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Foreword

Neonatal–perinatal medicine emerged as a subspecialty in the
1960s, and the first certification examination by the American
Board of Pediatrics took place in 1975. Prior to the application
of intensive care, neonatal–perinatal medicine could be char-
acterized as being anecdotally based, with benign neglect and
a series of disastrous interventions. Great progress has been
made, and evidence-based medicine is now the order of the
day. The data base has expanded exponentially and we stand
on the threshold of seminal therapeutic breakthroughs. The
impossible is being made possible, and we anticipate that
the ability to repair organs such as the brain and spinal cord
will soon be part of our armamentarium.

There has been a dizzying proliferation of scientific know-
ledge related to the brain that has been incorporated into the
fourth edition of Fetal and Neonatal Brain Injury. Whereas
there is a general awareness that by the time a textbook is
published it typically trails current knowledge, the editors have
made every effort to remedy this. The fourth edition includes
new authors or topic headings for 21 of the 50 chapters, and
the text is as near to current as is humanly possible.

Simplifying neuroscience for non-neurologists is a daunting
task. Yet somehow, through their choice of contributors, the
editors have successfully assembled a book that is comprehen-
sive, up to date, understandable, and interesting to read. The
sections have been somewhat rearranged but they follow a
logical sequence and new chapters and contributors blend
seamlessly with those that have been updated. Although the
text is mainly focused on the central and peripheral nervous
system, because any and all disorders in the neonate may affect
the brain, the reader is subjected to an excellent refresher
course on general neonatology.

When I wrote the foreword to the third edition, we could
anticipate the outcomes from the hypothermia for hypoxic
ischemic encephalopathy trials – the data are available and
encouraging. However, additional therapy is still needed as
approximately half the treated group is still significantly
harmed by the perinatal insult. Furthermore, there is a suggestion

that the outcomes for extremely low-birthweight infants are
improving. The developing brain is slowly revealing its secrets,
and we can anticipate even better outcomes in the future.

The latest advances in genetics, neurobiology, and imaging
as well as the therapeutic advances in the treatment of
asphyxia and seizures, to mention a few, are well described.
There are also a number of journeys that can be followed from
bench to bedside. I came away with an optimistic feeling that
we are on the brink of major breakthroughs in neuronal
repair, as well as a deep respect for the plasticity of the brain.
A Canadian psychiatrist, Norman Doidge, has called neural
plasticity “one of the most extraordinary discoveries of the
twentieth century.” Neural plasticity permits the neonatal
brain to move a given function to a different location as a
consequence of normal experience or brain damage/recovery.
Is it really possible that thinking, learning, and acting actually
change the structure and function of the brain? Certainly there
is every reason, based on the accumulating evidence, to believe
this to be true. Better understanding of this remarkable ability
will enable the maximum recovery from insults to the brain.
Also the recognition and characterization of neuromodulators
and neurotrophic factors, together with a better understanding
of the genetic, hormonal, and cytokine control of the neurons,
should result in the successful introduction of newer and
better pharmacologic agents. Ultimately we can anticipate
the implantation of cells genetically modified to secrete the
appropriate cytokines, hormones, or therapeutic agents to
modulate the brain.

Avroy A. Fanaroff
Gertrude Lee Tucker Professor and Chair

Eliza Henry Barnes Professor of Neonatology
Department of Pediatrics

Rainbow Babies & Children's Hospital
Case Western Reserve University

Cleveland, Ohio
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Preface

In preparing the fourth edition of our textbook, we have
incorporated the newest data regarding the pathophysiology
and cellular and molecular bases of neonatal encephalopathy.
We have added the most recent data depicting the emergence
of newer and promising forms of therapy, including the results
of randomized clinical trials using hypothermia.

We have added two new editors for this edition,
Dr. Maurice L. Druzin, who is the Chief of Maternal Fetal
Medicine at Stanford University, and Susan R. Hintz, an
Associate Professor of Pediatrics in the Division of Neonatal
and Developmental Medicine. Dr. Druzin has reorganized the
section on obstetrical factors that can contribute to fetal and
neonatal brain injury and has recruited new contributors
for this endeavor. Dr. Hintz, who has provided leadership in
prenatal counseling and is the Director of our new Center
for Comprehensive Fetal Health, has also focused on outcome
studies in various disease processes in the neonate, and
recruited new contributors to provide additional outcome data
and recommendations.

We have added several new chapters, including ones
addressing pregnancy-induced hypertension, HELLP syn-
drome and chronic hypertension, complications of multiple
gestation, neurogenic disorders of the brain, pathogenesis of
white-matter injury in the preterm infant, neonatal stroke,
assessment and management of infants with cerebral palsy,
the long-term outcome of neonatal events on speech, language
development, and academic achievement, as well as the

neurological outcome of infants with neonatal encephalo-
pathy. We have expanded the chapters on the mechanism of
brain damage in animal models of neonatal encephalopathy,
the structural and functional imaging of the fetal and neonatal
brain, and hemorrhagic lesion of the central nervous system.

As we noted in our previous editions, with any text that
has multiple contributors, there is some overlap and repetition
among the various presentations. Rather than editing these
chapters to avoid such overlap entirely, we have elected to
respect the authors' unique presentations and styles, as differ-
ent perspectives reflect the richness of their experiences. It also
allows the contributors to express their opinions freely, and
the variation of opinion in similar topics can be appreciated
more fully.

We thank our collaborators, especially those who met their
editorial deadlines, as well as the staff of Cambridge University
Press for their support and expertise in preparing the text.
We thank Cele Quaintance, who helped organize the content
of the text, maintained contact with our contributors, and
collected and collated the chapters as they were received.
We also thank Mrs. Tonya Gonzales-Clenney, who helped
edit many of the chapters to fit the format of the text, and
maintained communications with our publishers.

Lastly, we owe a great deal to our spouses, Joan Stevenson,
Andrea Benitz, Sara Sunshine, Elizabeth Hoffman, and
Henry Rosack, for their support, encouragement, and infinite
patience.
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Section 1
Chapter

1
Epidemiology, pathophysiology,
and pathogenesis of fetal and neonatal brain injury
Neonatal encephalopathy:
epidemiology and overview
Philip Sunshine

Introduction
Since the publication of the first edition of this text in 1989, a
great deal has been written regarding the issues of neonatal
asphyxia and hypoxic–ischemic encephalopathy (HIE) in term
and near-term infants. These manuscripts have addressed the
incidence, etiology, pathophysiology, treatment, and outcome
of such patients, often relating outcomes to the development
of cerebral palsy (CP) and/or mental retardation in survivors
[1–29]. Much of the understanding of the pathophysiology has
been the result of studies carried out in laboratory animals,
which have been extrapolated to the human fetus and new-
born. Additional studies of complications and outcome have
been population-based, comparing the injured infant to care-
fully selected normal controls. These studies have added a
great deal to our understanding of risk factors for brain injury,
and have enhanced our ability to predict and to identify
patients with increasing accuracy. This has become increas-
ingly important, as newer modalities of treatment have
evolved which require more precision in the early identifica-
tion of these infants so that the validity of these therapies can
be ascertained. As can be seen in Chapters 39, 41, and 42, early
institution of treatment becomes of paramount importance if
an improved outcome is to be achieved.

While some still believe that the major injuries in these
patients occur in the intrapartum period, many studies suggest
otherwise, and allude to the fact that many of the problems
arise antenatally, and may be exacerbated in the intrapartum
period. Clearly, several important publications have defined
specific criteria that must be present in order to establish that
intrapartum events are the primary causes of the infant's
difficulties, but not everyone agrees that such rigorous defini-
tions are valid in each and every case [7,10].

Unfortunately, the terms birth asphyxia and HIE have
been and continue to be used interchangeably to identify
the depressed infant. Stanley et al. noted that “Birth asphyxia
is a theoretical concept, and its existence in a patient is
not easy to recognize accurately by clinical observation” [1].
Similarly, the description HIE would indicate that the cause

of the condition is clearly identified. Most now refer to
such infants as having neonatal encephalopathy, a term used
by Nelson and Leviton to describe “a clinically defined syn-
drome of disturbed neurological function in the earliest
days of life in the term infant, manifested by difficulty in
initiating and maintaining respiration, depression of tone
and reflexes, subnormal level of consciousness and often
seizures” [2].

This terminology has been adopted by the International
Cerebral Palsy Task Force [7] as well as by the American
College of Obstetricians and Gynecologists (ACOG) and the
American Academy of Pediatrics (AAP) in their text entitled
Neonatal Encephalopathy and Cerebral Palsy: Defining the
Pathogenesis and Pathophysiology [10].

Neonatal encephalopathy is a purely clinical description
that avoids identification of the etiology or pathogenesis of the
infant's condition. Unfortunately, neonatal encephalopathy
does not exist as a distinct diagnostic category in the Inter-
national Classification of Diseases, 9th Revision (ICD-9).
Table 1.1 lists the categories and numerical designations used
to define these infants.

Nevertheless, it is crucial that the caretakers of the
injured infant have a more rigorous understanding of the
factors that could possibly contribute to the infant's condi-
tion, and that they are not unduly influenced by circumstan-
tial evidence. Many of the events leading to the infant's
presentation at birth occur long before the onset of labor.
With the use of sophisticated imaging, more and more
infants are being recognized as having abnormalities that
have already led to significant damage prior to the intrapar-
tum period. In addition, careful examination of the placenta
has been of great value in identifying lesions that are associ-
ated with infections or other anomalies that have or can lead
to fetal injury (see Chapter 20).

We recognize that these infants are often unable to tolerate
the stress of labor well, may have fetal heart rate abnormalities
either prior to delivery or during the early stages of labor, or
have abnormal contraction stress tests or non-stress testing.
These infants are often difficult to resuscitate, and show
neurological features that seem excessive considering the
problems that occurred during labor or the birthing process.
In addition, some infants may have suffered a significant
intrauterine catastrophe, recover, and may even be able to

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



tolerate labor well enough not to have abnormalities noted on
their fetal heart-rate tracings [23].

We also recognize that events leading to difficulties in the
prematurely born infant may be different from those in
infants born near or at term. Similarly, the preterm infant
may have many more and vastly different difficulties in the
postpartum rather than the intrapartum period, and will have
different clinical features from those seen in the full-term
infant. In attempts to evaluate etiology, pathogenesis, inter-
vention, and management, one must be aware that similar
events may have different consequences depending upon the
patient's capacity to respond to various insults, and some of
these are determined by gestational age. In addition, infants
with intrauterine growth restriction (IUGR) make up a dis-
proportionate share of infants with neonatal brain injury,
suggesting that the underlying cause or causes of the growth
restriction may have started in utero and continued through
the intrapartum and postpartum periods.

Asphyxia
Asphyxia is defined as progressive hypoxemia and hypercap-
nia accompanied by the progressive development of metabolic
acidosis. The definition has both clinical and biochemical
components, and indicates that, unless the process is reversed,
it will lead to cellular damage and ultimately to the death of
the patient. We currently do not have the sophisticated tech-
nology of routinely measuring fetal cerebral activity or the
neurocellular response to unfavorable conditions such as hyp-
oxia, ischemia, or acidosis, the compensatory mechanisms that
protect the brain cells, or, when such mechanisms are inad-
equate, the documentation of cell injury and cellular death.

In lieu of direct measurements, we have utilized indirect
indicators that have been based on studies carried out in
laboratory animals and extrapolated to be used in the human
fetus. In a few instances direct measurements have been pos-
sible, but have not been convincingly linked to outcome.
Indirect assessments include the biophysical profile, fetal heart
rate measurements, evidence of severe metabolic acidosis,
depressed Apgar scores, abnormal newborn neurological func-
tion, and development of seizures. As mentioned, the timing
of the events is often unknown and difficult to ascertain as far
as onset, duration, and severity are concerned. Based on stud-
ies in monkeys by Myers [30], and also substantiated to a great

extent in fetal lambs by the group in New Zealand [31], two
major types of intrauterine asphyxial conditions have been
recognized. These include acute total asphyxial events and
prolonged partial asphyxia.

The causes of the acute total events are listed in Table 1.2
and have been referred to as “sentinel events” by MacLennan
and the International Cerebral Palsy Task Force [7]. In the
acute type of asphyxia, there is a catastrophic event: the fetus is
suddenly and rapidly deprived of his or her lifeline, and
usually does not have the opportunity to protect the brain by
“invoking the diving reflex.”

The conditions most commonly encountered include
prolapse of the umbilical cord, placental abruption, fetal hem-
orrhage, and uterine rupture. For a period of time there was an
increase in the use of vaginal birth after cesarean section
(VBAC), but recently, because of the risk of uterine rupture,
there has been a decrease in VBAC, with many physicians and
hospitals reluctant to provide such care for patients (see
Chapter 12).

