to diagnose accurately.®” Excluding cysts of renal origin, the
differential diagnosis includes ovarian cysts, enteric duplica-
tion cysts, meconium pseudocyst, mesenteric cysts, and
choledochal cysts. Less common diagnoses include extralobar
pulmonary sequestration and pancreatic, splenic, urachal, and
adrenal cysts. Almost all cysts are benign and many are self-
limiting, however these cysts create a high level of anxiety for
the prospective parents, especially suspected adrenal cysts.
Regular antenatal consultation and fetal counseling by the
appropriate team may reduce parental anxiety levels. There is
a very small role for fetal intervention. Resolution of these
cysts were reported in 25% of cases and 30% came to surgical
intervention.*’ Postnatal imaging is essential (Fig. 6.9).

Figure 6.9 Nonspecific prenatal cyst showed complete reso-
lution on postnatal imaging.

Sacrococcygeal teratoma

Sacrococcygeal teratoma (SCT) is the most common neonatal
tumor, accounting for one in 35000—40000 births (Fig. 6.10).
Four types have been defined:**

1. type 1 external tumor with a small presacral component;
2. type 2 external tumors with a large presacral component;

Figure 6.10
cygeal teratoma.

Prenatal MRI and postnatal image of sacrococ-

3. type 3 predominantly presacral with a small external
component;
4. type 4 entirely presacral.

The latter carry the worst prognosis due to delay in
diagnosis and malignant presentation. Doppler ultrasound is
the diagnostic tool, however fetal MRI provides better
definition of the intrapelvic component.®> SCT is a highly
vascular tumor and the fetus may develop high cardiac
output failure, anemia, and ultimately hydrops with a
mortality of almost 100%.%>® Fetal treatment of tumor
resection or ablation of feeding vessel has been attempted in
hydropic patients.®® Cesarean section may be offered to
patients with large tumors to avoid the risk of bleeding
during delivery. Postnatal outcomes following surgery in type
1 and 2 lesions are favorable, however type 3 and 4 tumors
may present with urological problems and less favorable
outcomes. Long-term follow up with AFP protein and serial
pelvic ultrasounds is mandatory to exclude recurrence of the
disease.

Renal anomalies

Urogenital abnormalities are among the most common
disorders seen in the perinatal period and account for almost
20% of all prenatally diagnosed anomalies.*” The routine use
of antenatal ultrasound scans has resulted in the early
detection of these conditions and in selected cases has led
to the development of management strategies including fetal
intervention aimed at preservation of renal function. Two
major issues are the indications for intervention in bladder
outlet obstruction and early pyeloplasty in infancy in cases
with hydronephrosis.”

Prenatal evaluation of a dilated urinary tract is based on
serial ultrasound scans as well as measurement of urinary
electrolytes. Ultrasonography provides measurements of the
renal pelvis, assessment of the renal parenchyma, as well as
the detection of cysts in the cortex. In severe disease, lack of
amniotic fluid may make ultrasound assessment of the renal
tract difficult and MRI may be helpful.”" Oligohydramnios is
indicative of poor renal function and poor prognosis owing
to the associated pulmonary hypoplasia. Urogenital anoma-
lies coexist with many other congenital abnormalities and
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amniocentesis should be offered in appropriate cases. It is
estimated that 3% of infants will have an abnormality of the
urogenital system and half of these will require some form of
surgical intervention.”

Upper urinary tract obstruction

Antenatal hydronephrosis accounts for 0.6—-0.65% of preg-
nancies.”” The most common cause of prenatal hydrone-
phrosis is pelviureteric junction obstruction (PUJ), others
being transient hydronephrosis, physiological hydronephro-
sis, multicystic kidney, posterior urethral valves, ureterocele,
ectopic ureter, etc. The prognosis of antenatally diagnosed
hydronephrosis in unilateral disease and in renal pelvic
diameter of <10 mm is excellent. Spontaneous resolution is
noted in 20% of patients at birth and 80% at three years of
age.”* Only 17% of prenatally diagnosed hydronephrosis
needs surgical intervention. Postnatal management of hydro-
nephrosis requires ultrasound at birth and at one month of
age, and further evaluation with radiology and scintigraphy if
an abnormality is suspected.”

Lower urinary tract obstruction

Posterior urethral valves (PUV) are the most common cause
for lower urinary tract obstruction in boys with an incidence
of one in 2000—4000 live male births (Fig. 6.11). The
diagnosis of PUV is suspected on the prenatal ultrasound
finding of bilateral hydronephrosis, associated with a thick-
ened bladder and decreased amniotic fluid volume. Serial
fetal urine analysis may provide prognostic information on
renal function.”® Prenatal diagnosis for patients with PUV is
a poor prognostic sign with 64% incidence of renal failure
and transient pulmonary failure, compared to 33% in the
postnatally diagnosed patients.”” Pulmonary hypoplasia
secondary to oligohydramnios largely contributes to the
morbidity and mortality from fetal urethral obstruction.
Outcomes of fetal intervention with vescicoamniotic
shunting”®”* or fetal cystoscopic ablation of urethal valve'®
is still under review and awaits a multicenter trial.

Figure 6.11

Keyhole sign of posterior urethal valves.

Postnatal management includes ultrasound confirmation
of the diagnosis, bladder drainage via a suprapubic or
urethral route, and contrast imaging of the urethra. Primary
PUV ablation, vescicostomy, or ureterostomy are postnatal
surgical options. The overall outcome from this disease is
unfavorable.

CONCLUSION

The boundaries of pediatric surgical practice have been
extended by prenatal diagnosis. The care of patients with
surgically correctable defects can now be planned prenatally
with the collaborative effort of obstetricians, geneticists,
neonatologists, and pediatric surgeons. Essential to prenatal
counseling is the understanding of the specific surgical
condition’s prenatal natural history, the limitations of pre-
natal diagnosis, the detection of associated anomalies, the
risks and indications of fetal intervention programs, and
postnatal outcomes. Prenatal counseling is an essential
component of pediatric surgical practice and should be
ensured in the training program for future pediatric surgeons.
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Fetal and birth trauma

PREM PURI AND PIOTR HAJDUK

FETAL TRAUMA

Traumatic injuries in pregnancy are a major cause of
nonobstetrics maternal and neonatal morbidity and
mortality." 7 About 40 years ago,™® it was estimated that
6—-8% of pregnant women were affected by accidental injury.
This number is likely to be greater now because more active
lifestyles led by pregnant women in today’s society may put
them at increased risk of injury.” When a pregnant woman
presents with a major trauma, two lives are at risk. The
survival of the fetus depends primarily on maternal survival’
but occasionally the extent of maternal injury does not
correlate with the degree of fetal injury."'®!!

Treatment priorities for traumatic pregnant women
remain the same as in patients who are not pregnant,
although resuscitation and stabilization should be modified
to account for the anatomical and physiological changes of
the pregnancy.'>" The first consideration in the manage-
ment of maternal trauma in an accident is to ensure the
survival of the mother, as is recommended by the Advanced
Trauma Life Support Program.'?

Assessment of the fetus forms part of the secondary survey
of the mother, and should be performed in conjunction with
an obstetrician as beyond 24-28 weeks’ gestational age the
fetus is potentially viable if urgent delivery is required."”

Assessment of the fetus includes: the date of the last
menstrual period, measuring the fundal height, examination
for uterine contractions and tenderness, fetal movements,
and fetal heart rate. An important part is the vaginal
examination for amniotic fluid or blood.

Fetal distress can occur at any time and without warning.
The fetus should be continually monitored to ensure early
recognition of fetal distress by using the ultrasonic Doppler
cardioscope. Signs of fetal distress include: bradycardia
(<110bpm), inadequate accelerations in fetal heart rate in
response to uterine contraction, and late decelerations in fetal
heart rate in response to uterine relaxation.

In blunt maternal—fetal trauma, placental abruption is the
leading cause of death with maternal survival.'*'> Occasionally,

minor maternal trauma may disrupt the placenta ‘lifeline’ by
shearing the relatively rigid placenta from the more elastic
uterine wall, thereby leading to fetal distress and subsequent
fetal death.'® The clinical signs of placental abruption include
vaginal bleeding, uterine irritability, abdominal tenderness,
increasing fundal height, maternal hypovolemic shock, and
fetal distress. Although the common classical presentation of
placental abruption involves vaginal bleeding and abdominal
pain, some cases of traumatic abruption occur without these
symptoms and fetal distress may not develop for several hours.

The fetus should be considered salvageable in the face of
severe or even mortal maternal injury, and more than 150
cases of successful post-mortem Cesarean section delivery
and numerous deliveries of normal neonates just before
maternal death have been described.'®'” Fetal injuries after
trauma may be treatable, but only if they are recognized.
Penetrating trauma by gunshot or stab wounds, although
rare,'’ are usually obvious, and thus appropriate surgical
intervention has to be undertaken (Fig. 7.1a,b). Although
most cases of penetrating fetal trauma are fatal to the fetus,
some cases of fetal salvage have been reported.'®' In
contrast, surgically treatable fetal injury may go unrecognized
after blunt maternal trauma, while these injuries are much
more frequent. Thus, one can recognize that after 28 weeks’
gestation, Cesarean section for fetal salvage is indicated in the
presence of placental abruption with fetal distress, treatable
life-threatening fetal injury, or if there is obvious impending
or recent maternal death.