Infants with acute asphyxia have damage to the deep gray
matter of the brain involving the thalamus, basal ganglia, and
brainstem, often with sparing of the cerebral cortex. If suc-
cessfully resuscitated, these infants may not have evidence
of multisystem or multiorgan dysfunction. Laboratory animals
that were healthy prior to the onset of the acute asphyxial event
develop evidence of neurological damage as early as 8 minutes
after the acute event. Major irreversible lesions were found
after 10–11 minutes, and the animals usually succumbed if not
resuscitated within 18 minutes. After 20 minutes of asphyxia,
some animals could be resuscitated, but usually died of cardio-
genic shock within 24–48 hours even with intensive care [30].

Although data in humans are lacking, studies of infants
following prolapsed cords or uterine rupture suggest similar
time frames, and those infants who have occult prolapse often
have a better outcome than those with overt prolapse. A study
from Los Angeles County University of Southern California
(LAC/USC) Medical Center noted that if it required greater
than 18 minutes to deliver the fetus after spontaneous rupture
of the uterus, neurological sequelae would ensue [32]. Unfor-
tunately, the long-term follow-up of the surviving infants in
this study is not available. Thus the 30-minute timing of

Table 1.2. Acute causes of fetal brain injury (sentinel events)

Prolapsed umbilical cord

Uterine rupture

Abruptio placentae

Amniotic fluid embolism

Acute neonatal hemorrhage

Vasa previa

Acute blood loss from cord

Fetal–maternal hemorrhage

Acute maternal hemorrhage

Any condition causing an abrupt decrease in maternal cardiac output and/
or blood flow to the fetus

Table 1.1. International Classification of Diseases 9th Revision (ICD-9)
categories used to designate neonatal encephalopathy

Unspecified birth asphyxia in newborn infants 768.9

Encephalopathy, not classified 348.3

Encephalopathy, other 348.39

Cerebral depression, coma, and other abnormal cerebral signs 779.2

Asphyxia, mild–moderate 768.6

Severe birth asphyxia 768.5

Asphyxia and hypoxemia 799.0

If seizures are present, add 779.0

Section 1: Epidemiology, pathophysiology, and pathogenesis
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“decision to incision,” as recommended by ACOG, is not valid
in these situations. The infants who have suffered this type
of acute asphyxia will have varying degrees of neurological
injury, often manifesting extrapyramidal types of CP and
varying degrees of mental impairment depending upon the
severity and extent of the injury.

The second group of infants are those that have been sub-
jected to prolonged partial asphyxial episodes, and have involve-
ment of the cerebral cortex in a watershed type of distribution.
They often have multiorgan involvement and have pyramidal
signs of CP. The incidence and severity of cognitive impair-
ment also depend upon the extent and severity of the lesion.

An acute event may also occur in a fetus who has already
been subjected to a partial prolonged asphyxial condition or a
pre-existing neurological insult. That fetus may demonstrate
complications of both processes and have both pyramidal and
extrapyramidal neurological findings associated with varying
degrees of auditory, visual, and/or cognitive abnormalities.

Incidence of neonatal encephalopathy
Haider and Bhutta noted that of the over 130 million babies
born yearly worldwide, about 4 million expire in the neonatal
period, primarily from complications arising during birthing
[21]. Most of the infants are born in developing nations, and at
least 50% of the deaths occur at home, where most of these
infants are born.

In industrialized nations the incidence of neonatal enceph-
alopathy is much lower, and it has continued to fall over the
past three decades. Depending upon the criteria used to docu-
ment the incidence as well as the severity of the encephal-
opathy, the incidence varies from 1 to 7/1000 live births. Using
the Sarnat score or modifications of the score, infants are
classified as having mild, moderate, or severe encephalopathy
[33] (see Chapter 16). In the United Kingdom [3], France [18],
and Australia [19], similar declines have been noted not only
in the incidence of severe encephalopathy but also in the
mortality rate of infants so affected.

In Sweden, where an Apgar score of less than 7 at 5 minutes
was used to identify babies with this problem, the incidence
increased from 5.7/1000 live births to 8.2/1000 over a 7-year
period. The incidence of severe depression varied between 1.4
and 2.6/1000 live births. However, the incidence of stillborn
infants had decreased significantly [26].

Wu et al. evaluated data from the state of California from
1991 to 2000, and included 5 364 663 live-born infants. Using
ICD-9 classifications of 768.5, 768.6, and 768.9, the incidence
of neonatal asphyxia fell from 14.8/1000 to 1.3/1000 live
births, a 91% decrease during the study years [34]. Data from
the 1996 annual summary of vital statistics also demonstrated
that the infant mortality rate due to asphyxia fell 72% between
1979 and 1996 [35], and in the most recent surveys the
mortality rates were 0.13/1000 in 2001 and 0.15/1000 in 2003.

The reasons for the decrease in neonatal encephalopathy
have not as yet been clearly elucidated, but several factors have
been suggested (Table 1.3). Perhaps one of the most important

reasons is close adherence to a more specific diagnosis of
encephalopathy. Other factors playing a significant role include
early prenatal care and recognition of women with high-risk
pregnancies, increased recognition and appropriate treatment
of mothers who are carriers of Group B Streptococcus, early
dating of pregnancy, and avoiding post-term deliveries as well
as recognizing the fetus who is over- or undergrown. There has
also been early termination of pregnancy where infants with
significant congenital malformation are detected. Lastly, edu-
cation programs have been developed to insure that depressed
infants are given appropriate resuscitation and stabilization
and ready access to intensive care [34] (see Chapters 39 and 40).

Risk factors associated
with neonatal encephalopathy
Most of the data regarding risk factors have been derived from
data accumulated from the Western Australia case–control
studies [5,19]. The infants were born at or near term and had
moderate to severe neonatal encephalopathy as defined by strict
criteria. The criteria included seizures alone or associated with
abnormal consciousness, difficulty in maintaining respiration,
difficulty in feeding, and abnormal tone and/or reflexes.

Risk factors prior to conception
These are listed in Table 1.4 and include poor socioeconomic
status and advanced maternal age. The findings of a family
history of seizures and/or neurological disorders are similar
to those previously described by Nelson and Ellenberg [36].
The increased incidence associated with in vitro fertilization is
discussed in Chapter 6.

Risk factors in the antepartum period
These are delineated in Table 1.5 and include maternal and
fetal characteristics. Mothers with thyroid disease were nine
times more likely to have infants with neonatal encephalopathy
compared to mothers who were euthyroid. This association has
also been noted in infants with CP born to mothers with various

Table 1.3. Factors that have been associated with decreased incidence
and mortality due to neonatal encephalopathy in term and near-term infants

More stringent awareness and documentation of the appropriate diagnosis
of neonatal encephalopathy

Early prenatal care and recognition of mothers who are at high risk of
delivering an infant with neonatal encephalopathy

Pregnancy termination when severe congenital malformations are detected

Early recognition of infants with growth restriction as well as macrosomic
infants and avoidance of intrapartum complications

Improved education and training of personnel who are responsible for
resuscitation and stabilization of the depressed neonate

Appropriate treatment of mothers who are carriers of Group B streptococci

More liberal use of cesarean section for infants in the breech position

Improved recognition and treatment of mothers with chorioamnionitis

More appropriate induction and use of obstetrical anesthesia

Ready access to neonatal intensive care
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types of thyroid diseases. Similarly, severe pre-eclampsia,
moderate to severe vaginal bleeding, and severe viral illness
were other prepartum risk factors. Growth restriction and
those who were post-dates were at increased risk as well.

The Australian study deliberately excluded infants with
birth defects and abnormal antepartum fetal birth rate tracings,
but both of these findings would indicate an at-risk infant [5].

Congenital malformations involving systems other than
the nervous system were found more frequently in infants
with encephalopathy, suggesting these are antepartum risk
factors as well [37]. Women with chronic illnesses such as
systemic lupus erythematosus (SLE) and diabetes have an
increased risk of having neonates with encephalopathy.

Intrapartum risk factors
Intrapartum risk factors are often a continuum of those
factors that placed the infant at risk in the antepartum period,
such as growth restriction and pre-existing congenital abnor-
malities. Additional factors include maternal fever, a tight
nucchal cord, a persistent occiput posterior position, and a
persistent non-reassuring fetal heart rate pattern that develops
during the intrapartum period after being normal initially
[5,6]. Chorioamnionitis, a diagnosis made clinically because
of maternal pyrexia, leukocytosis, and malodorous amniotic
fluid, is associated with a marked increase in the incidence and

severity of neonatal encephalopathy and CP [38]. In laboratory
animals, the presence of various cytokines, especially interleukin
6 (IL-6), causes an increased sensitivity of the fetus to ischemia
and hypoxia, as well as having a direct deleterious effect on the
brain. Measurements of various cytokines in blood and cerebro-
spinal fluid (CSF) have been found to be significantly higher
in infants with encephalopathy who were later found to have
abnormal neurodevelopmental outcome [15,39]. The issue of
chorioamnionitis is discussed in greater detail in Chapter 12.

Factors that are associated with sudden changes in fetal
heart rate patterns leading to bradycardia that does not resolve
readily have been described as sentinel events; these are
listed in Table 1.2 and are highly correlative with neonatal
encephalopathy.

Correlative findings associated
with neonatal encephalopathy
Several findings have been correlated to some extent with
the severity of encephalopathy occurring in the intrapartum
period. These include a persistently low Apgar score, presence
of meconium in the amniotic fluid, evidence of significant
metabolic acidosis, the onset of seizures within the first
72 hours of life, the need for cardiopulmonary resuscitation,
abnormal electroencephalography, evidence of multiorgan
damage, corroborative findings on imaging studies, and
corroborative laboratory findings.

Apgar score
The Apgar score was designed to identify infants who were
depressed at birth and who required resuscitative efforts [40].
The scoring system required an “advocate” in order to evaluate
the infant and provide a numerical score of the infant's condi-
tion. Dr. Virginia Apgar did not design this scoring system to
evaluate neurological damage or outcome. However, a score
of less than 7 at 5 minutes has been used in numerous studies
to identify an infant who has suffered from intrapartum
events. Unfortunately, there are many factors that influence
the Apgar score including immaturity, maternal anesthesia
and/or analgesia, fetal and neonatal sepsis, and neuromuscular
abnormalities. Using the Apgar score as an isolated finding
by itself is inappropriate to define neonatal encephalopathy.

However, the persistence of a low score for greater than
5 minutes despite intensive and appropriate resuscitation has
been associated with an increase in morbidity and mortality
[27]. Perlman and Risser found that an Apgar score of 5 or less
at 5 minutes in combination with significant fetal acidosis and
the need for cardiopulmonary resuscitation increased the risk
significantly (340-fold) for the infants to develop seizures, a
marker of moderate to severe encephalopathy [4,13].

Meconium
The presence of meconium in the amniotic fluid has long been
thought to indicate fetal stress. Meconium is found in 8–20%
of all deliveries, being uncommonly encountered in preterm
gestations and more frequently in the post-term baby [41].

Table 1.4. Risk factors prior to conception

Socioeconomic factors

Increased maternal age

Unemployment

Women without health insurance

Medical conditions

Family history of recurrent non-febrile seizures

Family history of other neurological disorders

Infertility treatment

Poorly controlled chronic illnesses

Table 1.5. Risk factors in the antepartum period

Maternal conditions

Thyroid disease

Severe pre-eclampsia

Moderate to severe vaginal bleeding

Viral infection requiring medical attention

Late or no prenatal care

Poorly controlled diabetes

Systemic lupus erythematosus (SLE)

Infant complications

Post-datism

Intrauterine growth restriction (IUGR)

Abnormal placenta

Congenital malformations
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If meconium is recognized in amniotic fluids of infants at
34 weeks' gestation or younger, significant intrauterine stress
or intrauterine infection must be suspected. In term and post-
term infants, meconium staining is usually light, and the fetus
and newborn are essentially symptom-free. However, heavy,
thick meconium passed early in labor tends to have a more
ominous significance than when it is passed more proximate
to delivery. But even this finding has not been substantiated.

The presence of meconium per se in term infants is not
predictive of neurological sequelae; in fact, Nelson and Ellenberg
noted that fewer than 0.5% of the infants weighing more than
2500 g with meconium staining had neurological sequelae [36].
In other studies, the presence of meconium-stained amniotic
fluid had no predictive value in regard to outcome, the devel-
opment of neurologic symptoms in the newborn period, or
acidosis measured by the pH of cord blood. Even when the
presence of meconium was ascertained and used in conjunc-
tion with either Apgar scores or cord pH values or both, the
finding did not alter the incidence of subsequent neurological
abnormalities (see Chapters 20 and 36).

Fetal heart-rate monitoring
Fetal heart-rate monitoring has now been used for over 40
years, having been developed to decrease the rates of neonatal
encephalopathy and intrauterine deaths. While it has been
successful in decreasing the rate of stillbirths, its use has not
significantly decreased the incidence of neurological sequelae.
In one carefully controlled study comparing continuous fetal
heart rate monitoring with intermittent auscultation of the
fetal heart rate, the incidence of seizures was reduced in the
group that was continually monitored electronically. However,
the long-term neurological outcomes were the same in both
groups, and most of the infants who developed CP did not
have seizures in the newborn period [42]. A more complete
discussion of intrapartum monitoring is found in Chapter 15.

Fetal and neonatal blood gas evaluations
Since the mid-1960s, obstetricians have utilized fetal acid–base
measurements as adjuncts to fetal heart-rate monitoring to
evaluate the well-being of the fetus and to identify those who
were at risk to develop intrapartum difficulties. Fetal scalp
blood sampling during labor has been abandoned to a great
extent, and fetal heart-rate monitoring has been used exclu-
sively. The acid–base status of the fetus has been monitored at
the time of delivery by assaying the umbilical arterial and
venous blood gases immediately after birth.

Initially, an arterial pH below 7.20 was considered to be
abnormal, but few such infants were found to have any neo-
natal or subsequent neurological abnormalities. Correlative
data were noted when the umbilical arterial pH was less than
7.0, and especially when it was associated with newborns who
required various forms of resuscitation. The vast majority of
infants with low pH and no other findings almost always have
benign neonatal courses.

Chauhan et al. [43] evaluated their own data as well as
several large previously published studies totaling over 43 000

infants born at term who had umbilical arterial pH levels of
7.0 or less. The prevalence of this low pH ranged from 0.2% to
1.6% of live births, with a mean of 0.6%. The incidence of
neurologic injury in these infants ranged from 4.3% to 30.9%,
and the mortality rate ranged from 0% to 8%.

Low [17] has noted that the threshold for significant meta-
bolic acidosis was a base deficit between 12 and 16 mmol/L. As
the degree of acidosis increased, the number of neurological
abnormalities increased. In addition, the longer the acidosis
persisted, the greater was the risk of neurological defects.

The finding of a low pH in itself is of little consequence
unless other abnormalities are found. Perlman [23] reported
on a total of 115 infants who were found to have an umbilical
cord arterial pH of less that 7.0; 68 of the infants were cared
for in the well-baby nursery and discharged home following
an uneventful neonatal course. Over 80% of those who were
admitted to the intensive care nursery also had benign courses.

Is there an arterial pH level that would predict an
abnormal outcome in an infant who is depressed at birth?
Goodwin et al. [44] evaluated over 120 infants born at term
with a cord pH of less than 7.0. Approximately 4% died, 8%
had major neurological abnormalities, 4% were suspected of
having neurological problems, 6% were lost to follow-up, and
78% were normal. The same investigators, in a follow-up study
of these same infants, noted that if the arteriovenous differ-
ence in PCO2 was greater than 25 mmHg, the infants had an
increased incidence of seizures, encephalopathy, and cardiac,
pulmonary, and renal dysfunction, as well as abnormal neuro-
logical outcomes. The arteriovenous difference in PO2 correl-
ated to a much lesser extent [45].

Not all infants with neonatal encephalopathy will have
abnormal umbilical arterial blood gases. Those infants with
normal gases behave as if the umbilical cord had been clamped
at the onset of the asphyxial episode, with little blood flow
taking place from the placenta to the fetus. This would be most
likely a result of cord prolapse, cord impingement, or even an
asystolic event. These infants are depressed, often pale, and
poorly responsive. After appropriate resuscitation has been
instituted and cardiopulmonary function restored, an arterial
sample of the infant's blood will be found to be markedly
acidemic.

Seizures
The onset of seizures within the first 2–3 days of life has been
equated with the incidence and severity of neonatal encephal-
opathy, as well as with the quality of intrapartum care. The
incidence of seizures varies from less than 1 to 3.5/1000 live
births, and has decreased significantly over the past 20 years
from an incidence as high as 14/1000 live births. In a recent
comprehensive study of 89 infants by Tekgul et al. [46] the
major etiological factor was global encephalopathy, found in
40% of the patients. These investigators also felt that 60% of
the seizures were the result of intrapartum factors, and only
25% were secondary to antepartum factors.

The second most common cause of seizures was stroke,
with 18% of patients having this abnormality. Intracranial
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hemorrhage accounted for 17% of patients, with most due to
extra-parenchymal rather than intra-parenchymal bleeding.
Only 5% of the patients had developmental abnormalities and
3% had meningitis or encephalitis. Metabolic disturbances,
such as hypoglycemia or hypocalcemia, were encountered
infrequently, although these could accompany a severe pre-
or intrapartum episode as well [46].

Neonatal stroke is being encountered more frequently as
the use of imaging techniques has increased. It is found as
frequently as 1/4000 live births, is probably the second most
common cause of neonatal seizures, and may be associated
with various types of genetic hypercoagulable states. This topic
is discussed in Chapter 25.

The mortality rate associated with neonatal seizures has
also fallen dramatically over the past 20 years, and has been
reported to be as low as 7%. Unfortunately, the prevalence of
adverse long-term outcome was 28%, with a 20% rate of later
seizure recurrence. With advances and improvements in peri-
natal care, the incidence and mortality rate associated with
seizure have decreased significantly, but the long-term damage
in survivors remains unchanged [47]. The seizures themselves
may contribute to the already existing brain injury by
impairing energy utilization and integrity of the neurons.
An aggressive approach to the treatment of neonatal seizures
is warranted in order to mitigate further damage to an already
compromised central nervous system (CNS) [48] (see also
Chapters 17 and 43).

Multiple organ dysfunction associated
with neonatal encephalopathy
The fetal response to an asphyxial episode is to preserve
perfusion and oxygenation of the heart, brain, and adrenal
gland at the expense of the other “non-vital” organs, such as
the kidney, lungs, gastrointestinal tract, and musculoskeletal
system. The incidence of single or multiple organ injury in
association with neonatal encephalopathy has varied from 40%
to almost 100%, and seems to correlate with the severity of the
CNS injury [7,23,25,49–51]. Most often, the renal system is
involved, and it is the easiest to evaluate. Findings range from
mild oliguria (less than 1 mL/kg/h), proteinuria, and hematuria
to renal tubular necrosis and acute renal failure.

Cardiac manifestations vary from minor arrhythmias,
ST segment changes on EKG, and tricuspid insufficiency to
papillary muscle necrosis, poor ventricular contractions, and
cardiogenic shock. Patients with moderately severe or severe
asphyxia may have a fixed, non-varying rapid heart rate of
140–160 beats/minute, which may be a prelude to impending
failure and cardiogenic shock.

Pulmonary manifestations of asphyxia vary from increased
pulmonary vascular resistance that responds readily to correc-
tion of acidosis and hypoxia, to persistent pulmonary hyper-
tension of the newborn, severe pulmonary insufficiency, or
pulmonary hemorrhage, all of which are difficult to manage.

Other organs that are involved, and the manifestations
of their involvement, are listed in Table 1.6. One area often

Table 1.6. Effect of asphyxia on various organs in the newborn

Central nervous system injury

Hypoxic–ischemic encephalopathy (HIE)

Cerebral necrosis

Cerebral edema

Seizures

Hemorrhage

Spinal cord injury

Renal injury

Oliguria

Hematuria

Proteinuria

Acute renal failure

Pulmonary injury

Respiratory failure

Pulmonary hemorrhage

Persistent pulmonary hypertension of the newborn (PPHN)

Pulmonary edema

Meconium aspiration syndrome

Cardiovascular injury

Decreased ventricular function

Abnormalities of rate and rhythm

Tricuspid regurgitation

Papillary muscle necrosis

Hypotension

Cardiovascular shock

Gastrointestinal injury

Gastrointestinal hemorrhage

Sloughing of mucosa

Necrotizing enterocolitis (NEC)

Hepatic injury

Hyperammonemia

Elevated liver enzymes

Coagulopathies

Hematological abnormalities

Elevated nucleated red cell count

Neutropenia or neutrophilia

Thrombocytopenia

Coagulopathy

Metabolic abnormalities

Hypoglycemia

Hypocalcemia

Sodium and potassium abnormalities

Hypo- or hypermagnesemia

Source: Modified from Carter et al. [51].
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overlooked in the patient with severe asphyxia is damage to
the spinal cord. Clancy et al. [52] described 18 severely
asphyxiated newborns, 12 or whom expired. On autopsy, five
of the 12 demonstrated severe ischemic necrosis in the spinal
cord gray matter. Electromyographic studies in the six
survivors were abnormal and consistent with recent injury
to the lower motor neurons above the level of the dorsal
root ganglion. It is often difficult to distinguish clinically
between damage to the cortical motor area and damage to
the spinal cord.

Phelan et al. [53] described 57 infants with HIE, of whom
14 had no evidence of multisystem problems. Six infants were
delivered following uterine rupture, one had fetal exsanguin-
ation, one had a cord prolapse, and one was delivered
following maternal cardiopulmonary arrest. Five fetuses had
sudden and prolonged fetal heart rate decelerations, which
persisted until delivery. All of these infants would be classified
as having an acute asphyxial or a sentinel episode, and would
not have had the opportunity to develop the “diving reflex”
necessary to protect the brain and heart at the expense of other
organs.

If an infant with intrapartum asphyxia demonstrates only
CNS involvement without other organ abnormalities, it may
be that there was an acute hypoxic event, that the CNS damage
did not occur in the intrapartum period, or that it was due to a
cerebrovascular event that did not cause profound hypoxia or
hypotension to affect other organs.

Laboratory correlates of neonatal
encephalopathy
In addition to the abnormalities in acid–base determinations
that have been described previously, various metabolic param-
eters have also been found to be abnormal in these patients.
Some, but not all, have correlated to a certain degree with
severe encephalopathy, but they often do not differentiate
those infants from infants with mild to moderate encephalo-
pathic states [29].

Urinalysis will usually detect proteinuria and hematuria.
Elevations of serum and hepatic enzymes document renal and
liver involvement, but may not correlate well with the degree
of CNS damage. Elevation of serum ammonia is usually found
when severe neurological damage has occurred. Elevations of
creatine kinase (CK) in serum and CSF are often found, and
both resolve quickly over a one- to two-day period. Erythro-
poietin, both in serum and in CSF, are excellent markers of
severe encephalopathy. The level of urinary lactate/creatine
ratio, measured within the first 6 hours of life, has been
correlative with the severity of encephalopathy and adverse
neurological sequelae at 1 year of age. Follow-up data on this
measurement have not been forthcoming, and many encepha-
lopathic infants fail to pass urine within the first 6 hours of life.

Recently, increased levels of troponin T [54] and S100B
protein [55] in serum, and IL-6 in serum and CSF, have been
found to correlate with the severity of the encephalopathy
[15]. Troponin T has been used as a marker of myocardial

damage, and has been correlative with the degree of encephal-
opathy as well. Unfortunately, most of the reports have
been based on a small number of patients, and their findings
must be evaluated in a much larger group of encephalopathic
infants.

If abnormalities are encountered, they should be re-evaluated
frequently in order to assess the evolution of the injury.
Table 1.7 lists the various laboratory determinations that have
been used to evaluate the extent of CNS injury in affected
infants. Some of these measurements are not readily available
in many clinical laboratories, and samples of sera of CSF
have to be sent to specialized laboratories for assay.

It is important to do a lumbar puncture in the encephalo-
pathic individuals, in order to obtain fluid for the assays as
well as to rule out meningitis and encephalitis as causes of the
infant's encephalopathy [29].

The measurements and interpretations of white blood cells
and nucleated red blood cell counts [56] in these infants are
discussed in Chapter 21.

Clinical manifestations of neonatal
encephalopathy
If significant damage has occurred to the CNS, the infant
should demonstrate neurological abnormalities in the neonatal
period. It is often difficult to appreciate such abnormalities in
preterm infants, especially those who have cardiopulmonary
abnormalities and who are being treated with assisted ventila-
tion. Often these infants cannot be distinguished from other
prematurely born infants with similar cardiopulmonary
abnormalities. However, in the term or near-term infant, signs
of encephalopathy are readily discernible. Sarnat and Sarnat
[33] developed an infant scoring system that categorizes the
patients into three stages of “postasphyxial encephalopathy,”
identifyingmild, moderate, and severe. Although they correlated
many of the findings with electroencephalographic changes, one
can use their classification even if the electroencephalographic
changes are not evaluated. The clinical manifestation and the

Table 1.7. Laboratory studies used to support the
diagnosis and severity of neonatal encephalopathy

Study Body fluid

Ammonia Serum

Lactate Serum

Creatine kinase BB (CK-BB) Serum, CSF

Erythropoietin Serum, CSF

Neuron-specific enolase CSF

Myelin basic protein CSF

Glutamate CSF

Troponin T Serum

S100B protein Serum

Interleukin 6 Serum, CSF

Note:
CSF, cerebrospinal fluid.
Source: Modified from Volpe [29].
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gradation of severity of the encephalopathy are discussed in
Chapter 16. Similarly, the electroencephalographic abnormal-
ities found in these infants are discussed in Chapter 17.