A pediatric surgeon should participate in the evaluation
and management of both the pregnant patient and the
neonate delivered after maternal trauma, together with the
obstetrician and neonatologist. Pregnant women should be
hospitalized after trauma for appropriate evaluation and fetal
monitoring, in the hope of decreasing trauma-related fetal
deaths. In recent years, it is expected that every pediatric
surgeon would be familiar with the treatment of pediatric
trauma. The treatment of the traumatic pregnant woman and
the fetus must be part of this skill, especially if the fetus is to
be considered a patient.
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(b)

Figure 7.1 (a) X-ray of a neonate born to a mother who
sustained accidental gunshot wounds to her abdomen. Note
metallic pellet in the right thigh. (b) Clinical photograph of the
same infant showing entry wound in the right thigh.

BIRTH TRAUMA

Birth injuries are defined as injuries associated with mechan-
ical forces producing hemorrhage, edema, tissue disruption,
or alteration of organ function occurring during the
intrapartum period.”” With the improvement in obstetric
techniques, increased frequency of Cesarean section in
potentially difficult deliveries, decreased use of difficult
forceps and utilization of fetal heart rate, and determination
of acid—base status to monitor the fetus during labor, the
incidence of birth injuries has decreased in recent years.”'
Furthermore, use of prenatal ultrasonography has allowed
early identification of the risk factors for possible birth
trauma, including fetal size and position and enlarged fetal

organs or masses. Nevertheless, birth injuries still occur and
represent an important problem for the clinician; the
incidence of birth trauma is reported to be two to eight per
1000 live births.***’

Birth injury is usually associated with unusual compres-
sive or traction forces in association with abnormal pre-
sentation of the fetus. Factors that predispose birth injury
include primiparity, cephalopelvic disproportion, dystocia,
prematurity, prolonged labor, macrosomia, abnormal pre-
sentation, forceps application, version, and extraction.”®**??
The newborn at greatest risk for birth injury is the one in
breech presentation.

Types of birth trauma

HEAD INJURIES
Caput succedaneum

Caput succedaneum is a diffuse edematous, occasionally
hemorrhagic swelling of the scalp, superficial to the perios-
teum, occurring secondary to compression of the presenting
part during prolonged labor. Usually, caput succedaneum
requires no treatment and the swelling disappears sponta-
neously in a week or so. Rarely, hemorrhage into soft tissue
may cause anemia that requires blood transfusion or may
lead to hyperbilirubinemia or both.**

Cephalhematoma

Cephalhematoma is a subperiosteal collection of blood most
often found in the parietal region and sharply delineated by
the surrounding suture lines (Fig. 7.2). In 10-25% of
cephalhematomas there is an underlying skull fracture which
is usually of linear type and clinically unimportant.”> The
precise mechanism of production of cephalhematoma is not
well established. Repeated buffeting of the fetal skull against
the maternal pelvis during a prolonged labor and mechanical
trauma caused by the use of forceps and vacuum extractor in
delivery have been implicated as important factors. Cephalhe-
matomas have been reported to originate in utero, antepartum.

Figure 7.2

Large cephalhematoma.
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Petrikovsky et al”® found seven cases of cephalhematomas
identified prenatally on 16292 fetuses during comprehensive
ultrasound examinations. Premature rupture of the mem-
branes was seen and was suggested as an associated factor.

Most cephalhematomas resolve spontaneously within a
few weeks. Aspiration of the hematoma is contraindicated
because of the risk of introducing infection. Drainage and
antibiotic therapy are only indicated in the rare case of
superinfection of the cephalhematoma.”” Occasionally, ser-
ious complications such as anemia, jaundice, abscess, septi-
cemia, meningitis, osteomyelitis, disseminated intravascular
coagulation, shock with acute hemorrhage, and depressed
skull fractures have been reported in association with
cephalhematomas.”>””**  Management involves careful
observation for these complications.

Skull fractures

Most of the skull fractures are linear, occurring in association
with cephalhematomas and usually involving the parietal
bones (Fig. 7.3a). No specific treatment is required for linear
fractures, but skull x-rays should be repeated when the infant
reaches 2—4 months of age to rule out ‘growing fracture of the
skull’ associated with a leptomeningeal cyst (Fig. 7.3b). A
leptomeningeal cyst can occur rarely if the trauma causing the
linear fracture tears the underlying dura, thereby permitting
herniation of the meninges and brain. This requires surgical
intervention to avoid progressive brain damage.***

Depressed skull fractures are most often caused by
pressure of the fetal head against the maternal pelvis or in
association with forceps delivery (Fig. 7.4). Several nonsurgi-
cal techniques for elevation of depressed skull fracture in the
newborn have been described, including suction with a breast
pump or vacuum extractor,”’ > and by digital manipulation.
Indications for surgical elevation of depressed skull fracture
include:**

radiographic evidence of bone fragments within the brain;
neurological deficit;

signs of increased intracranial pressure;

failure to elevate the fracture by closed manipulation.

Intracranial hemorrhage

Intracranial hemorrhage following birth trauma may occur in
the subarachnoid space, the subdural space, or within the
brain.

Subarachnoid hemorrhage is the most common form of
birth-related traumatic intracranial hemorrhage in the new-
born.” Blood in the subarachnoid space can be documented
by lumbar puncture and the diagnosis confirmed by com-
puted tomography (CT) scan.” In the vast majority of cases,
traumatic subarachnoid hemorrhage is benign and does not
require any treatment. Occasionally it may result in a
communicating hydrocephalus.

Subdural hemorrhage is caused by rupture of the cerebral
veins bridging the subdural space, occurring as a result of
excessive molding of the baby’s head during labor or delivery.
Most subdural hematomas are infratentorial and bilateral,

(b)

Figure 7.3 (a) Linear fracture of left parietal bone at birth.
(b) Three years later the patient presented with a pulsatile swelling
in the left parietal region. X-ray shows an extensive bone defect
due to leptomeningeal cyst.

Figure 7.4 Depressed fracture or right parietal bone following
forceps delivery.
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but occasionally they have been described in the posterior
fossa. Principal factors that predispose to the occurrence of
subdural hematoma include large-size infants,”> breech
delivery,®® and forceps extraction in primiparous women.””
Clinical features of neonatal subdural hemorrhage may
include pallor, vomiting, irritability, seizures, unequal pupils,
drowsiness, hypotonia, high-pitched cry, tense fontanelle,
and retinal hemorrhages. The diagnosis is confirmed by a
subdural tap, CT scan (Fig. 7.5), or magnetic resonance
imaging (MRI).*® Although ultrasound (US) is a standard
practice for detecting germinal matrix hemorrhage in the
preterm neonate,” it is unlikely to be as accurate as a CT scan
in diagnosing peripheral lesions in subarachnoid or subdural
space.*” MRI imaging, in general, has high sensitivity for
intracranial hemorrhage, and, with its lack of ionizing
radiation, is the favorable technique for the further evalua-
tion of birth trauma over CT, especially for a neonate.*"*?
The treatment consists of repeated tapping of the subdural
space using a 20-gauge needle at the lateral margin of the
anterior fontanelle. In most cases, subdural collections can be
treated successfully with repeated taps. Rarely, membrane
stripping or subdural space shunting may be required to deal
with persistent subdural collections.

Figure 7.5 Computed tomography brain scan without i.v.
contrast medium in a newborn, showing blood in the subarachnoid
space (large white arrow) and blood in the floor of fourth ventricle
(small white arrow).

Intracerebral hemorrhage

Traumatic intracerebral hemorrhage is the least common of
intracranial hemorrhage in the newborn.”® The clinical
features are those of increased intracranial pressure. The
diagnosis can be made with cerebral ultrasonography, CT
scan or MRI, and regression or complications can be
monitored with serial studies.*®

SPINAL CORD INJURIES

The incidence of birth injury to the spinal cord is difficult to
determine because most neonatal post-mortem examinations
do not include complete examination of the spinal cord.*> The
leading cause of neonatal spinal cord injury is delivery of the
fetus with marked hyperextension of the neck in a breech
presentation. Approximately 75% of reported spinal cord
injuries occurred in infants delivered vaginally in the breech
presentation.** Other predisposing factors are prematurity,
shoulder dystocia, intrauterine hypoxia, and precipitous
delivery.*’ The application of compressive forceps to the fetal
spine during fundal pressure to relieve shoulder dystocia has
been reported to result in lower thoracic spinal cord injury in
the newborn.*® The site of spinal cord injury following breech
delivery is usually in the lower cervical and upper thoracic
region, while injury following vertex presentation is usually
located in the upper or midcervical level”> The injury is
usually caused by stretching of the cord and not by compres-
sion. The most common mechanism responsible for spinal
cord injury is the use of excessive longitudinal traction on the
trunk while the head is still engaged in the pelvis.”® The spinal
cord is relatively inelastic compared with the vertebral fracture
or dislocation, or both, and cord transection.

The clinical manifestations of spinal cord injury may fit
into one of the following four recognized groups, depending
on the severity of the damage incurred:*”*’

1. babies who are stillborn or die immediately after birth due
to a high cervical or brainstem lesion;

2. neonates who die shortly after birth due to respiratory
depression and complications and who generally have
upper and midcervical lesions;

3. long-term survivors who have flaccid paralysis in the
neonatal period and proceed to develop spasticity and
hyper-reflexia in the ensuing months;

4. those with minimal neurological signs or spasticity who
are often classified as having cerebral palsy.*®

The symptoms in these patients result from partial spinal
cord injury or cerebral hypoxia. When spinal cord injury is
suspected, definition of the underlying pathology can be
difficult using standard diagnostic procedures, including
plain x-ray and CT, with or without myelography. MRI,
with its excellent definition and low risk of complication, is
the best diagnostic tool available to evaluate clinically
suspected spinal cord pathology.*”*® Spinal ultrasound is a
good imaging method for guiding diagnosis of traumatic
spinal cord lesions.”!