Neuroimaging of the infant with
encephalopathy
With the increased use of neuroimaging in the encephalopathic
infant, investigators have been able to more clearly define the
extent of the injury, and have, to some degree, determined the
timing of the insult. While not being able to pinpoint timing
in minutes or even hours, by following the changes that occur
on imaging studies the neuroradiologist has been able to help
in determining the time frames of injury in many infants.
Magnetic resonance spectroscopy is also of help in evaluating
the extent of damage, as well as the timing of the insult. These
aspects are discussed in detail in Chapter 18.

Howmuch of neonatal encephalopathy
is due to intrapartum events?
In evaluating all of the factors that have been associated with
neonatal encephalopathy, it is obvious that no one factor taken
by itself can identify the infant who will have neurological
injury. Using only the Apgar score, unless it is very low for a
protracted period, is not a very good marker, nor is it predict-
ive of long-term outcome.

In his excellent review of intrapartum asphyxia and its
relationship to CP, Perlman noted that “a single marker of in
utero stress provided little useful information regarding the
asphyxial process or the fetal adaptive responses, and thus the
relationship to neonatal brain injury or subsequent cerebral
palsy.” He noted that there had to be a “constellation of
markers” in linking intrapartum events to neonatal encephal-
opathy and then to CP. The infants with severe encephalopathy,
including seizures, could be identified by using a 5-minute
Apgar score of 5 or less, the need for intubation or CPR, and
an umbilical cord arterial pH of 7.0 or less [23].

For years, it was postulated that a depressed infant who
developed seizures within the first 72 hours of life had suffered
from an adverse intrapartum event. Currently, there is dis-
agreement as to the correlation of intrapartum events with the
development of neonatal encephalopathy. The case–control
studies from Australia found that 69% of the infants with
encephalopathy had only antepartum risk factors, 25% had
both antepartum and evidence of intrapartum markers, 4%
had evidence of intrapartum issues only, and 2% had no
recognizable causes [5].

Volpe, drawing from his vast experience in evaluating
encephalopathic infants, noted that 20% had insults related
primarily to antepartum events, 35% had intrapartum disturb-
ances, 35% had both intra- and antepartum events, and 10%
had issues in the postpartum period. The latter was encoun-
tered primarily in prematurely born infants [29].

The International Cerebral Palsy Task Force developed a
template enumerating the criteria used to define an intrapartum

event sufficient to cause CP [7]. This template was modified
by the ACOG and the AAP, and published in 2003 [10]. These
criteria, which are depicted in Table 1.8, include both essential
criteria and criteria that collectively denote intrapartum
timing. Not all investigators have agreed with these criteria,
especially in regard to the issues of timing that have been
advocated by the Task Force or the ACOG/AAP publications.

Cowan et al. [11] evaluated 351 infants with neonatal
encephalopathy and/or seizures who were referred to two large
intensive care units, and who were evaluated with MRIs and/
or postmortem examinations. The infants were divided into
two groups: 261 infants with neonatal encephalopathy and
90 who had seizures without encephalopathy. Imaging of the
brain showed an acute insult in 80% of the encephalopathic
infants and did not show evidence of prior injuries or atrophy.
In the group with seizures only, focal damage (stroke) was
found in 69% while 2% had evidence of antenatal injury.
Their follow-up was disconcerting, as 66 infants in the ence-
phalopathic group died and 85 had neurological sequelae.
This study was not population-based or case-controlled, as
were the studies from Australia, but was based on findings
from tertiary referral centers that treated the most severely
affected infants.

As noted previously, if the fetus has suffered from an acute
intrapartum event, and there is not enough time to invoke the
“diving reflex,” the infant may not show multiorgan damage.
Similarly, if the umbilical cord is acutely impinged, prolapsed,
or tightly wound around the fetus's neck, the cord blood
gas may be normal and may not accurately reflect the fetal
condition at the time of birth.

Table 1.8. Criteria to define an acute intrapartum event sufficient
to cause cerebral palsy

Essential criteria (must meet all four)

(1) Evidence of metabolic acidosis in fetal umbilical cord arterial blood
obtained at delivery (pH < 7.00 and base deficit � 12 mmol/L)

(2) Early onset of severe or moderate neonatal encephalopathy in infants
born at 34 weeks or more of gestation

(3) Cerebral palsy of the spastic quadriplegic or dyskinetic type

(4) Exclusion of other identifiable etiologies such as trauma, coagulation
disorders, infectious conditions, or genetic disorders

Criteria that collectively suggest an intrapartum timing (within close
proximity to labor and delivery, e.g., 0 to 48 h), but are non-specific to
asphyxial insults

(1) A sentinel (signal) hypoxic event occurring immediately before or
during labor

(2) A sudden and sustained fetal bradycardia or absence of fetal heart rate
variability in the presence of persistent, late, or variable decelerations,
usually after a hypoxic sentinel event when the pattern was previously
normal

(3) Apgar scores of 0–3 beyond 5 min

(4) Onset of multisystem involvement within 72 h of birth

(5) Early imaging study showing evidence of a non-focal cerebral
abnormality

Source: Reproduced with permission of BMJ and ACOG.
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In other situations, the fetus may have suffered an acute
or subacute intrauterine asphyxial event prior to the onset of
labor, followed by a period of recovery, and at the time of
delivery may show no overt signs of injury. Such infants were
often sent to the well-baby nursery, but within hours they
developed signs of encephalopathy, often with seizures, and
had the neuroimaging findings that have been associated with
an acute intrapartum asphyxial episode. Perlman noted that in
his experience this group of infants makes up 50% of patients
with encephalopathy [23]. In addition, these same infants
often may not tolerate labor well, may have poor cardiopul-
monary reserve, and may develop non-reassuring fetal heart
rate tracings. Even though they are delivered expeditiously,
they demonstrate all of the findings that have been associated
with “intrapartum asphyxia” and have neuroimaging that is
compatible with an intrapartum injury.

As techniques such as hypothermia are being developed
and utilized to treat encephalopathic infants, it behooves the
physician to be as precise as possible in identifying the infants
with intrapartum injury, in order to provide the most appro-
priate types of care. Treatment with hypothermia must be
initiated within 6 hours after birth in order to be effective.
Many infants enrolled in these trials may not have had a “true”
intrapartum event, and may not respond well to treatment.
These infants must be identified in a retrospective manner, if
possible, and evaluated as a separate group of patients from
those who had a true intrapartum injury.

Conditions causing neonatal depression
that mimic or are associated with the
encephalopathic infant
Nelson and Leviton were among the first to question whether
all infants with neonatal encephalopathy had their insults
secondary to intrapartum asphyxia [2]. One of the more
common problems that can present in this fashion is the
infant with neonatal sepsis. Currently, Group B Streptococcus
is the most common organism involved. In many instances,
the mother had been pretreated with antibiotics, and an
organism was not able to be cultured from the newborn's
blood or CSF. Indirect evidence of infection may be present,
including an abnormally low or elevated white blood cell
count, an elevated C-reactive protein, and/or evidence of
severe chorioamnionitis. These infants have severe lactic acid-
osis, may have pulmonary hypertension or hemorrhage, and
are very difficult to manage in the neonatal period. Even with
the use of nitric oxide, high-frequency ventilation, and extra-
corporeal membrane oxygenation (ECMO), the mortality and
morbidity rates are high.

Similarly, the infant born of a mother with chorioamnio-
nitis may also behave like the infant with intrapartum
asphyxia. Placental perfusion has been shown to be decreased
in such pregnancies, further subjecting the fetus to increased
risk of damage (see Chapters 12 and 20).

Although most infants with congenital infections such as
cytomegalovirus, herpes, or toxoplasmosis are asymptomatic

at birth, and later develop clinical manifestations of their
disease, a few will be symptomatic in the neonatal period
and behave as if they had suffered from intrapartum asphyxia.
Infants with congenital parvoviral infection are often born
with generalized edema, are difficult to resuscitate, and have
significant rates of morbidity and mortality. Newborns with
neuronal migration disorders and those with early-onset myo-
tonic disease have also been mislabeled as infants suffering
from intrapartum encephalopathy. The infant with an intra-
uterine stroke may also be depressed in addition to having
seizures. Too often, without substantiating evidence, it is
assumed that the stroke has been caused by an adverse intra-
partum hypoxic event. Lastly, infants with metabolic disorders
can also present in the immediate newborn period with signs
suggesting intrapartum asphyxia (see Chapters 23 and 34).

Table 1.9 lists some of these conditions, and clinicians
must be aware that not all patients with encephalopathy have
their insult due to an intrapartum asphyxial event.

Outcome of infants with neonatal
encephalopathy
(see Chapter 48)
Although the incidence and mortality rates of infants with
encephalopathy have decreased markedly, the complication
rates found in the survivors have not changed appreciably in
the past 20 years [11]. The infants with mild encephalopathy
usually have benign courses, and have few, if any, neonatal
sequelae. Those with severe encephalopathy (grade III Sarnat
score) have a very high mortality rate, ranging from 25% to
100% [11]. Major handicaps are reported in as few as 42%
to as high as 100% of survivors, with most studies showing
that more than 80% are handicapped to a significant degree.
The infants with moderate encephalopathic changes (grade II
Sarnat score) have a much lower mortality rate of 5% or less,
and fewer than 25% have major handicaps, with 75% or more
having no discernible sequelae. Although careful follow-up of

Table 1.9. Conditions causing neonatal depression and/or neonatal
encephalopathy that mimic intrapartum asphyxia

Neonatal sepsis

Chorioamnionitis without documented neonatal sepsis

Congenital infections

Viral

Toxoplasmosis

Neuronal migration disorders

Congenital myotonic disorders, including congenital and transient
myasthenia gravis

Metabolic conditions causing lactic acidosis

Genetic disorders associated with thrombotic or thrombophilic
abnormalities, including

Protein C and protein S deficiencies

Factor V Leiden deficiency

Anticardiolipin antibodies
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these patients to school age has shown an increased incidence
of learning disabilities, similar results have been found by
evaluating MRI findings in these infants and documenting
the extent of the injury [57].

It is anticipated that, with the development and use of
techniques such as hypothermia, growth factors, and oxygen-
free-radical inhibitors, the outcome of the encephalopathic
infants will improve. Early data suggest that these therapies
are proving to be beneficial, especially in the moderately severe
group of patients (see Chapter 42).

Cerebral palsy (CP)
(see Chapter 46)
The relationship of neonatal encephalopathy and CP with
and without cognitive impairment continues to be elusive and
often difficult to ascertain. The incidence of CP varies, and
is dependent on the type of injury present and the cause, if it
can be identified. In most developed countries the incidence
is remarkably similar, varying between 1.0 and 2.5/1000 live
births, and it has not changed to any significant degree over
the past two decades. The rates of CP rose in the early 1970s
and tended to remain constant during the early 1980s, primar-
ily due to increased numbers of very-low-birthweight infants
surviving, some of whom developed CP. Himmermann et al.
[58], however, noted that the subsequent reduction in neonatal
mortality has resulted in far more healthy children surviving
without CP than with CP. Despite this, prematurely born
infants still make up at least 25–50% of the total number of
infants so afflicted, and the risk of CP increases with decreas-
ing gestational age and birthweight. Neuroimaging has been
helpful in identifying not only the area of the brain involved,
but also the timing of the insult. Malformations of the brain
tend to occur primarily during the first and into the second
trimester of pregnancy, while lesions in the white matter occur
between the 20th and the 34th weeks of gestation, and gray
matter lesions and injuries to the striatum occur after the
34th week of pregnancy [59,60].

Spastic diplegia is the most frequent type of CP found in
the preterm infant, and there has been an increasing incidence
of hemiplegia due primarily to cerebral infarcts. In the latest
study from Sweden, 30% of patients born at or near term had a
prenatal cause for their CP, and 35% had perinatal causes.
However, in this latter group were infants who had evidence of
HIE, intracerebral hemorrhage, or infections involving the
CNS. It was also noted that the maternal risk factors increased
from 4.8% in term infants with CP and 8.5% in preterm
infants in the period 1969–74, to 17% and 35% respectively
in the years 1995–8. The most frequently encountered risk
factors were maternal fever at the time of delivery and mater-
nal diabetes. A disconcerting factor in the Swedish studies has
been the increased incidence of dyskinetic CP, which is often
associated with intrapartum difficulties [61].

Neonatal encephalopathy was found in 24% of the term
infants with CP reported from Australia [19], 22% of those
from Canada [61], and 31% of those from Norway [61].

In the large Dublin randomized trial of electronic versus
intermittent auscultation, six infants who had seizures in the
neonatal period were found to have CP at 4 years of age. Three
were from each group of monitored patients. Interestingly,
15 additional patients with CP who were diagnosed at 4 years of
age did not have neonatal seizures and were not in the high-risk
group. Of the total number of patients with CP at 4 years of age,
only 29% had intrapartum difficulties [42]. Thus most reports
have indicated that the incidence of CP due to neonatal enceph-
alopathy ranges between 10% and 30% in term infants.

CP found in children following neonatal encephalopathy is
primarily of the spastic quadriplegic or dyskinetic types, and is
associated more frequently with severe cognitive impairment
and epilepsy when compared to those children with CP who
were not encephalopathic. In addition, the mortality rate is
almost four times greater (19% vs. 5%) in the encephalopathic
patients [11,19].

Investigators have also reported an association of CP with
non-cerebral birth defects, particularly cardiac defects, which
has added further evidence that many of the antecedents of CP
occur in the antepartum period [37].

Is it possible to decrease
the incidence of CP?
The most important approach would be to decrease the inci-
dence of preterm births, because this group contributes at least
50% of patients to the CP population [62]. This would be a
formidable task and would require a multipronged attack if it
were to be successful. There has been a significant increase in
the number of multiple births, which has increased the
number of preterm infants. In addition to being born early,
these infants have an increased risk of in utero complications
such as twin-to-twin transfusion and the in utero death of one
of the infants. Multiple births are frequently the result of
fertility-enhancing techniques, which often are used in older
patients. Hopefully, improved techniques, careful counseling,
and the implantation of a single rather than multiple fertilized
eggs will mitigate this problem to some extent.

Early recognition and treatment of women who have or are
at risk of having chorioamnionitis could be a factor in decreas-
ing the incidence of prematurity, and it may be an important
factor in decreasing the incidence of CP in the term infant as
well. Similarly, careful monitoring of pregnant women with
chronic illnesses, especially SLE, diabetes, and thyroid disease,
would be another approach [63,64].

Electronic fetal heart rate monitoring was hailed as a
method to decrease the incidence of CP. This technique has
helped reduce the number of stillbirths, but has had little, if
any, effect on the incidence of CP. While the rate of cesarean
sections in response to abnormalities noted in fetal heart rate
tracings has increased almost fivefold, the incidence of CP has
remained unchanged [65].

Infants who are growth-restricted in utero contribute signifi-
cantly to the number of patients with neonatal encephalopathy,
seizures, and CP. Improving the early recognition and earlier
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intervention in these pregnancies could potentially enhance
the outcome for these infants.

A question that has lingered for years is whether the
increased rate of cesarean births has decreased the incidence
of CP. Overall, the answer has been a resounding “no.” How-
ever, if an infant is delivered by elective cesarean section, is
the incidence of CP decreased? Gaffney et al. [3] studied 141
infants with CP in the UK and found seven infants delivered
by elective cesarean section who did not have neonatal enceph-
alopathy but did have CP.

Badawi et al. [5] reported that infants delivered by cesarean
section without labor had an 83% reduction in the risk of
having moderate or severe encephalopathy. Landon et al.
[66], evaluating perinatal outcome associated with a trial of
labor after a prior cesarean birth, encountered no infants with
HIE in mothers who had elective repeat sections. Although
elective cesarean births could decrease the incidence of neo-
natal encephalopathy, it may not prevent the birth of infants
who would develop CP [67].

Epidemiology of mental retardation (MR)
Epidemiologists define severe mental retardation (MR) as an
IQ score below 50, and mild MR as a score between 50 and 69.
The prevalence of severe MR has been remarkably constant,
varying between 3 and 4/1000 school-aged children. This
retardation is often associated with motor handicaps, abnor-
mal features or appearance, and seizures. These patients are
generally found with equal frequency in all socioeconomic
classes, and most commonly are retarded as a result of a
“biologic insult to the brain” [68].

Patients with mild MR most commonly come from the
most disadvantaged socioeconomic classes, have learning
problems, and often require special classes or schooling in
order to reach their ultimate levels of achievement. Associated
neurological handicaps may be found in as many as 30% of
these patients, epilepsy being the most common finding.

The incidence of mild MR has been stated to be between
23 and 30/1000 in the school-age population, and it is closely
related to socioeconomic class. In Sweden, the incidence of
this type of MR has fallen to only 4/1000. It appears that
alterations in the socioeconomic environment may have a
significant effect in lowering the incidence of mild MR.

Hagberg and Kyllerman [68] noted that patients with the
fetal alcohol syndrome made up almost 10% of those with
mild MR and almost 1% of the patients with severe MR.
As more of these patients are being recognized in the USA,
it is possible that an increased percentage will be found in both
the mild and the severe MR groups in our country as well.
Similarly, if the number of infants delivered of substance-

abusing mothers increases, it is possible that these patients
may also contribute to the number of mentally retarded
infants and children encountered.

Aberrant perinatal events, including intrapartum difficul-
ties, account for 10% of the patients with severe and mild MR,
and postnatal difficulties account for another 10% with both
types of MR.

In most of the patients the origin of severe MR lies in
prenatal problems, including chromosomal abnormalities
(40%), biochemical inborn errors of metabolism (3–5%), and
intrauterine infections (5%). In approximately 30% of patients
with severe MR, the cause is unknown.

For many years it has been stated that if an infant or child
has severe MR without severe CP, the MR is not due to intra-
partum asphyxial issues. Initially Robertson [69] challenged
this premise, when she identified a group of patients with severe
MR but without severe CP. Patients were found to have
abnormal imaging studies that corresponded to the abnormal-
ities seen in patients who had a severe intrapartum asphyxial
event. Gonzalez and Miller [70] have reported similar findings
in their review of the literature, and in evaluating patients for
whom they cared. Survivors of neonatal encephalopathy were
at risk of having cognitive abnormalities even in the absence
of functional motor deficits, and frequently demonstrated
watershed lesions of the cerebral cortex (see Chapter 48).

Conclusion
Over the past two decades, a great deal of improvement has
taken place in reducing the incidence, morbidity, and mortal-
ity rates of neonatal encephalopathy. We are more cognizant
of the factors that place the fetus and newborn at risk for such
problems. We have improved our diagnostic capabilities so
that we have become more precise in evaluating the cause
and timing of the events leading to the injury, and we have
increased and improved our use of neuroimaging technology
to assist us in doing so. We continue to improve our ability to
successfully resuscitate the depressed newborn through educa-
tional programs for pediatricians, obstetricians, nurses, and
respiratory therapists. We are currently evaluating techniques
such as hypothermia and various growth factors to mitigate
the adverse outcomes of the encephalopathic infant.

Unfortunately, we have not decreased the incidence or
the severity of CP and MR, which continue to affect a large
number of children annually.

Hopefully, over the coming two decades, we will continue
to make significant progress and markedly decrease the
number of handicapped children, not only in the USA, but
worldwide as well.

References
1. Stanley F, Blair E, Alberman E. Cerebral

Palsies: Epidemiology and Causal
Pathways. Clinics in Developmental
Medicine 151. London: MacKeith
Press, 2000.

2. Nelson KB, Leviton A. How much of
neonatal encephalopathy is due to birth
asphyxia? Am J Dis Child 1991; 145:
1325–31.

3. Gaffney G, Flavell V, Johnson A, et al.
Cerebral palsy and neonatal

encephalopathy. Arch Dis Child Fetal
Neonatal Ed 1994; 70: F195–200.

4. Perlman JM, Risser R. Can asphyxiated
infants at risk for neonatal seizures be
rapidly identified by current high-risk
markers? Pediatrics 1996; 97: 456–62.

Chapter 1: Neonatal encephalopathy: epidemiology and overview

11



5. Badawi N, Kurinczuk JJ, Keogh JM, et al.
Intrapartum risk factor for newborn
encephalopathy: the Western Australian
case control study.BMJ 1998; 317: 1554–8.

6. Nelson KB, Grether JK. Potentially
asphyxiating conditions and spastic
cerebral palsy in infants of normal birth
weight. Am J Obstet Gynecol 1998; 179:
507–13.

7. MacLennan A. A template for defining
a causal relationship between acute
intrapartum events and cerebral palsy:
international consensus statement
International Cerebral Palsy Task Force.
BMJ 1999; 319: 1054–9.

8. Phelan JP, Kim JO. Fetal heart rate
observations in the brain damaged
infant. Semin Perinatol 2000; 24: 221–9.

9. Hankins GDV, Speer M. Defining the
pathogenesis and pathophysiology of
neonatal encephalopathy and cerebral
palsy. Obstet Gynecol 2003; 102: 628–36.

10. American College of Obstetricians and
Gynecologists, American Academy of
Pediatrics. Neonatal Encephalopathy and
Cerebral Palsy: Defining the Pathogenesis
and Pathophysiology. Washington, DC:
ACOG, 2003.

11. Cowan F, Rutherford M, Groenendaal F,
et al. Origin and timing of brain
lesions in term infants with neonatal
encephalopathy.Lancet2003;361: 736–42.

12. Shevell, MI. The “Bermuda Triangle” of
neonatal neurology: cerebral palsy,
neonatal encephalopathy, and
intrapartum asphyxia. Semin Pediatr
Neurol 2004; 11: 24–30.

13. Perlman JM. Brain injury in the term
infant. Semin Perinatol 2004; 28: 415–24.

14. Ferriero DM. Neonatal brain injury.
N Engl J Med 2004; 351: 1985–95.

15. Bartha AI, Foster-Barber A, Miller SP,
et al. Neonatal encephalopathy:
association of cytokines and MR
spectroscopy and outcome. Pediatr Res
2004; 56: 960–6.

16. Becher JC, Bell JE, Keeling JW, et al. The
Scottish perinatal neuropathology study:
clinicopathological correlation in early
neonatal deaths. Arch Dis Child Fetal
Neonatal Ed 2004; 89: F399–407.

17. Low JA. Determining the contribution
of asphyxia to brain damage in the
neonate. J Obstet Gynaecol Res 2004;
30: 276–86.

18. Pierrat V, Haouari N, Liska A, et al.
Prevalence, causes, and outcome at 2
years of age of newborn encephalopathy:
population-based study. Arch Dis Child
Fetal Neonatal Ed 2005; 90: F257–61.

19. Badawi N, Felix JF, Kurinczuk JJ, et al.
Cerebral palsy following term newborn
encephalopathy: a population-based
study. Dev Med Child Neurol 2005;
47: 293–8.

20. Foley ME, Alarab M, Daly L, et al. Term
neonatal asphyxial seizures and
peripartum deaths: lack of correlation
with a rising cesarean delivery rate. Am
J Obstet Gynecol 2005; 192: 102–8.

21. Haider BA, Bhutta ZA. Birth asphyxia
in developing countries: Current status
and public health implications. Curr Probl
Pediatr Adolesc Health Care 2006;
36: 178–88.

22. Thorngren-Jerneck K, Herbst A.
Perinatal factors associated with cerebral
palsy in children born in Sweden. Obstet
Gynecol 2006; 108: 1499–505.

23. Perlman JM. Intrapartum asphyxia and
cerebral palsy: is there a link? Clin
Perinatol 2006; 33: 335–53.

24. Bercher JC, Stenson B, Lyon A. Is
intrapartum asphyxia preventable?
BJOG 2007; 114: 1442–4.

25. Flidel-Rimon O, Shinwell ES. Neonatal
aspects of the relationship between
intrapartum events and cerebral palsy.
Clin Perinatol 2007; 34: 439–49.

26. Milsom I, Ladfors L, Thiringer K, et al.
Influence of maternal, obstetric and fetal
risk factors on the prevelance of birth
asphyxia at term in a Swedish urban
population. Acta Obstet Gynecol Scand
2002; 81: 909–17.

27. Hogan L, Ingemarsson I, Thorngren-
Jerneck K, et al. How often is a low
5-min Apgar score in term infants due
to asphyxia? Eur J Obstet Gynecol Reprod
Biol 2007; 130: 169–75.

28. Rennie JM, Hagmann CF, Robertson NJ.
Outcome after intrapartum hypoxic
ischemia at term. Semin Fetal Neonatal
Med 2007; 12: 398–407.

29. Volpe JJ. Hypoxic–ischemic
encephalopathy. In Volpe JJ, Neurology
of the Newborn, 4th edn. Philadelphia,
PA: Saunders, 2001: 217–394.

30. Myers RE. Two patterns of perinatal
brain damage and their conditions of
occurrence. Am J Obstet Gynecol 1972;
112: 246–76.