Treatment of spinal cord injuries is supportive and
includes physiotherapy, braces, and urological, orthopedic,
and psychological care. Surgery has little to offer to patients
with these types of injuries. Great emphasis should be placed
on prevention of spinal cord injury in the newborn.

PERIPHERAL NERVE INJURIES

Injury to the peripheral nerves in the newborn is usually
caused by excessive traction or direct compression of nerves
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during delivery. The nerves most commonly involved are the
brachial plexus, facial nerve, and phrenic nerve.

Brachial plexus injury

With the improvement in obstetric techniques, the incidence
of birth-related brachial plexus injuries has decreased con-
siderably in recent years. The incidence of brachial plexus
birth palsy is estimated to be between 0.4 and four per 1000
live births.”>>* The injury is usually caused by traction and
stretching of the plexus. All lesions occur in the plexus above
the level of the clavicle and range from simple neuropraxia,
classified by Sunderland® as grade I, to full neurotemesis
when associated with root avulsion, classified as grade
V. Perinatal risk factors include large-for-gestational age
infants (macrosomia), multiparous pregnancies, previous
deliveries resulting in brachial plexus birth palsy, prolonged
labor, breech delivery, and assisted (vacuum or forceps)
difficult deliveries, shoulder dystocia, and/or asphyxiated
infant.”>**>” Whereas a mechanical basis for brachial plexus
injury is well accepted, delivery by Cesarean does not exclude
the possibility of birth palsy.”

Brachial plexus injury has been divided into three main
types depending on the site of the injury:

1. Erb’s palsy, which results from injury of the fifth and sixth
cervical nerve roots, is by far the most common type of
injury. The affected arm hangs limply adducted and
internally rotated at the shoulder, and extended and
pronated at the elbow with flexed wrist in the typical
‘waiter’s tip’ posture (Fig. 7.6). The Moro, biceps, and
redial reflexes are absent on the affected side. The grasp
reflex is intact. These clinical findings are the result of
paralysis of the deltoid, supraspinatus, infraspinatus,
brachioradialis, and supinator brevis muscles.

2. Klumpke’s paralysis results from injury of the eighth
cervical and first thoracic nerve roots and is extremely rare

Figure 7.6 Erb's palsy. Characteristic deformity of right arm.

as an isolated entity. The intrinsic muscles of the hand and
flexors of the wrist and fingers are affected. The grasp
reflex is absent. Injury involving the cervical sympathetic
fibers of the first thoracic root may result in ipsilateral
Horner syndrome.

3. Injury to the entire brachial plexus results in a flaccid arm
with absence of sweating, sensation, and deep tendon
reflexes. The differential diagnosis includes fracture of the
clavicle or humerus, traumatic epiphysiolysis of the
proximal epiphysis of the humerus, and shoulder disloca-
tion.”® These injuries can of course occur in addition to
the plexus paralysis.”® Another associated injury is a
phrenic nerve palsy.® A radiograph of the shoulder, upper
arm, and clavicle should be taken. A chest x-ray should be
obtained because of the possibility of an associated
phrenic nerve palsy. Electromyography, although of
limited value, may be useful in determining the extent
and site of injury and evaluating the prognosis.”™®'

Serial physical examination of children with brachial
plexus injury is recommended, because it is essential to
predict recovery and determine the need for additional
therapeutic or surgical intervention. Passive range of motion
and active muscle strength should be assessed. Assessing
infants often requires approximation of function by obser-
ving spontaneous activity and assessing reflexes (Moro reflex,
asymmetric tonic neck, and symmetric tonic neck).”* Most
neonates with brachial plexus injury make a complete or
partial recovery on conservative treatment.”>>** The main
principle of management is to maintain the range of ‘motion’
in the affected joints. Treatment should be delayed for a
period of 3—4 weeks after the trauma, in which immobiliza-
tion of the hand and stretched nerve fibers will allow a
spontaneous cure. During the first 4 weeks, the arm has to be
adducted to the thorax. Abduction and external rotation
position of the shoulder must be prevented due to consider-
able tension on the brachial plexus in that position. In the
other joints, careful passive physiotherapy should be carried
out. Thereafter, a gentle range of motion exercises to
shoulder, elbow, wrist, and small joints of the hand may
have to be started.

The prognosis of brachial plexus paralysis is better in the
Erb’s patient than in the patient with the Klumpke variety
and in both of these groups is better than in total paralysis. In
the majority of Erb’s palsy cases, a partial or complete
recovery can be achieved.®® Surgical exploration and repair of
brachial plexus birth injuries are recommended only when
there is no recovery of the biceps by three months of age. An
electromyography and myelogram with CT scanning are
performed preoperatively.”® Advances in microsurgical tech-
niques and reconstruction of the injured plexus by grafting
from the sural nerve can significantly improve the functional
result.’®%>%* Recent use of synthetic collagen nerve conduits
has shown very good results in select short-segment brachial
plexus repairs.”” The advantages of synthetic grafts over
conventional autologous grafts include eliminating donor site
morbidity, increasing the amount of graft material available,
and providing direct conduits for neural growth factors
produced by the proximal segment to reach the distal
segment.
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Facial nerve injury

Facial palsy secondary to birth trauma is usually unilateral and
most commonly follows compression of the peripheral portion
of the nerve, either near its emergence from the stylomastoid
foramen or where the nerve transverses the ramus of the
mandible. The mechanism of injury is usually either direct
trauma from forceps or compression of the side of the face and
nerve against the sacral promontory. The affected infant has
absent or decreased forehead wrinkling, a persistently open eye,
a decreased nasolabial fold, and flattening of the corner of the
mouth on the affected side (Fig. 7.7). Treatment is conserva-
tive, since spontaneous recovery occurs within one month in
most cases of birth-related facial palsy.”>*” Initial treatment
should be directed at protecting the corneal epithelium from
drying with the use of methylcellulose drops instilled every 4
hours. Rarely, there is need for surgical intervention and
neurolysis or a nerve cable transplant for the injured or
degenerative facial nerve, after confirming the diagnosis by
electromyographic and electroneurographic tests.”®

[

Figure 7.7 Left facial nerve palsy following difficult forceps.
Note obliteration of left nasolabial fold with typical deformity of
mouth and wide-open left eye.

Phrenic nerve injury

Diaphragmatic paralysis in the neonate results from stretch-
ing or avulsion of the fourth and fifth cervical roots, which
form the phrenic nerve. The most common cause of phrenic
nerve injury is a difficult breech delivery. The majority of
injuries are unilateral. Bilateral diaphragmatic paralysis is
rare.”” Approximately 75% of cases of birth-related phrenic
nerve injury have an associated brachial plexus injury.**’
The clinical features of diaphragmatic paralysis are non-
specific and include respiratory distress with tachypnea,
cyanosis, and recurrent atelectasis or pneumonia. Chest x-ray
demonstrates an elevated hemi diaphragm about two inter-
costal spaces higher than the adjacent diaphragm (Fig. 7.8a).
Diagnosis is confirmed on fluoroscopy, which shows an

immobile diaphragm or an abnormal elevation of the
diaphragm during inspiration constituting paradoxical move-
ment.”® Real-time ultrasonography can also be employed to
diagnose phrenic nerve paralysis and can be performed in the
intensive care unit in very young babies (Fig. 7.8b).

Initial supportive management usually includes mechan-
ical ventilation, oxygen, chest physiotherapy, antibiotics, and
nasogastric tube feedings to avoid failure to thrive and to
ensure weight gain. Some patients who have severe or
increasing respiratory distress may be managed by contin-
uous positive airway pressure (CPAP).”"”?

Most infants with diaphragmatic paralysis make a com-
plete recovery after conservative treatment (Fig. 7.8¢). Surgery
may be required if there is persistent paralysis after 2 weeks of
mechanical ventilation or three months of medical treatment.
The procedures employed include plication of the diaphragm
via thoracoscopy or thoracostomy*>’> or incision and
replacement of the diaphragm.”

INTRA-ABDOMINAL INJURIES

Birth trauma involving intra-abdominal organs is relatively
uncommon. The organs most commonly involved are the
liver, spleen, adrenal, and kidney.

Liver

The liver is the most commonly injured abdominal organ
during the birth process. Factors that predispose to liver
trauma include breech presentation, infants with hepatome-
galy, large infants, prematurity, and coagulation disorders.*
The mechanism of birth-related liver injury is thought to be
either: (1) thoracic compression and pulling of the hepatic
ligaments with consequent tearing of the liver parenchyma;
or (2) direct pressure on the liver leading to subcapsular
hemorrhage or rupture.*

Hepatic trauma more commonly results in subcapsular
hemorrhage than actual rupture of the liver. The infant with
subcapsular hemorrhage usually appears to be normal for the
first 3 days of life, when the capsule ruptures and there is
extravasation of blood into the peritoneal cavity. This is
followed by sudden circulatory collapse, abdominal distension,
and a rapid drop in the hematocrit value. If the processus
vaginalis is patent, blood may be seen in the scrotum,
suggesting hemoperitoneum. In patients with primary rupture
of the liver, major intraperitoneal bleeding occurs immediately,
resulting in severe shock and abdominal distension. Abdom-
inal x-rays are not usually very helpful, but may show uniform
opacity of the abdomen, indicating free intraperitoneal
fluid. Abdominal ultrasonography may confirm the diagnosis
and is also useful in differentiating a solid liver tumor
from an unruptured subcapsular hemorrhage. A CT scan is
recommended, but only if the patient is hemodynamically
stable (Fig. 7.9a—d). Abdominal paracentesis is the procedure
of choice for rapid diagnosis of hemoperitoneum. Immediate
management consists of blood transfusion to restore the blood
volume and recognition and correction of any coagulation
disorder. This is followed by an immediate laparotomy, with
evacuation of the hematoma and repair of any laceration by
sutures or by fibrin glue.”*
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Figure 7.8

Phrenic nerve paralysis. (a) Chest x-ray shows elevated right diaphragm. (b) Transverse real-time sonogram showing blurring

in the region of left diaphragm due to respiratory movement. Right diaphragm did not move and is sharply outlined along the liver. (c) Chest
x-ray three months later shows normal right diaphragm after conservative treatment.