31. Mallard EC, Williams CE, Johnston BM,
et al. Repeated episodes of umbilical
cord occlusion in fetal sheep lead to
preferential damage to the striatum and
sensitize the heart to further insults.
Pediatr Res 1995; 37: 707–13.

32. Leung AS, Leung EK, Paul RH. Uterine
rupture after previous cesarean delivery:

maternal and fetal consequences. Am
J Obstet Gynecol 1993; 169: 945–50.

33. Sarnat HB, Sarnat MS. Neonatal
encephalopathy following fetal distress:
a clinical and electroencephalographic
study. Arch Neurol 1976; 33: 696–705.

34. Wu YW, Backstrand KH, Zhao S, et al.
Declining diagnosis of birth asphyxia in
California: 1991–2000. Pediatrics 2004;
114: 1584–90.

35. Martin JA, Kochanek KD, Strobino DM,
et al. Annual summary of vital statistics:
2003. Pediatrics 2005; 115: 619–34.

36. Nelson KB, Ellenberg JH. Obstetric
complications as risk factors for cerebral
palsy or seizure disorders. JAMA 1984;
251: 1843–8.

37. Blair E, Al Asedy F, Badawi N, et al.
Is cerebral palsy associated with birth
defects other than cerebral defects? Dev
Med Child Neurol 2007; 49: 252–8.

38. Wu YW, Escobar GJ, Grether JK, et al.
Chorioamnionitis and cerebral palsy in
term and near-term infants. JAMA 2003;
290: 2677–84.

39. Tekgul H, Yalaz M, Kutukculer N, et al.
Value of biochemical markers for
outcome in term infants with asphyxia.
Pediatr Neurol 2004; 31: 326–32.

40. Apgar VA. A proposal for a new method
of evaluation of the newborn infant.
Curr Res Anesth Analg 1953; 32: 260–7.

41. Dijxhoorn MJ, Visser GHV, Touwen BC.
Apgar score, meconium and acidemia
at birth in small to gestational age
infants born at term, and their
relationship to neonatal neurological
morbidity. Br J Obstet Gynaecol 1987;
94: 873–9.

42. Grant A, O'Brien W, Joy MT, et al.
Cerebral palsy among children born
during the Dublin randomised trial of
intrapartum monitoring. Lancet 1989;
2: 1233–6.

43. Chauhan SP, Hendrix NW, Magann EF,
et al. Neonatal organ dysfunction among
newborns at gestational age � 34 weeks,
and umbilical arterial pH < 7.00.
J Matern Fetal Neonatal Med 2005;
17: 261–8.

44. Goodwin TM, Belai I, Hernandez P,
et al. Asphyxial complications in the
term newborn with severe umbilical
acidemia. Am J Obstet Gynecol 1992;
167: 1506–12.

45. Belai Y, Goodwin TM, Durand M, et al.
Umbilical arteriovenous PO2 and PCO2

differences and neonatal morbidity in
term infants with severe acidosis. Am
J Obstet Gynecol 1998; 178: 13–19.

Section 1: Epidemiology, pathophysiology, and pathogenesis

12



46. Tekgul H, Gauvreau K, Soul J, et al.
The current etiologic profile and
neurodevelopmental outcome of
seizures in term newborn infants.
Pediatrics 2006; 117: 1270–80.

47. Silverstein FS, Jensen FE. Neonatal
seizures. Ann Neurol 2007; 62: 112–20.

48. Miller SP, Weiss J, Barnwell A, et al.
Seizure-associated brain injury in term
newborns with perinatal asphyxia.
Neurology 2002; 58: 542–8.

49. Hankins GDV, Koen S, Gei F, et al.
Neonatal organ system injury in acute
birth asphyxia sufficient to result in
neonatal encephalopathy. Obstet Gynecol
2002; 99: 688–91.

50. Shah P, Riphagen S, Beyene J, et al.
Multiorgan dysfunction in infants with
post-asphyxial hypoxic–ischemic
encephalopathy. Arch Dis Child Fetal
Neonatal Ed 2004; 89: F152–5.

51. Carter BS, Haverkamp AD, Merenstein
GB. The definition of acute perinatal
asphyxia.Clin Perinatol 1993; 20: 287–304.

52. Clancy RR, Sladky JT, Rorke LB.
Hypoxic–ischemic spinal cord injury
following perinatal asphyxia. Ann
Neurol 1989; 25: 185–9.

53. Phelan JP, Ahn MO, Korst L, et al.
Intrapartum fetal asphyxial brain
injury with absent multi-organ system
dysfunction. J Maternal Fetal Med 1998;
7: 19–22.

54. Trevisanuto D, Picco G, Golin R, et al.
Cardiac troponin I in asphyxiated
neonates. Biol Neonate 2006; 89: 190–3.

55. Thorngren-Jerneck K, Alling C, Herbst A,
et al. S100 protein in serum as a
prognostic marker for cerebral injury
in term newborn infants with hypoxic
ischemic encephalopathy. Pediatr Res
2004; 55: 406–12.

56. Phelan JP, Kirkendall C, Korst LM, et al.
Nucleated red blood cell and platelet
counts in asphyxiated neonates
sufficient to result in permanent
neurological impairment. J Matern Fetal
Neonatal Med 2007; 20: 377–80.

57. Miller, SP, Ramaswamy V, Michelson D,
et al. Patterns of brain injury in term
neonatal encephalopathy. J Pediatr 2005;
146: 453–60.

58. Himmelmann K, Hagberg G, Beckung E,
et al. The changing panorama of cerebral
palsy in Sweden. IX. Prevalence and
origin in the birth year period 1995–1998.
Acta Paediatr 2005; 94: 287–94.

59. Bax M, Tydeman C, Flodmark O.
Clinical and MRI correlates of cerebral
palsy: the European Cerebral Palsy
Study. JAMA 2006; 296: 1602–8.

60. Wu YW, Croen LA, Shah SJ, et al.
Cerebral palsy in a term population:
risk factors and neuroimaging findings.
Pediatrics 2006; 118: 690–7.

61. HimmelmannK,HagbergG,WiklundLM,
et al. Dyskinetic cerebral palsy: a
population-based study of children born
between 1991 and 1998. Dev Med Child
Neurol 2007; 49: 246–51.

62. Nelson KB. Can we prevent cerebral
palsy? N Engl J Med 2003; 349: 1765–9.

63. Nelson KB. The epidemiology of
cerebral palsy in term infants. Ment
Retard Dev Disabil Res Rev 2002; 8:
146–50.

64. Blair E, Watson L. Epidemiology of
cerebral palsy. Semin Fetal Neonatal Med
2006; 11: 117–25.

65. Clark SL, Hankins GDV. Temporal and
demographic trends in cerebral palsy:
fact and fiction. Am J Obstet Gynecol
2003; 188: 628–33.

66. Landon MB, Hauth JC, Leveno KJ,
et al. Maternal and perinatal outcomes
associated with a trial of labor after prior
cesarean delivery. N Engl J Med 2004;
351: 2581–9.

67. Hankins GDV, Clark SM, Munn MB.
Cesarean section on request at 39 weeks:
impact on shoulder dystocia, fetal
trauma, neonatal encephalopathy, and
intrauterine demise. Semin Perinatol
2006; 30: 276–87.

68. Hagberg B, Kyllerman M. Epidemiology
of mental retardation: a Swedish survey.
Brain Dev 1983; 5: 441–9.

69. Robertson CMT. Can hypoxic–
ischemic encephalopathy (HIE)
associated with term birth asphyxia
lead to mental disability without
cerebral palsy? Can J Neurol Sci 1999;
26: S36.

70. Gonzalez FF, Miller SP. Does
perinatal asphyxia impair cognitive
function without cerebral palsy? Arch
Dis Child Fetal Neonatal Ed 2006;
91: F454–9.

Chapter 1: Neonatal encephalopathy: epidemiology and overview

13



Chapter

2 Mechanisms of neurodegeneration
and therapeutics in animal models
of neonatal hypoxic–ischemic encephalopathy
Lee J. Martin

Introduction
Perinatal hypoxia–ischemia (HI) and asphyxia due to umbil-
ical cord prolapse, delivery complications, airway obstruction,
asthma, drowning, and cardiac arrest are significant causes of
brain damage, mortality, and morbidity in infants and young
children. The incidence of HI encephalopathy (HIE), for
example, is � 2 to 4/1000 live term births [1]. Term infants
that experience episodes of asphyxia can have damage in the
brainstem and forebrain, with the basal ganglia, particularly
the striatum, and somatosensory systems showing selective
vulnerability [2]. Infants surviving with HIE can have long-
term neurological disability, including disorders in movement,
visual deficits, learning and cognition impairments, and epi-
lepsy [2]. Many of these neurological disabilities are contribu-
tors to the complex clinical syndrome of cerebral palsy [1].
Neuroimaging studies of full-term neonates [2] and experi-
mental studies on animal models [3,4] suggest that this pattern
of selective vulnerability is related to local metabolism and
brain regional interconnections that instigate and propagate
the damage within specific neural systems. This idea has
been called the “metabolism-connectivity concept” [3,4].
The neurodegeneration is partly triggered by excitotoxic
mechanisms resulting from excessive activation of excitatory
glutamate receptors and oxidative stress [5–8]. The ion chan-
nel N-methyl-D-aspartate (NMDA) receptor and intracellular
signaling networks involving calcium, nitric oxide synthase
(NOS), mitochondria, and reactive oxygen species (ROS),
such as superoxide, nitric oxide (NO), peroxynitrite, and
hydrogen peroxide (H2O2), appear to have instrumental roles
in the neuronal cell death leading to perinatal HIE [6–9].

Despite considerable progress in the epidemiological and
pathophysiological understanding of perinatal HI, treatments
do not exist that successfully ameliorate HIE and restore
neurological function in human infants and children that are
its victims. Management is limited to supportive care [1,10].
Mild hypothermia has gained American Heart Association
endorsement as a neuroprotective intervention after HI caused
by cardiopulmonary arrest in adult humans [11], but the use

of hypothermia on infants and children has uncertain efficacy,
in part due to variations in the severity of injury and the
timing of implementation [12,13]. Furthermore, it is not clear
if the neurons salvaged by hypothermia are intact structur-
ally and functionally, and the aftereffects of hypothermia on
the developing brain are uncertain. Hypothermia might inter-
fere with endogenous recovery mechanisms in the brain by
reducing neurogenesis [14]. Moreover, the mechanisms of
hypothermic neuroprotection are unresolved. In this chapter,
I will summarize specific mechanisms of neuron degeneration
and experimental therapeutics, including the application of
hypothermia and neural stem cells, in animal models of HIE.

Types of cell death
Cells can die by different processes. These processes have
been classified generally into two distinct categories, called
necrosis and apoptosis. These forms of cellular degeneration
were classified originally as different because they appeared
different morphologically under a microscope (Fig. 2.1).
Necrosis is a lytic destruction of individual cells or groups
of cells, while apoptosis (derived from the Greek for “drop-
ping of leaves from trees”) is an orderly and compartmental
dismantling of single cells or groups of cells into consumable
components for nearby cells. Apoptosis is an example of
programmed cell death (PCD) that is an ATP-driven (some-
times gene-transcription-requiring) form of cell suicide often
committed by demolition enzymes called caspases, but other
apoptotic and non-apoptotic, caspase-independent forms of
PCD exist [15]. Apoptotic PCD is instrumental in develop-
mental organogenesis and histogenesis and adult tissue
homeostasis, functioning to eliminate excess cells. In normal
humans, it is estimated that 50–70 billion cells in an adult
and 20–30 billion cells in a child between the ages of 8 and
14 die each day due to apoptosis [16]. Another form of cell
degeneration, seen first with yeast and then in metazoans,
has been called autophagy [17]. Autophagy is an intracellular
catabolic process that occurs by lysosomal degradation of
damaged or expendable organelles. Necrosis and apoptosis
both differ morphologically (Fig. 2.1) and mechanistically
from autophagy [15,17].

More recently the morphological and molecular regulatory
distinctions between the different forms of cell death have
become blurred and uncertain due to observations made on

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



degenerating neurons in vivo and to a new concept that
attempts to accommodate these observations. This concept,
in its original form, posits that cell death exists as a con-
tinuum, with necrosis and apoptosis at opposite ends of a
spectrum and hybrid forms of degeneration manifesting in
between (Fig. 2.1) [18–21]. For example, the degeneration of
neurons in diseased or damaged human and animal nervous
systems is not always strictly necrosis or apoptosis, according
to the traditional binary classification of cell death, but also
occurs as intermediate or hybrid forms with co-existing
morphological and biochemical characteristics that lie in a
structural continuum with necrosis and apoptosis at the two
extremes [18,19]. Thus, neuronal cell death can be syncretic.
The different processes leading to the putative different forms
of cell death can be activated concurrently, with graded con-
tributions of the different cell-death modes to the degenerative
process (Fig. 2.1).