Spleen

Rupture of the spleen in the newborn occurs much less often
than does rupture of the liver. The predisposing factors and
mechanism of injury are quite similar to those of rupture of
the liver. Although splenomegaly increases the risk, the vast
majority of splenic injuries occur in spleens of normal size.*®
The presenting features are cardiovascular collapse and
abdominal distension. Abdominal x-ray may indicate free
fluid in the peritoneal cavity. Ultrasound scan, abdominal,
and pelvic CT are recommended to confirm diagnosis.

Nonoperative management of pediatric splenic injuries is
now recognized as the treatment of choice in most of cases.”
This typically involves following vital signs, serial hematocrits,
and physical examination. Blood transfusions are administered
as required. Hemodynamically unstable newborns, usually
with immediate massive hemorrhage, may require exploratory
laparotomy.”” In recent years, repair of the spleen has been
advocated because of the risk of subsequent serious infections
following splenectomy.”® Since there is a critical mass of spleen
which prevents overwhelming post-splenectomy infection
(OPSI),”””® every surgeon should do the utmost to preserve
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Figure 7.9

(d

Newborn who developed a distended abdomen post-delivery. (a,b) Sonographic scan at 36 hours shows echo-poor material

due to fresh hemorrhage (white arrow) between the anterior aspect of the right kidney (K) and the inferior aspect of the right lobe of liver (L).
(c) Scan through left lobe of liver demonstrating an area of increased echogenicity in keeping with hemorrhage at site of laceration (curved
arrows). (d) Laceration in left lobe confirmed on computed tomography scan (black arrow).

as much of the injured spleen as possible. Fibrin glue,
splenorrhaphy, or partial splenectomy are the preferred surgical
procedures.”>”* ®" This conservative surgical approach is
advocated not only because of the OPSI, but also because of
the absence of regeneration of the injured spleen after partial
splenectomy, which has been proven in animals.*

Adrenal

Neonatal adrenal hemorrhage occurs most commonly follow-
ing a prolonged and difficult labor, culminating in a traumatic
delivery. Other contributing factors include asphyxia, prema-
turity, placental hemorrhage, hemorrhagic disease of the
newborn, septicemia, renal vein thrombosis, increased vascu-
larity, and congenital syphilis.* ® The right adrenal is

involved in over 70% of cases, with bilateral involvement in
5-10%.%>" The presenting features vary with the degree of
bleeding. The classical adrenal hemorrhage usually presents
between birth and the fourth day of life as an abdominal mass
with fever and jaundice or anemia.*® The differential diagnosis
may include adrenal cyst, neuroblastoma, and Wilms’ tumour.
Diagnosis of neonatal adrenal hemorrhage may be confirmed
with a combination of ultrasound and iv. pyelogram.
Sonography would reveal a suprarenal mass that initially is
echogenic, and subsequent changes to a cyst-like structure
probably indicating fragmentation of the clot (Fig. 7.10a,b).
An iv. pyelogram should demonstrate downward displace-
ment of the kidney on the affected side. An early total body
opacification film may show a lucent region above the kidney.
A ‘rim’ suprarenal calcification may be seen on abdominal
radiographs 2—4 weeks after hemorrhage.®>*!
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Figure 7.10 (a) Right suprarenal echo-poor mass representing
a right adrenal hemorrhage (between cursors) in an infant who
suffered birth asphyxia. (b) Scan performed one month later,
showing that hemorrhage has almost cleared. Small residual echo-
poor area persists (white arrow).

In patients with retroperitoneal hemorrhage, treatment
consists of blood transfusion, close observation, and follow-
up ultrasound studies. In infants with massive intraperitoneal
hemorrhage, surgical intervention consists of abdominal para-
centesis, laparotomy, evacuation of hematoma, ligation of
bleeders, or adrenalectomy if indicated. It must be remembered
that the underlying pathology may be a neuroblastoma®** and
a biopsy should always be taken. Infrequently, a suspicion of an
adrenal abscess ensues. In such a situation, a drainage
procedure must be performed either percutaneously with
ultrasound guidance or by operative exploration.

KIDNEY

Birth-related trauma is rare. Rupture of the kidney in the
newborn is usually associated with an underlying congenital
anomaly.”* The presenting signs are hematuria and renal
mass. An i.v. pyelogram may show absence of excretion or
leakage of contrast through the renal parenchyma into the
perirenal space. Renal ultrasonography may demonstrate

renal rupture (Fig. 7.11) or ascites. Treatment consists of
conservative management if possible. Only in cases of severe
bleeding or a total rupture of parenchyma or pelvis is a
laparotomy indicated, with the correction of underlying
congenital anomaly whenever it is necessary.

BONY INJURIES

Fractures due to birth trauma almost always involve the
clavicle, humerus, or femur. Epiphyseal separations usually
involve upper and lower humeral and upper femoral
epiphyses. Dislocations caused by birth trauma are rare.

Fracture of the clavicle

Fracture of the clavicle is the most common fracture in the
newborn, usually occurring during a difficult delivery
associated with large infants, breech presentation, and
shoulder dystocia.”® Most fractures are of the greenstick
type, occurring in the middle third of the clavicle, but
occasionally the fracture is complete (Fig. 7.12). Undisplaced
fractures require no treatment. Fractures with marked
displacement should be immobilized with a figure-of-eight
bandage. Recovery is usually excellent.

Figure 7.11
cent area in upper pole of right kidney consistent with an
intracapsular rupture. Both ureters were hydronephrotic with
dilated bladder on sonography. (b) Voiding cystogram in the same
patient confirmed posterior urethral valves.

(a) Longitudinal sonogram showing an echolu-



80 Fetal and birth trauma

Figure 7.12 Fracture of right clavicle. Typical fracture of
middle third of clavicle following forceps delivery.

Fracture of the humerus

Fractures of the humerus usually occur in the middle third of
the shaft and are either transverse or spiral. They are usually
greenstick fractures, but occasionally complete fracture with
overriding of fragments may occur. The most common
mechanisms responsible for fracture are believed to be
traction on the extended arm in the breech presentations
and axillary traction to disengage an impacted shoulder in
vertex presentations. Treatment consists of strapping the arm
to the chest. Complete healing of the fracture fragments
usually occurs by 3 weeks.

Fracture of the femur

Femoral shaft fractures usually occur in the middle third and
are transverse. The injury usually follows a breech delivery.
X-ray invariably shows overriding of the fracture fragments.
Treatment consists of Bryant’s traction for 3—4 weeks. The
prognosis in femoral fractures is usually excellent.

Epiphyseal separations

The epiphyseal separation or fracture occurs through the
hypertrophied layer of cartilage cells in the epiphysis. The
most common cause is a difficult breech delivery.”® A fracture
through the proximal epiphyseal plate of the humerus is the
most common epiphyseal cartilage injury. Fractures entirely
confined to the epiphyseal cartilage cannot be demonstrated
radiologically. However, in many cases the fracture extends
through a part of the metaphysis, separating a tiny bony
fragment. This fragment is attached to the epiphysis and if no
displacement of the epiphysis has occurred, the fragment may
be the only radiographic evidence of fracture. An increased
distance of the metaphysis from the joint compared with the
opposite side can also indicate fracture through the epiphy-
seal plate. After 1-2 weeks, callus becomes visible, confirming
the nature of the injury. Diagnosis at the initial stage has to
be made primarily on clinical findings of pain on passive
motion, swelling, and impaired movement around the joint.
Recent reports suggest that epiphyseal separation can be
studied by sonography and without the common use of
arthrography.”®®” Treatment of a fracture of the proximal

epiphysis of the humerus consists of immobilization of the
arm by the side with a sling in 90° flexion.

Epiphysiolysis of the proximal femur is sometimes con-
fused with congenital dislocation of the hip and septic
arthritis, and can occur not only after normal delivery but
also after delivery by Cesarean section.”® Treatment for a
fracture of the proximal epiphysis of the femur is by traction
and spica cast for two months.

TRAUMA TO THE GENITALIA

The breech delivery is the common cause of tissue injuries
involving the external genitalia. Edema, ecchymoses, and
hematomas of the scrotum or the labia majora can occur. No
treatment is needed. Spontaneous resolution of edema occurs
within 24—48 hours and of discoloration within 4-5 days.

If the tunica vaginalis is injured and blood fills its cavity, a
hematocele is formed. The differential diagnosis should
include neonatal torsion and patent processus vaginalis.”®'°
An iatrogenic injury to the scrotum with resultant castration
during breech extraction has been reported.'”"
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Transport of the surgical neonate

PREM PURI AND RESHMA DOODNATH

INTRODUCTION

The successful outcome of an operation performed on a
newborn with congenital anomalies depends not only on the
skill of the pediatric surgeon, but also on that of a large team
consisting of a pediatrician, anesthetist, radiologist, pathol-
ogist, biochemist, nurses, and others necessary for dealing
satisfactorily with the newborn subjected to surgery. The
pediatric transport team is a natural physical extension of
the pediatric intensive care unit and should be able to provide
advanced critical care management for children at remote
sites and during transport to a tertiary center.' Advances in
neonatal intensive care (NIC) dictate that effective and
efficient treatment of the sickest neonates can only be
available by concentrating resources such as equipment and
skilled staff in a few specialist pediatric centers which have
responsibilities to a particular region.>® There has been a
marked change over the past 20 years with regards to the
knowledge, capabilities, and delivery of neonatal transport.*
Neonates with congenital malformations will therefore have
to be transported safely to these centers, sometimes over
considerable distances.

PRENATAL TRANSFER

It has been stated before that prenatal transport of term
fetuses with antenatally diagnosed surgical abnormalities
does not improve the outcome if the quality of care before
and during transport is good.” The distance involved does
not influence the outcome. However, several other studies
support the in utero transportation of the high risk fetus,
particularly the very low birth weight (VLBW) babies and
those with life-threatening neonatal surgical problems.®
Hypothermia remains a main problem in these babies and it
adversely affects neonatal outcome.'® Poor post-transfer
temperature seems to be an independent predictor of
death.'®'" Therefore, whenever possible, antenatal in utero
transfer remains the method of choice for threatened

delivery of an extremely preterm delivery before 28 weeks’
gestation.'®'?

PRE-TRANSFER MANAGEMENT

Transferring a newborn without proper stabilization is
associated with increased morbidity and mortality. The
golden rule still is that no neonate should be transported
unless his or her condition has been sufficiently stabilized to
survive the expected duration of the journey.” The transport
environment is usually noisy and access to the patient is
restricted, and so, careful attention to pre-transfer manage-
ment will provide a higher margin of safety during the
journey, when it may be difficult to provide adequate
treatment should problems arise.” All babies must be properly
resuscitated before the journey is undertaken.” All drugs,
fluids, and equipment that is necessary for transfer should be
carried by the transport team (Box 8.1).1%

Box 8.1 Items necessary for transfer of
surgical neonate

Monitors — ECG, BP, pulse oximeter, temperature

Infusion pumps

Resuscitation drugs and equipment

Portable oxygen supply

Ventilator

Document folder with all relevant information of patient
and parents

Maps — if ambulance crew are driving in unfamiliar area

Portable telephone

Airway management

It should be ensured that the airway is clear and that the baby
is well oxygenated, and that ventilation can be maintained
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during transport. If any risk for deterioration of spontaneous
breathing is present, the child should be intubated before
departure’ as emergency intubation while travelling is often
difficult or hazardous. Except in patients with a fractured
base of skull, nasal obstruction, or significant coagulopathy,
every child should be intubated nasotracheally."” All intu-
bated patients need to be suctioned regularly/hourly.

Temperature regulation

Thermoregulation requires critical attention. Hypothermia
causes an increase in the neonate’s metabolic rate with a
subsequent increase in glucose and oxygen use ensuing
acidosis and, if not reversed, persistent pulmonary hyperten-
sion of the neonate develops.® A core body temperature
below 36.4°C (97.5°F) in neonates has been correlated with
poor brain and somatic growth and increased mortality."*
This can all be avoided by warming the baby to a core
temperature of at least 35°C and using a pre-warmed
transport incubator in a pre-warmed ambulance, with
the thermal environment adjusted so as to maintain correct
rectal temperature.'”” Hyperthermia above 37°C (98.6°F)
should be avoided.'®

Circulation

Two reliable and secure routes of venous access should be in
place. Many surgical newborns have abnormal losses of water,
electrolytes, and proteins, which must be replaced to prevent
hypovolemia and shock. Intravenous fluids must be initiated
immediately and sometimes initiation of inotropic vasopres-
sors such as dopamine or dobutamine may be warranted.>®®
A urinary catheter should be inserted to closely monitor
urinary output in any patient in whom there will be excessive
fluid losses.

Every neonate requiring transport must have an ade-
quately sized functioning nasogastric tube to prevent vomit-
ing and aspiration. It should be taped securely in position
and kept on open drainage or attached to a low-pressure
suction pump which should be aspirated every 10-20
minutes to prevent occlusion.” Glucose homeostasis must
also be maintained and close monitoring of glucose blood
levels should be performed regularly and corrected if
necessary.”

Documentation

Furthermore, a number of essential data should be trans-
ferred with the infant. A copy of the infant’s chart with
completed medical notes, all x-rays/ultrasound scans, and
nursing documentation (urine output, passage of stools, eye
prophylaxis, hepatitis vaccine, other medication administra-
tion) should accompany the patient. All laboratory reports
should be included, and the time noted when tests were carried
out. It should be clearly documented whether vitamin K
was given. Prophylactic broad-spectrum antibiotics should
be started if there is a risk of infection. A sample of maternal

blood (5-7 mL clotted) should be sent to facilitate cross-
matching. A parental consent for operation, signed by the
mother if the parents are not married, should be sent
together with a contactable phone number to be able to
explain to the parents the surgical condition of their child
and the operative procedure. Where possible, a cord blood
specimen should be sent, along with a copy of maternal
records including complete maternal history, labor, and
delivery records.

TRANSPORT TEAM

It is now widely accepted that specific transport training is
required by staff who will be called upon to transfer neonatal
patients.'” Local and individual circumstances will determine
whether the referring or specialist center will send a transport
team. The composition of the team may also vary from
institution to institution. The team should ideally consist of a
transport physician/pediatrician and a trained neonatal nurse
familiar with and able to anticipate potential problems
associated with specific lesions.>'® They should be familiar
with all equipment and its function and should be experi-
enced in stabilizing an infant in suboptimal conditions. A
more recent option is the use of Advanced Neonatal Nurse
Practitioners (ANNPs), who have been shown to provide
comparable care to trainee pediatricians.'” Careful delinea-
tion of responsibility is important. Some institutions have
formed a nursing transport team trained and experienced in
the transfer of sick neonates. They guide the doctors and
operate the equipment."'’

TRANSPORT VEHICLES

Selection of a transport vehicle is dependent on the distance
traveled, geography, weather conditions, the nature of the
infant’s problem, and the need for speed.” A variety of
conveyances are in popular use, including ground ambu-
lances, helicopters, and fixed-wing aircraft. Ambulance
transport is generally preferable to that by helicopter, but it
is rather slow.

Air transport has several disadvantages. A major dis-
advantage is that separate ground transport must be arranged
at both ends to move the baby between the airport and the
hospital. The exception arises in those circumstances in
which helicopter landing sites are available at both receiving
and referring institutions. Vibration is not usually detrimen-
tal to the infant, but can dislodge lines and tubes and
adversely affect monitoring equipment.'® Excessive noise may
give rise to communication issues and it is important to
ensure that staff headsets are equipped with the correct
impedance microphone for that particular aircraft.'® Noise,
vibration, and poor lighting make in-flight monitoring of the
infant difficult in a rotary-wing aircraft (helicopter).®*'® This
problem is not experienced to such a significant degree in a
fixed-wing aircraft. Overall, the noise and vibrations may
cause distress and discomfort to the infant, leading to a
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deteriorating clinical condition and thus it is logical to
minimize these as much as possible.'®

The transport incubator should be securely strapped in
case of turbulence of the plane. The infant in the incubator
should be well fixed with a lockable piece of cloth. Moreover,
the space in a plane is limited and can cause difficulties in
manipulating the airway.®’

The negative effects of altitude on the neonate’s body can
be detrimental.'” With increasing altitude, the partial pres-
sure of oxygen decreases, therefore diffusion of oxygen across
the alveolar membranes becomes more difficult, arising in
decreasing oxygen saturation in the infant. To maintain the
same level of oxygenation, a higher percentage of oxygen may
be required. Moreover, the barometric pressure will also
decrease with increasing altitude, the volume of gas will
increase and any air trapped in a body cavity will expand.
This could have a dramatic effect on pulmonary function®
and small insignificant air leaks can become dangerous. This
is particularly important in the setting of pneumothoraces,
pneumoperitoneum, or intramural gas.'"® It is therefore
important to ensure that all air leaks are drained if possible.
It is also very important to have well-functioning medical and
nursing equipment in the event that this emergency arises. "'

Monitoring is essential during transfer because clinical
assessment can be limited due to suboptimal lighting, noise,
vibration, and lack of space. Invasive and noninvasive
measures of arterial pressure, pulse oximetry, electrocardio-
graph (ECG), core temperature measurement, and pressure
transducers for central venous and intracranial pressure
readouts must be present. All monitors and syringe pumps
should be battery operated.® A range of airway and
ventilatory equipment, including self-inflating resuscitation
bags, masks, airways, laryngoscope handles and blades,
uncuffed neonatal endotracheal tubes of various size, humi-
difiers, portable suction apparatus, and oxygen supplies,
must be available in case airway problems should occur.
There must be a source of suction for clearing blocked
endotracheal tubes. Intravenous infusion pumps, along with
an appropriately stocked box including i.v. supplies, intraoss-
eous needles, chest tubes, and umbilical catheter kits with
sterile equipment and emergency drugs should be present.®
After each transport, a record which documents equipment
that is used should be filled in and the equipment unit
checked and restocked. The equipment kit should be
controlled weekly by the neonatal transport nurse on duty
and servicing of the transport incubator and the monitoring
equipment should be carried out."”

Because of the very different nature of air travel compared
to ground travel, it is imperative that staff receive training
specifically directed at both the environment and specific
problems that they may encounter in each situation. These
include logistics (landing sites), airborne environment, and
safety issues specific to each situation.'”