The in vivo reality of a neuronal cell-death continuum was
revealed first in neonatal and adult rat models of glutamate
receptor excitoxicity [18,19] and then very nicely in rat and
mouse models of neonatal HIE [22–24]. The hybrid cells can
be distinguished cytopathologically by the progressive com-
paction of the nuclear chromatin into few, discrete, large,
irregularly shaped clumps (Fig. 2.1). This morphology con-
trasts with the formation of few, uniformly shaped, dense,
round masses in classic apoptosis, and with the formation
of numerous, smaller, irregularly shaped chromatin clumps
in classic necrosis. The cytoplasmic organelle pathology in
hybrid cells has a basic pattern that appears more similar to
necrosis than apoptosis but is lower in amplitude than in
necrosis (e.g., mitochondrial swelling). Toxicological studies
of cultured cells have shown that stimulus intensity influences

the mode of cell death [25–27], such that apoptosis can be
induced by injurious stimuli of lesser amplitude than insults
causing necrosis [28], but the cell-death modes were still
considered distinct [27].

Basic research is uncloaking the molecular mechanisms of
cell death [29,30] and, with this, the distinctiveness of different
cell-death processes as well as the potential overlap among
different cell-death mechanisms. Experimental studies on
cell-death mechanisms, and particularly the cell-death con-
tinuum, are important because they could lead to the rational
development of molecular-mechanism-based therapies for
treating neonatal HIE. The different categories of cell death
are discussed below.

Necrosis
Cell death caused by cytoplasmic swelling, nuclear dissolution
(karyolysis), and lysis has been classified traditionally as
necrosis [31]. Cell necrosis (sometimes termed oncosis) [32]
results from rapid and severe failure to sustain cellular homeo-
stasis, notably cell volume control [33]. The process of necro-
sis involves damage to the structural and functional integrity
of the cell plasma membrane and associated enzymes, for
example Naþ,Kþ-ATPase, abrupt influx and overload of ions
(e.g., Naþ and Ca2þ) and H2O, and rapid mitochondrial
damage and energetic collapse [27,34–36]. Metabolic inhib-
ition and oxidative stress from ROS are major culprits in
triggering necrosis. Inhibitory crosstalk between ion pumps
causes pro-necrotic effects when Naþ,Kþ-ATPase “steals”
ATP from the plasma-membrane Ca2þ-ATPase, resulting in
Ca2þ overload [37].

The morphology and some biochemical features of classic
necrosis in neurons are distinctive (Fig. 2.1). The main features

Fig. 2.1. Gallery of cell death. Electron micrographs of forebrain
neurons at mid- to end-stages of degeneration. Developmental
programmed cell death (PCD) of neurons in the early postnatal brain
is a “gold standard” for neuronal apoptosis. Neonatal HI induces the
degeneration of neurons with several phenotypes. The most common
forms of cell death are apoptosis, hybrids of apoptosis and necrosis
(continuum cells), classical necrosis, and possibly autophagy. In some
forms of apoptosis DNA endonucleases act in the nucleus to cleave DNA
into internucleosomal fragments (multiples of 180–200 base pairs) to
generate a DNA “ladder” (see DNA gel at left, showing molecular weight
standards [M], control rat brain tissue [lane 1], and neonatal rat brain
tissue undergoing apoptosis [lane 2]). During cellular necrosis (as in the
piglet striatum early after HI) nuclear DNA is digested globally to
generate numerous randomly sized fragments, first as high molecular
weight fragments and then progressing to lower molecular weight
fragments, seen as a “smear” in a DNA gel. The spectrum of cell-death
morphologies that can be identified in the HI neonatal brain supports
the existence of a continuum for cell death.
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are swelling and vacuolation/vesiculation of organelles,
destruction of membrane integrity, random digestion of chro-
matin due to activation of proteases and deoxyribonucleases
(DNases), and dissolution of the cell. The overall profile of the
moribund cell is maintained generally as it dissolves into the
surrounding tissue parenchyma and induces an inflammatory
reaction in vivo. In necrosis, dying cells do not bud to form
discrete, membrane-bound fragments. The nuclear pyknosis
and karyolysis appear as condensation of chromatin into
many irregularly shaped small clumps, sharply contrasting
with the formation of few, uniformly dense and regularly
shaped chromatin aggregates that occurs in apoptosis. In cells
undergoing necrosis, genomic DNA is digested globally
because proteases that digest histone proteins that protect
DNA and DNases are co-activated to generate many ran-
domly sized fragments seen as a DNA “smear” (Fig. 2.1). These
differences in the cytoplasmic changes and condensation and
digestion of nuclear chromatin in pure apoptosis and pure
necrosis are very diagnostic.

Recent work has shown that cell necrosis might not be as
chaotic or random as envisioned originally but can involve the
activation of specific signaling pathways to eventuate in cell
death [38]. For example, DNA damage can lead to poly(ADP-
ribose) polymerase activation and ATP depletion, energetic
failure, and necrosis [39]. Another pathway for “programmed”

necrosis involves mitochondrial permeability transition.
Mitochondrial Ca2þ overload, excessive oxidative stress, and
decreases in the electrochemical gradient, ADP, and ATP can
favor mitochondrial permeability transition [40–42].

Mitochondrial permeability transition is a mitochondrial
state in which the proton-motive force is disrupted [40,41].
This disruption involves the so-called mitochondrial permea-
bility transition pore (mPTP) which functions as a voltage,
thiol, and Ca2þ sensor. The mPTP is a large polyprotein
transmembrane channel formed at contact sites between the
inner mitochondrial membrane and the outer mitochondrial
membrane (Fig. 2.2). The complete components of the mPTP
(Table 2.1, Fig. 2.2) are still controversial. The primary com-
ponents of the mPTP are the voltage-dependent anion channel
(VDAC, also called porin) in the outer mitochondrial mem-
brane and the adenine nucleotide translocator (ANT) in the
inner mitochondrial membrane [40]. The VDAC makes the
inner mitochondrial membrane permeable to most small
molecules (< 5 kDa) for free exchange of respiratory chain
substrates. The ANT mediates the exchange of ADP for
ATP. During normal mitochondrial function the intermem-
brane space separates the outer and inner mitochondrial
membranes and the VDAC and the ANT do not interact, or
interact only transiently in a state described as “flicker” [42].
When the mPTP is in the open state, it permits influx of

Fig. 2.2. Mitochondrial dysfunction and
regulation of cell death. Mitochondria generate ROS
in the respiratory chain (lower left). Complexes I, II,
and III can generate O2

�. MnSOD converts O2
� to

H2O2. Bcl-2 family members regulate apoptosis by
modulating the release of cytochrome c from
mitochondria into the cytosol. In the Bax channel
model (left), Bax is a proapoptotic protein found in
the cytosol that translocates to the outer
mitochondrial membrane (OMM). Bax monomers
physically interact and form tetrameric channels
that are permeable to cytochrome c. The formation
of these channels is blocked by Bcl-2 and Bcl-xL at
multiple sites. BH3-only members (Bad, Bid, Noxa,
Puma) are proapoptotic and can modulate the
conformation of Bax to sensitize this channel,
possibly by exposing its membrane insertion
domain, or by inactivating Bcl-2 and Bcl-xL. The
mitochondria apoptosis-induced channel (MAC)
may be a channel similar to the Bax channel but
possibly having additional components. Release of
cytochrome c participates in the formation of the
apoptosome in the cytosol that drives the
activation of caspase-3 leading to apoptosis. Smac/
DIABLO are released to inactivate the antiapoptotic
actions of inhibitor of apoptosis proteins that inhibit
caspases. AIF and EndoG are released and
translocate to the nucleus to stimulate DNA
fragmentation. Another model for cell death
involves the permeability transition pore (PTP). The
PTP is a transmembrane channel formed by the
interaction of the ANT and the VDAC at contact
sites between the inner mitochondrial membrane
(IMM) and the OMM and is modulated by
cyclophilin D (cy-D). Opening of the PTP induces
matrix swelling and OMM rupture leading to release
of apoptogenic proteins (cytochrome c, AIF, EndoG)
or to cellular necrosis.
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solutes of � 1500 Da and H2O into the matrix, resulting in
depolarization of mitochondria and dissipation of the proton
electrochemical gradient. Consequently, the inner mitochon-
drial membrane loses its integrity and oxidative phosphoryl-
ation is uncoupled. When this occurs, oxidation of metabolites
by O2 proceeds with electron flux not coupled to proton
pumping, resulting in further dissipation of transmembrane
proton gradient and ATP production, production of ROS, and
large-amplitude mitochondrial swelling, triggering necrosis or
apoptosis [41]. Several proteins regulate the mPTP. Cyclophi-
lin D is one of these proteins found in the mitochondrial
matrix, and it interacts reversibly with the ANT. Inactivation
of cyclophilin D can block mitochondrial swelling and cellular
necrosis induced by Ca2þ overload and ROS [43,44]. Another
protein that causes mPTP opening is BNIP3, which can inte-
grate into the outer mitochondrial membrane and can trigger
necrosis [45].

Apoptosis
Apoptosis is a form of PCD because it is carried out by active,
intrinsic transcription-dependent [46] or transcription-inde-
pendent mechanisms involving specific molecules (Tables 2.1
and 2.2, Fig. 2.2). Apoptosis should not be used as a synonym
for PCD because non-apoptotic forms of PCD exist [47,48].
Apoptosis is only one example of PCD. It is critical for the
normal growth and differentiation of organ systems in verte-
brates and invertebrates (see reference 49 regarding Ernst's
discovery of developmental PCD) [50–52]. The structure of
apoptosis is similar to the type I form of PCD described by
Clarke [53]. In physiological settings in adult tissues, apoptosis
is a normal process, occurring continuously in populations of
cells that undergo slow proliferation (e.g., liver and adrenal
gland) or rapid proliferation (e.g., epithelium of intestinal crypts)
[54,55]. Apoptosis is a normal event in the immune system when
lymphocyte clones are deleted after an immune response [56].
Kerr and colleagues were the first to describe apoptosis in patho-
logical settings [57], but many descriptions were made prior to
this time in studies of developing animal systems [58].

Classical apoptosis has a distinctive structural appearance
(Fig. 2.1). The cell condenses and is dismantled in an organ-
ized way into small packages that can be consumed by nearby
cells. Nuclear breakdown is orderly. The DNA is digested in a
specific pattern of internucleosomal fragments (Fig. 2.1), and
the chromatin is packaged into sharply delineated, uniformly
dense masses that appear as crescents abutting the nuclear
envelope or as smooth, round masses within the nucleus
(Fig. 2.1). The execution of apoptosis is linked to Ca2þ-activated
DNases [59], one being DNA fragmentation factor 45 (DFF-45)
[60], which digests genomic DNA at internucleosomal sites
only (because proteases that digest histone proteins remain
inactivated and the DNA at these sites is protected from
DNases) to generate a DNA “ladder” (Fig. 2.1). However,
the emergence of the apoptotic nuclear morphology can be
independent of the degradation of chromosomal DNA [61].
Cytoplasmic breakdown is also orderly. The cytoplasm con-
denses (as reflected by a darkening of the cell in electron
micrographs, Fig. 2.1), and subsequently the cell shrinks in
size, while the plasma membrane remains intact. During the
course of these events, it is believed that the mitochondria are
required for ATP-dependent processes. Subsequently, the
nuclear and plasma membranes become convoluted, and, then
the cell undergoes a process called budding. In this process,
the nucleus, containing smooth, uniform masses of condensed
chromatin, undergoes fragmentation in association with the
condensed cytoplasm, forming cellular debris (called apoptotic
bodies) composed of pieces of nucleus surrounded by cyto-
plasm with closely packed and apparently intact organelles.
Apoptotic cells display surface markers (e.g., phosphatidylser-
ine or sugars) for recognition by phagocytic cells. Phagocyt-
osis of cellular debris by adjacent cells is the final phase of
apoptosis in vivo.