TRANSPORT INCUBATORS

Standard requirements for transport incubators are estab-
lished in an International Standard.”®*' The currently avail-
able portable incubator (Fig. 8.1) is designed and equipped for

Figure 8.1

A portable incubator.

transporting sick newborns.** It is a central piece of equip-
ment that has to provide warmth, visibility, and access. The
incubator should be able to maintain a specific temperature
under a variety of different ambient conditions (e.g. —15°C/
5°F to 28°C/82°F).*° The patient compartment of the
transport incubator must be equipped with a front flap for
loading and so that there is good access to the neonate in the
event of an emergency.” It should also be able to run on
batteries, and must be equipped with its recharger. Guidelines
state that the energy of the battery should be sufficient for a
minimum of 90 minutes in an ambient temperature of 15°C/
59°E*' It should be equipped with a cardiorespiratory
monitor, pulse oximeter, infusion pump, oxygen analyzer,
oxygen and air cylinders, double Plexiglas walls, and shock-
absorbing wheels.® In the case of transporting very sick
neonates and preterm babies, ventilation may be required.
In these cases, the incubator should be equipped with a
mechanical ventilator which is time-cycled, pressure-limited,
and capable of delivering conventional ventilations and
constant positive airway pressure (CPAP).?> When securing
the neonate in the incubator, one must bear in mind the size of
the infant, extreme sensitivity of preterm skin, reduced muscle
tone, low body profile, and body weight distribution.*’

TRANSPORT PROCEDURE

The perfect transfer does not exist yet. It involves early and
effective communication between the referring and specialist
center, stabilization of the baby pre-transfer, and provision of
special needs and care during transport.’ All too often,
transport is hastily arranged and conducted in a vacuum of
communication, resulting in preventable catastrophes such as
vomiting and aspiration, hypothermia, hypovolemia, and
airway obstruction,” and in the majority of cases, most
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adverse events arise from poor planning and preparation.
Ideally, transfer is arranged at as senior a level as possible, i.e.
a telephone conversation between a specialist pediatric
registrar or consultant pediatrician in the referring center
and specialist surgical registrar or consultant pediatric
surgeon in the receiving center.”* A standardized transfer-
form booklet was introduced by the current authors in their
institution. A form is filled in during the initial conversation
with the referring center. It contains all the necessary medical
and practical details regarding actual transfer and specific
management of the surgical problem of the newborn. By
increasing awareness of potential problems, referring hospi-
tals will be less inclined to neglect precise instructions
concerning specific surgical conditions.

RECEIVING CENTER

Continuation of care is essential to improving neonatal
outcome. On arrival at the tertiary center, a brief report of
prenatal, labor, and delivery history should be given by the
transport nurse to the newborn intensive care nurse, together
with details of the newborn’s resuscitation and any problems
experienced during transfer.® The accompanying pediatrician
should review the baby and all documents together with the
accepting surgeon and anesthetist, if necessary. The parents
should be introduced to all staff who will be involved in the
care of their baby. Every procedure should be explained in a
clear and comprehensive language to avoid confusion and
parental fear. The consent form should be updated if
necessary. Blood tests and radiological examinations can be
ordered subsequently.

SPECIAL CONSIDERATIONS

Gastroschisis

The baby with gastroschisis is at a higher risk for hypothermia,
excessive fluid loss, shock, and infection due to lack of a
covering peritoneal/amniotic membrane which gives rise to
exposed viscera and peritoneal surfaces. Therefore, radiant
heating should be available in the room and the baby should
be kept in a warmed incubator with the incubator’s tempera-
ture monitored frequently. Intestinal strangulation, necrosis,
and obstruction may also occur due to the small size of the
paraumbilical defect. Treatment starts immediately after
delivery in order to prevent fluid loss and hypothermia
(Box 8.2). Intubation and ventilation is carried out if required,
and immediate resuscitation with adequate iv. fluids
(120 mL/kg/24hours) to overcome substantial water, electro-
lyte, and protein loss is started. Because the fluid losses are
primarily of serum and interstitial fluids, these neonates
require isotonic fluids resuscitation, which consists of col-
loids, saline, or lactate Ringer’s solution.”*® Pulse rate and
mean arterial pressure are observed and blood is taken and
glucose level measured. At the same time, vitamin K is given
and broad-spectrum antibiotics (ampicillin, gentamicin, and
metronidazole) are commenced to reduce contamination of

Box 8.2 Stabilization of a newborn with
anterior abdominal wall defect prior to
transfer to a referral center

Warm environment

Evaluate respiratory status

Nasogastric tube

Gastroschisis: wrap cling film around defect
Omphalocele: wrap dry gauze around sac
Intravenous fluids, correct deficits
Antibiotics

Vitamin K

the exposed intestinal loops. A nasogastric tube is passed for
intestinal decompression and prevention of pulmonary
aspiration. A urinary catheter is passed to decompress the
bladder and to monitor urinary output. In many instances,
the viscera are wrapped in sterile gauze that has been soaked in
warm sterile saline and then the abdomen, along with the
covered defect, are wrapped in dry sterile gauze. This may,
however, induce hypothermia as the gauze cools. If the gauze
is allowed to dry, this may stick to the intestinal surface and
cause serosal injury when trying to be removed.”” Ideally, the
bowel should be placed in a sterile clear plastic bag or silo
(Fig. 8.2). If this is not available, the bowel is localized in the
center of the abdomen and cling film is used to encircle the
exposed intestine and is wrapped around the infant. These
measures minimize heat loss and trauma to the exposed
viscera.”® The positioning of the infant is very important for
preventing bowel ischemia. If the infant is supine and the

Figure 8.2

Gastroschisis with silo placement.
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bowel lies on one side, there is a risk of ischemia to the bowel
if the superior mesenteric artery becomes kinked. Hence, the
best position is to keep the intestines directly above the
abdominal wall defect so that the superior mesenteric artery
exits straight from the defect.”’”

Omphalocele

As with any abdominal wall defect, the care of the neonate
begins with resuscitation. The initial objectives for the
neonatologist are to assess and treat respiratory distress, to
protect the sac from rupture and infection, and to minimize
heat loss.”**® A nasogastric tube is passed immediately to
decompress the stomach and bowel. Intravenous fluids,
broad-spectrum antibiotics, and vitamin K should be started.
The defect must be inspected to ensure that the sac is intact.”*
The sac should be stabilized in the middle of the abdomen to
prevent kinking of the vessels and covered with a sterile, dry,
non-adherent dressing to prevent trauma and heat loss. If the
sac is ruptured, then the exposed bowel is treated as it is for
gastroschisis.”’

Pierre Robin syndrome

Babies with Pierre Robin syndrome carry a high risk of
tongue swallowing and asphyxiation. The baby should be
nursed prone to prevent the tongue from falling back into the
airway, and an oropharyngeal airway inserted.”

Choanal atresia

Neonates with choanal atresia suffer from intermittent
hypoxia. The baby should be nursed with an appropriately
sized oral airway with the end or teeth cut off to keep the
mouth open.” One must ensure the airway does not go too
far into the pharynx as it may enter the esophagus and
occlude the airway. This must be secured in place to prevent
dislodging.

Myelomeningocele

The infant with myelomeningocele should be nursed prone in
order to prevent trauma and pressure on the spinal area. A
warm, sterile, saline-soaked dressing is placed over the lesion
and cling film wrapped around the baby to prevent drying
and dehiscence. If the sac is ruptured and cerebrospinal fluid
(CSF) is leaking, or if the myelomeningocele is open, it
should be covered with Betadine-soaked gauze and i.v. broad-
spectrum antibiotics started. Care must be taken to prevent
fecal contamination in sacral lesions.® Careful observation
and documentation of neurological function is essential
before, during, and after transportation, including evaluation
of the sensorimotor level and assessment of the degree of
hydrocephalus.®**

Bladder extrophy

At birth, the umbilical cord should be ligated close to the
abdominal wall and the umbilical clamp removed to prevent
mechanical damage to the bladder mucosa and excoriation of
the bladder surface.®’>** Trauma and damage to the exposed
bladder mucosa and plate should be avoided by covering the
defect with cling film wrapped around the baby to prevent
the mucosa from sticking to clothing or diapers. This will
allow urine to escape while establishing a barrier between the
environment and the fragile bladder mucosa. Old urine,
mucus, and any detritus should be washed from the surface
of the bladder with sterile saline warmed to body tempera-
ture at each diaper change and a clean layer of cling film
applied, also during transfer.>>””> Prophylactic antibiotics
should be started immediately.

Cloacal extrophy
The same measurements to protect the omphalocele sac as
discussed under omphalocele are applicable.

Esophageal atresia with tracheo-esophageal
fistula

Most babies with esophageal atresia become symptomatic
soon after birth. Symptoms include excessive drooling,
coughing, or choking with the first feed. Once the diagnosis
of esophageal atresia is suspected, the baby should be
transferred to a tertiary referral center for further investiga-
tion and surgery. Some babies will require endotracheal
intubation and ventilation. These infants are particularly at
risk because mechanical ventilation is relatively ineffective due
to the presence of a fistula. Therefore, the tip of the
endotracheal tube should be placed proximal to the carina
but distal to the fistula. Urgent transfer and ligation of the
fistula are essential. Generally, the infant should be handled
with care and crying avoided to reduce the risk of aspiration
and abdominal distension and thereby, respiratory distress.
Moreover, the baby should be well oxygenated at all times and
kept in a warm environment. Regurgitation of gastric contents
through the fistula during transport can be prevented by
keeping the head of the baby in a slightly elevated position or
nursing the baby prone or in a right lateral position and
thereby decreasing the work of breathing and improving
oxygenation.®>* The blind upper esophageal pouch should be
kept empty. A Replogle sump catheter should be placed in the
pouch and connected to low-intermittent or low-continuous
suction in order to prevent accumulation of saliva. The
perforations along the side of the catheter are located only
near the tip and therefore minimize the possibility of
suctioning oxygenated air away from the larynx.”> However,
these double lumen esophageal tubes have a tendency
to become blocked with mucus and therefore should be
irrigated at frequent intervals during transport. Intravenous
fluids should be started to provide maintenance and supple-
mental fluids and electrolytes to compensate esophageal
secretion losses. Infection should be prevented and any
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existing pneumonitis treated by broad-spectrum antibiotics.
Vitamin K should be administered prior to transfer.

Congenital diaphragmatic hernia

The initial objective for the neonatologist and anesthetist is to
stabilize the critically ill neonate before transport to the
referral center (Box 8.3). A nasogastric tube should be passed
immediately on diagnosis to decompress the gastrointestinal
tract and to prevent further compression of the lung.
Endotracheal intubation should be performed promptly in
a baby with respiratory difficulty or poor gas exchange. Full
sedation and paralysis and gentle ventilation will reduce the
risk of barotraumas in the setting of hypoplastic, delicate
lungs. Mask ventilation should be avoided because it will
distend the stomach and further compromise the respiratory
status. Hyperventilation, using low pressures and high
oxygen content, correction of acidosis and prevention of
thermal and metabolic stress are recommended to prevent
pulmonary hypertension.® Some infants need high frequency
oscillatory ventilation (HFOV) when conventional ventila-
tion proves ineffective. The rational is that small tidal
volumes and gas transport by augmented diffusion result in
a lower shear stress and less barotraumas.® These patients
may, however, pose a problem, as there is no oscillatory
ventilation option commonly available on transport ventila-
tors.”” Clinical teams will usually have to convert oscillation
to standard ventilation for the duration of transfer.”” Careful
attention to fluid balance with i.v. fluids, fresh-frozen plasma
(FFP) and dopamine, if necessary, should be started to
maintain adequate peripheral perfusion without causing
pulmonary overload.”® Prophylactic antibiotics should be
started and vitamin K administered. Venous access through
the umbilicus is useful for obtaining mixed venous blood gas
specimens and monitoring central venous pressures if passed
across the liver into the right atrium. Arterial access with an
umbilical artery catheter will allow monitoring of systemic
blood pressure and blood gas measurements at the postductal
level. The baby will also need a right radial arterial line to
measure preductal blood gases, and a preductal pH >7.2
and arterial oxygen pressure of >6.5kPa with an oxygen
saturation of 85-90% is acceptable.”® This can be inserted on
arrival at the referral center. Acute deterioration of the
infant’s condition can occur during transfer due to a

Box 8.3 Stabilization of a neonate with
congenital diaphragmatic hernia prior to
transport

Maintain warm environment
Nasogastric tube

Intubation and ventilation
Intravenous fluids

Arterial blood gases
Antibiotics

Vitamin K

pneumothorax. Equipment for intercostal drainage must be
available since it can be a life-saving maneuver.***

There has been tremendous growth in the use of
extracorporeal life support for neonatal cardiopulmonary
failure in the last decade. Extracorporeal membrane oxygena-
tion (ECMO) has been used as a salvage procedure with an
80% survival rate in high-risk neonates with congenital
diaphragmatic hernia who fail to respond to mechanical
ventilation and meet entry criteria. ECMO is able to partly
take over oxygenation and carbon dioxide removal, and
thereby may allow respiratory settings to be adjusted to the
mechanical and gas exchange properties of the diseased lung.
In this way the goals of lung and protective mechanical
ventilation can be reached.’® The number of centers provid-
ing ECMO is still limited, so special services are needed to
transport critically ill neonates to these centers. These special
transport teams should be familiar with the pathophysiology
of cardiac and respiratory failure and be equipped to
continue the monitoring and treatment started at the referral
center. They must also be able to maintain that level of care
during transport, and to treat complications of the disease or
therapy itself.”>* Now, transportable ECMO systems exist
that can effectively stabilize and transport high-risk neonates
to an ECMO-competent center.*’ The use of inhaled nitric
oxide (NO) leads to a reduction in endogenous production of
NO and its value in patients with congenital diaphragmatic
hernia (CDH) is unclear.’® Recent studies have shown that
there is an immediate short-term improvement in oxygena-
tion seen in some treated infants and this may be of benefit in
stabilizing infants for transport and initiation of ECMO.
However, for term and near-term infants with CDH and
hypoxic respiratory failure unresponsive to conventional
therapy, inhaled NO did not reduce the need for ECMO.*

Intestinal obstruction

Intestinal obstruction can occur as a result of a number of
conditions, e.g. malrotation, duplication of the alimentary
tract, intestinal atresias, necrotizing enterocolitis, Hirsch-
sprung’s disease, meconium ileus, and anorectal anomalies.
The principles of care are the same irrespective of the level or
cause of the obstruction.® The main objectives are to
decompress the bowel and prevent aspiration, accurately
estimate and correct fluid losses and minimize heat loss. A
nasogastric tube should be passed to minimize distension and
suction carried out every 15-30 minutes and left on free
drainage between aspirations prior to and during transport.
Serum electrolytes and proteins sequester in the intestinal
wall and lumen, and isotonic i.v. fluids and colloids should be
started to correct acid—base and volume deficits.”” These
must be reviewed and adjusted on a 6—8-hourly basis
according to the needs of the infant.” Broad-spectrum
antibiotics should be started prophylactically.

Necrotizing enterocolitis

Neonates with necrotizing enterocolitis (NEC) are usually
transferred only if surgery is required in case of perforation
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of gangrenous bowel resulting in pneumoperitoneum or
progressive clinical deterioration with evidence of peritoni-
tis.” Usually they are critically ill with sepsis and shock. The
transfer is done preferably while the infant’s condition is as
stable as possible. Prompt resuscitation with crystalloids,
colloids, or blood to correct acidosis is started prior to
departure. Ventilation with intermittent positive pressure and
inotropic support is often required.® Blood pressure and
blood glucose must be closely monitored in these patients. A
sump nasogastric tube on continuous suction is passed and
suctioned regularly prior to and during transport. Broad-
spectrum antibiotics to cover for Gram-positive, Gram-
negative and anaerobic coverage are started.””

CONCLUSION

The approach to the care of the high-risk newborn has
changed dramatically in the past 20 years. The newborn with
a serious congenital malformation requires assessment and
stabilization by experienced staff prior to and during
transport to the regional center. Several studies have demon-
strated that stabilization of the high-risk newborn before
transport is associated with a reduction in perinatal morbid-
ity and mortality. The pediatric transport team plays a vital
role in the transport of these patients to tertiary pediatric
facilities. The overall aim of transport of the surgical neonate
should be to bring the services of the Pediatric Intensive Care
Unit to the patient’s bedside during transport to a specialist
centre.
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INTRODUCTION

Many congenital defects that are of interest to the pediatric
surgeon can now be detected before birth, thus the
preoperative assessment of the newborn with a possible
congenital anomaly starts in utero. When serious malforma-
tions incompatible with postnatal life are diagnosed early
enough, the family may have the option of terminating the
pregnancy in some countries. It is extremely beneficial for
parents if the pediatric surgeon who is likely to manage the
infant postnatally is available antenatally to provide informa-
tion, be involved in management decisions, and counsel the
family before birth.! The main goal of prenatal diagnosis is to
improve the prenatal care by maternal transport to an
appropriate center and delivering the baby in the timing
and mode that are appropriate for the specific fetal
malformation. Multidisciplinary meetings in which obstetric,
neonatal, and pediatric surgical expertise is present are
commonplace in most large pediatric institutions. They
undoubtedly improve postnatal outcome, but as always
effective communication between all disciplines is vital.
Prenatal intervention for certain congenital anomalies has
been reported extensively in recent years. The success of fetal
surgery has varied from condition to condition; for instance
antenatal closure of myelomeningocoele is associated with a
lesser requirement for subsequent ventricular shunting but
no significant improvement in neurologic deficit.” Likewise
vesico-amniotic shunting for posterior urethral valves has not
proved to be the ‘cure-all’ it was once hoped to be,” but it
seems clear that fetal surgical intervention is here to stay and
is likely to continue to expand its repertoire.>> At present,
however, almost all congenital malformations can be success-
fully managed after birth.

During the past two decades there have been significant
advances in modes and techniques for prenatal diagnosis.
These modes include: amniocentesis, amniography, feto-
scopy, fetal sampling, and ultrasonography. The latter,
enabling direct imaging of fetal anatomy, is a noninvasive
technique, safe for both the fetus and the mother.® With
further advances in screening techniques, and combining

various antenatal screening modalities, such as the Serum,
Urine and Ultrasound Screening Study (SURUSS) for Down
syndrome,” the efficacy and safety of antenatal screening has
improved. However, it is important to remember that
sonography is operator dependent and the reliability of the
information obtained is directly proportional to the skill and
experience of the sonographer. For example, it is important
to distinguish duodenal from jejunal obstruction in a fetus
with polyhydramnios, because duodenal obstruction is
associated with Down syndrome and requires further genetic
evaluation while jejunal obstruction does not.

The real-time sonography may yield important informa-
tion on fetal malformation, fetal movement, and fetal vital
functions such as breathing movements and heart rate
variability. Again, this information may guide postnatal
intervention.*® Serial sonographic evaluations are particu-
larly useful in following the progression or regression of any
fetal disease. All this important information is an integral
part of the preoperative assessment of a newborn with any
kind of congenital malformation (Figs 9.1 and 9.2).

Neonates born with congenital malformations are usually
in urgent need of surgery and, in addition to their surgical
problem, may suffer from a multitude of medical problems.
Furthermore, they are at a period when significant physio-
logical and maturational changes involving transition from
fetal to extrauterine life are occurring. The surgical and
anesthetic intervention at this time may affect this transition
by interfering with normal homeostatic controls of circula-
tion, ventilation, temperature, fluid, and metabolic balance.
To facilitate a smooth preoperative course, close cooperation
among the neonatologist, pediatric surgeon, and pediatric
anesthesiologist is necessary.

All neonates undergoing surgery must be carefully
assessed preoperatively, giving particular attention to the
following:

history and physical examination;
maintenance of body temperature;
respiratory function;
cardiovascular status;
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Figure 9.1 Transvaginal ultrasonogram showing a 15-week-
old fetus with omphalocele (arrow). Bowel loops protrude through
the abdominal wall defect.

Figure 9.2 Transvaginal ultrasonogram showing a 16-week-
old fetus with diaphragmatic hernia. The dilated stomach (arrow)
appears in the left hemithorax adjacent to the heart.

metabolic status;

coagulation abnormalities;

laboratory investigations;

vascular access;

fluid and electrolytes, and metabolic responses.

HISTORY AND PHYSICAL EXAMINATION

The history of a newborn starts months before delivery, as
many of the congenital malformations (e.g. Bochdalek
hernia, omphalocele, gastroschisis, sacrococcygeal teratoma,

and others) nowadays are known to the pediatric surgeon
prenatally. The increasing importance of antenatal pediatric
surgical input in counseling parents has been recently
reported.'”'" Not only are the anatomical and structural
anomalies important, but even more so are metabolic
abnormalities or chromosomal aberrations, which must be
diagnosed prenatally or immediately after birth.

Anticipation of a problem in the delivery room is often
based on prenatal diagnosis. For example, identification of a
trisomy 21 in the fetus will increase the neonatologist’s
awareness in evaluating the infant for those abnormalities
closely associated with this chromosomal defect, e.g. evalua-
tion for duodenal atresia and congenital heart disease.
Conversely, prenatal identification of specific fetal anomalies
should signal the pediatrician to evaluate the infant for a
chromosomal abnormality.'?

The most important recent advance in prenatal detection
of anatomical problems has been the development of fetal
ultrasonography, and in experienced hands this mode of
imaging can be used to detect a wide range of fetal problems
and guide postnatal prognosis,”> ranging from relatively
minor abnormalities to major structural defects. However,
this anatomical prenatal diagnosis is only one of the tools
that aid in planning care management. An accurate and well-
documented family history may increase the suspicion that
an infant is at risk for an anatomical defect linked to an
inherited disorder. In other cases, only the evidence of
polyhydramnios should significantly increase suspicion of
congenital anomalies.

Most problems are best managed expectantly by natural
labor and vaginal delivery. Opinion remains divided on the
benefits of elective Cesarean section for abdominal wall
defects, with some authorities finding only limited useful-
ness,'* and others suggesting that elective preterm delivery
for gastroschisis results in an improved surgical outcome.'
Certain malformations, however, such as conjoined twins,
giant omphalocele, sacrococcygeal teratoma, or large cystic
hygroma, often require Cesarean section for delivery.'®

After birth, the assessment of the degree of prematurity,
which is an integral part of the physical examination, and the
specific type of congenital anomaly must be identified and
recorded because of the profound anesthetic and post-
operative implications that are involved. The normal full-
term infant has a gestational age of 37 weeks or more, and a
body weight greater than 2500¢g. Infants born with a birth
weight of less than 2500 g are defined as being of low birth
weight (LBW). Babies may be of LBW because they have been
born too early (preterm — earlier than 37 weeks’ gestational
age), or because of intrauterine abnormalities affecting
growth (growth retardation). Small-for-gestational-age
(SGA) infants are those whose birth weight is less than the
10th percentile for their age. Infants may, of course, be both
growth retarded and born preterm.

The principle features of prematurity are:

a head circumference below the 50th percentile;
a thin, semi-transparent skin;

soft, malleable ears;

absence of breast tissue;
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e absence of plantar creases;
e undescended testicles with flat scrotum and, in females,
relatively enlarged labia minora.

The physiological and clinical characteristics of these babies
are:

apneic spells;

bradycardia;

hypothermia;

sepsis;

hyaline membrane disease;

blindness and lung injury due to use of high levels of
oxygen;

e patent ductus arteriosus.

In the SGA infant, although the body weight is low, the body
length and head circumference approach that of an infant of
normal weight for age. These babies are older and more
mature. Their clinical and physiological characteristics are:

higher metabolic rate;

hypoglycemia;

thermal instability;

polycythemia;

increased risk of meconium aspiration syndrome.

In relation to these differences, three important observations
have been reported:

1. LBW infants have a mortality ten times that of full-sized
infants.

2. More than 75% of overall perinatal mortality is related to
clinical problems of LBW infants.

3. The rate of anatomical malformation in LBW infants is
higher than for infants at term."”

MAINTENANCE OF BODY TEMPERATURE

The mean and range of temperature for newborns are lower
than previously described and most temperatures <36.3°C
are, in fact, within the normal mnge.18 Newborn infants,
particularly premature infants, have a poor thermal stability
because of a higher surface area/weight ratio, a thin layer of
insulating subcutaneous fat, and a high thermoneutral
temperature zone. The newborn readily loses heat by
conduction, convection, radiation, and evaporation, with
the major mechanism being radiation. Shivering thermogen-
esis is absent in the neonate, and the heat-producing
mechanism is limited to non-shivering thermogenesis
through the metabolism of brown fat.' Cold stress in these
neonates leads to an increase in metabolic rate and oxygen
consumption, and calories are consumed to maintain body
temperature. If prolonged, this leads to depletion of the
limited energy reserve and predisposes to hypothermia and
increased mortality. Hypothermia can also suggest infection
and should trigger diagnostic evaluation and antibiotic
treatment if required.'®

Illness in the newborn, particularly when associated with
prematurity, further compounds the problems in the main-
tenance of body temperature. The classic example for such an
illness is the newborn with omphalocele or gastroschisis. In
their group of 23 neonates with gastroschisis, Muraji et al.*’
found that hypothermia (31-35.4°C), which was found in
seven patients upon arrival at the hospital, was the most
serious preoperative problem. To minimize heat losses, it is
desirable that most sick neonates be nursed in incubators
within a controlled temperature. These incubators are
efficient for maintaining the baby’s temperature, but do not
allow adequate access to the sick baby for active resuscitation
and observation. Overhead radiant heaters, servo-controlled
by a temperature probe on the baby’s skin, are preferred and
effective in maintaining the baby’s temperature; they also
provide visual and electronic monitoring and access for
nursing and medical procedures. Hyperthermia should be
avoided, because it is associated with perinatal respiratory
depression and detrimental outcomes in the short-term
period post-delivery.*!

The environmental temperature must be maintained near
the appropriate thermoneutral zone for each individual
patient because the increase in oxygen consumption is
proportional to the gradient between the skin and the
environmental temperature.”> This is 34-35°C for LBW
infants up to 12 days of age and 31-32°C at 6 weeks of
age. Infants weighing 2000—3000 g have a thermoneutral zone
of 31-34°C at birth and 29-31°C at 12 days. In an incubator,
either the ambient temperature of the incubator can be
monitored and maintained at thermoneutrality, or a servo
system can be used. The latter regulates the incubator
temperature according to the patient’s skin temperature,
which is monitored by means of a skin probe on the infant.
The normal skin temperature for a full-term infant is 36.2°C,
but because of many benign factors such as excessive
bundling, ambient temperature may affect body temperature.
Diurnal and seasonal variations in body temperature have
also been described.'® Thus, the control of the thermal
environment of the newborn and especially the ill baby with
congenital malformations is of the utmost importance to the
outcome.

RESPIRATORY FUNCTION

Assessment of respiratory function is essential in all
neonates undergoing surgery. The main clinical features of
respiratory distress are restlessness, tachypnea, grunting,
nasal flaring, sternal recession, retractions, and cyanosis.
These symptoms are occasionally present in the delivery
room due to anatomical abnormalities involving the airway
and lungs and require the most urgent therapy.>> Table 9.1
lists some common conditions that may be present with
respiratory distress at birth. These conditions include:
diaphragmatic hernia (Bochdalek), lobar emphysema, pneu-
mothorax, esophageal atresia with or without tracheo-
esophageal fistula, congenital airway obstruction, congenital
cystic adenomatoid malformation of the lung, meconium



Table 9.1 Approach to respiratory distress post-delivery.

Condition Prenatal and perinatal associations

Respiratory distress ~ Prematurity, lung immaturity, asphyxia,
syndrome (RDS) maternal diabetes, male sex

Air leak syndromes

Pneumothorax RDS, meconium aspiration, endotracheal
resuscitation, diaphragmatic hernia,
assisted ventilation

Diaphragmatic hernia Polyhydramnios
(Bochdalek)

Lung abnormalities
Lobar emphysema Occasionally associated with congenital
malformations of the heart and great

vessels
Congenital cystic Fetal hydrops, polyhydramnios, pulmonary
adenomatoid hypoplasia, mediastinal shift, type Il —
malformation associated anomalies including prune
(CCAM) belly syndrome and pectus excavatum.

25% of infants are stillborn
Esophageal atresia ~ Polyhydramnios, associated malformations
with tracheo- (VACTERL), excessive nasopharyngeal
esophageal fistula saliva

Airway abnormalities
Choanal atresia and None
supralaryngeal
lesions

Clinical features Chest radiographic findings® Initial therapy
Increasing respiratory distress after  Diffuse reticulogranular pattern, air Oxygen, assisted ventilation
birth, tachypnea, grunting, rib bronchograms

retractions or nasal flaring

Acute onset of sternal recession, Intrapleural air, mediastinal shift; varying ~ Oxygen, needle aspiration, chest drain;
tachypnea, cyanosis, shift in apex degrees of lung collapse which is always additional tubes may be needed when
beat position symmetrical toward the hilum large lea