Variants of classical apoptosis or non-classical apoptosis
can occur during nervous system development [53,62] and

Table 2.1. Mitochondrial associated proteins that function in cell death

Protein Function

Bcl-2 Antiapoptotic, blocks Bax/Bak channel formation

Bcl-xL Antiapoptotic, blocks Bax/Bak channel formation

Boo (Diva) Antiapoptotic, blocks cytochrome c release

Bax Proapoptotic, forms pores for cytochrome
release

Bak Proapoptotic, forms pores for cytochrome
release

Bad Proapoptotic, decoy for Bcl-2/Bcl-xL promoting
Bax/Bak pore formation

Bid Proapoptotic, decoy for Bcl-2/Bcl-xL promoting
Bax/Bak pore formation

Noxa Proapoptotic, decoy for Bcl-2/Bcl-xL promoting
Bax/Bak pore formation

Puma Proapoptotic, decoy for Bcl-2/Bcl-xL promoting
Bax/Bak pore formation

p53 Antagonizes activity of Bcl-2/Bcl-xL, promotes
Bax/Bak oligomerization

Cytochrome c Activator of apoptosome

Smac/DIABLO IAP inhibitor

AIF Antioxidant flavoprotein/released from
mitochondria to promote nuclear DNA
fragmentation

Endonuclease G Released from mitochondria to promote nuclear
DNA fragmentation

HtrA2/Omi Serine protease, IAP inhibitor

VDAC PTP component in outer mitochondrial
membrane

ANT PTP component in inner mitochondrial
membrane

Cyclophilin D PTP component in mitochondrial matrix

Peripheral
benzodiazepine
receptor

PTP component in outer mitochondrial
membrane

Notes:
IAP, inhibitor of apoptosis protein; PTP, permeability transition pore.
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also frequently in pathophysiological settings of nervous
system injury and disease [18–20]. Axonal damage (axotomy)
and target deprivation in the mature nervous system can
induce apoptosis in neurons that is similar structurally, but
not identical, to developmental PCD [20]. Excitotoxins can
induce readily and robustly non-classical forms of apoptosis
in neurons [18,19]. Types of cell death similar to those seen
with excitotoxicity occur frequently in pathological cell death
resulting from neonatal HI [22–24,35].

Cells can die by PCD through mechanisms that are distinct
from apoptosis [47,48]. The structure of non-apoptotic PCD is
similar to the type II or type III forms of cell death described
by Clarke [53]. Interestingly, there is no internucleosomal
fragmentation of genomic DNA in some forms of non-
apoptotic PCD [47,48].

Autophagy
Autophagy is a mechanism whereby eukaryotic cells degrade
their own cytoplasm and organelles [17]. The degradation of
organelles and long-lived proteins is carried out by the lyso-
somal system. Autophagy functions as a cell-death mechanism
and as a homeostatic non-lethal stress response mechanism
for recycling proteins to protect cells from low supplies of
nutrients. Autophagy is also called type II PCD [53].
A hallmark of autophagic cell death is accumulation of auto-
phagic vacuoles of lysosomal origin. Autophagy has been seen
in developmental and pathological conditions. For example,
insect metamorphosis involves autophagy [63], and develop-
ing neurons can use autophagy as a PCD mechanism [64,65].
Degeneration of Purkinje neurons in the mouse mutant
Lurcher appears to be a form of autophagy, thus possibly
linking excitotoxic and autophagic cell deaths to constitutive
activation of the GluR2 glutamate receptor [66]. Autophagy
appears to have a critical role in neurodegeneration after
neonatal HI in mice, because genetic deletion of the atg7 gene
results in a near-complete protection from HI [67].

The molecular controls of autophagy appear common in
eukaryotic cells from yeast to human, and it is believed that
autophagy evolved before apoptosis [29]. However, most of

the work has been done on yeast, with detailed work on
mammalian cells only beginning [68]. Double-membrane
autophagosomes for sequestration of cytoplasmic components
are derived from the endoplasmic reticulum (ER) or the
plasma membrane. Tor kinase, phosphatidylinositol-3-kinase
(PI3K), a family of cysteine proteases called autophagins, and
death-associated proteins function in autophagy [69,70].
Autophagic and apoptotic cell-death pathways crosstalk. The
product of the tumor suppressor gene Beclin1 (the human
homolog of the yeast autophagy gene APG6) interacts with
the antiapoptosis regulator Bcl-2 [71]. Autophagy can block
apoptosis by sequestration of mitochondria. If the capacity
for autophagy is reduced, stressed cells die by apoptosis,
whereas inhibition or blockade of molecules that function in
apoptosis can convert the cell-death process into autophagy
[72]. Thus, a continuum between autophagy and apoptosis
exists (Fig. 2.1).

Molecular and cellular regulation
of apoptosis
Apoptosis is a structurally and biochemically organized form
of cell death. The basic machinery of apoptosis is conserved in
yeast, hydra, nematode, fruitfly, zebrafish, mouse, and human
[73]. Our current understanding of the molecular mechanisms
of apoptosis in mammalian cells is built on studies by Horvitz
and colleagues on PCD in the nematode Caenorhabditis ele-
gans [74]. They pioneered the understanding of the genetic
control of developmental cell death by showing that this death
is regulated predominantly by three genes (ced-3, ced-4, and
ced-9) [74]. Several families of apoptosis-regulation genes have
been identified in mammals (Table 2.2), including the Bcl-2
family [74,75], the caspase family of cysteine-containing,
aspartate-specific proteases [76], the p53 gene family [77],
cell-surface death receptors [56], and other apoptogenic
factors, including Ca2þ, cytochrome c, apoptosis-inducing
factor (AIF), and second mitochondria-derived activator of
caspases (Smac) [15,78–81]. Moreover, a family of inhibitor
of apoptosis proteins (IAP) actively blocks cell death, and IAPs

Table 2.2. Some molecular regulators of apoptosis

Bcl-2 family Caspase family IAP family Tumor suppressors

Antiapoptotic proteins Proapoptotic proteins

Bcl-2 Bax Apoptosis “initiators”: caspase-2, 8, 9, 10 NAIP p53

Bcl-xL Bak Apoptosis “executioners”: caspase-2, 3, 6, 7 Apollon p63

Mcl-1 Bcl-xS Cytokine processors: caspase-1, 4, 5, 11, 12, 14 Survivin p73

Bad IAP1

Bid IAP2

Bik XIAP

Bim

Noxa

Puma
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are inhibited by mitochondrial proteases [78]. Specific organ-
elles have been identified as critical for the apoptotic process,
including mitochondria and the ER (Figs. 2.2, 2.3, 2.4). In
seminal work by Wang and coworkers, it was discovered
that the mitochondrion integrates death signals mediated by
proteins in the Bcl-2 family and releases molecules residing in
the mitochondrial intermembrane space, such as cytochrome c,
which complexes with cytoplasmic proteins (e.g., apoptotic
peptidase activating factor-1, Apaf-1) to activate caspase pro-
teases leading to internucleosomal cleavage of DNA [79,80].
The finding that cytochrome c has a function in apoptosis, in
addition to its better-known role in oxidative phosphorylation,
was astounding, although foreshadowing clues were available.
The release of cytochrome c from mitochondria to the cytosol
with concomitant reduced oxidative phosphorylation was
described as the “cytochrome c effect” in irradiated cancer
cells [82]. The ER, which regulates intracellular Ca2þ levels,
participates in a loop with mitochondria to modulate mito-
chondrial permeability transition and cytochrome c release
through the actions of Bcl-2 protein family members [83].

Bcl-2 family of survival and death proteins
The bcl-2 proto-oncogene family is a large group of apoptosis-
regulatory genes encoding about 25 different proteins, defined
by at least one conserved B-cell lymphoma (Bcl) homology
domain (BH1–BH4 can be present) in their amino acid
sequence that functions in protein–protein interactions
[74,75]. Some of the protein products of these genes (e.g.,
Bcl-2, Bcl-xL, and Mcl-1) have all four BH1–BH4 domains
and are antiapoptotic (Table 2.2). Other gene products, which
are proapoptotic, are multidomain proteins possessing
BH1–BH3 sequences (e.g., Bax and Bak) or proteins with only
the BH3 domain (e.g., Bad, Bid, Bim, Bik, Noxa, and Puma)
that contains the critical death domain (Table 2.2). Bcl-xL and
Bax have a-helices resembling the pore-forming subunit of
diphtheria toxin [84]; thus, Bcl-2 family members appear to
function by conformation-induced insertion into the outer
mitochondrial membrane to form channels or pores that can
regulate release of apoptogenic factors (Fig. 2.2).

The expression of many of these proteins is regulated
developmentally, and the proteins have differential tissue dis-
tributions and subcellular localizations. Most of these proteins
are found in CNS. The subcellular distributions of Bax, Bak,
and Bad in healthy adult rodent CNS tissue [85] are consistent
with in vitro studies of non-neuronal cells [86,87]. Bax, Bad,
and Bcl-2 reside primarily in the cytosol, whereas Bak resides
primarily in mitochondria. Bcl-2 family members can form
homodimers or heterodimers and higher-order multimers
with other family members. Bax forms homodimers or het-
erodimers with Bak, Bcl-2, or Bcl-xL. When Bax and Bak are
present in excess, the antiapoptotic activity of Bcl-2 and Bcl-xL
is antagonized. The formation of Bax homo-oligomers pro-
motes apoptosis, whereas Bax heterodimerization with either
Bcl-2 or Bcl-xL neutralizes its proapoptotic activity.

Release of cytochrome c from mitochondria may occur
through mechanisms that involve the formation of membrane
channels comprised of Bax or Bak [88] and Bax and the VDAC
[89]. Cytochrome c triggers the assembly of the cytoplasmic
apoptosome (a protein complex of Apaf-1, cytochrome c,
and procaspase-9) which is the engine that drives caspase-3
activation in mammalian cells [79]. Bcl-2 and Bcl-xL block the
release of cytochrome c [90,91] from mitochondria and thus
the activation of caspase-3 [79,80]. The blockade of cyto-
chrome c release from mitochondria by Bcl-2 and Bcl-xL
[80,92] is caused by inhibition of Bax channel-forming activity
in the outer mitochondrial membrane [88] or by modulation
of mitochondrial membrane potential and volume homeo-
stasis [92]. Bcl-xL also has antiapoptotic activity by interacting
with Apaf-1 and caspase-9 and inhibiting the Apaf-1-mediated
autocatalytic maturation of caspase-9 [93]. Boo (also called
Bcl2L10 or Diva) can inhibit Bak- and Bik-induced apoptosis
(but not Bax-induced cell death), possibly through heterodi-
merization and by interactions with Apaf-1 and caspase-9
(Table 2.1) [94]. Bax and Bak double-knockout cells are com-
pletely resistant to mitochondrial cytochrome c release during
apoptosis [95]. BH3-only proteins such as Bim, Bid, Puma,

Proapoptotic
Bax

Bid
Noxa

Puma
Bad Bak Bax

Bax Bax

Cytochrome c release

Apoptosis

Bax

Bcl-2 Bcl-xL Mcl-1

Antiapoptotic

Apoptosome
  Apaf1
  Procaspase-9
  Cytochrome c
  ATP

Fig. 2.3. Mitochondrial regulation of apoptosis. The intrinsic cell-death
signaling pathway is regulated bymitochondria and involves Bcl-2 familymembers,
cytochrome c release, and apoptosome formation. Bcl-2 family members
regulate apoptosis by modulating the release of cytochrome c. Bax and Bak are
proapoptotic; they physically interact and form channels that are permeable
to cytochrome c. BH3-only members (Bad, Bid, Puma, Noxa, and others not
shown) are proapoptotic, and can sequester antiapoptotic proteins to allow
conformational changes in Bax or Bak. Functional antagonism of Bax and Bak
could provide protection against neonatal HI brain damage. Bcl-2 and Bcl-xL are
antiapoptotic, and can block the function of Bax/Bak. Mimicking the actions of
negative regulators could also protect neurons. In the cytosol, cytochrome c,
Apaf-1, and procaspase-9 interact to form the apoptosome that drives the
activation of caspase-3. Caspases are pursued as important targets for
neuroprotection in neonatal HI brain injury.
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and Noxa appear to induce a conformational change in Bax, or
they serve as decoys for Bcl-xL that allow Bax to form pores in
the outer mitochondrial membrane [96].

Although many studies have focused on how Bcl-2 family
members regulate apoptosis at mitochondria, it is now evident
that ER stress can initiate apoptosis (Fig. 2.4). This finding is
relevant to neonatal HIE and excitotoxicity, where ER abnor-
malities may be important to pathogenesis [18,19,35,97]. The
ER functions to fold proteins, and when this capacity is com-
promised an unfolded protein response (UPR) is engaged. The
UPR can lead to a return to homeostasis or to cell death. Bcl-2
localizes to the ER [98]. Overexpression of Bcl-2 and Bcl-xL
can block ER-stress-induced apoptosis [99]. Bak and Bax also
operate in the ER and function in the activation of ER-specific
caspase-12 [100]. Cells lacking Bax and Bak are resistant to
ER-stress-induced apoptosis [95].

Protein phosphorylation regulates the functions of some
Bcl-2 family members. Bcl-2 loses its antiapoptotic activity
following serine phosphorylation, possibly because its antioxi-
dant function is inactivated [101]. Bcl-2 phosphorylation at
serine 24 in the BH4 domain precedes caspase-3 cleavage
following cerebral HI in neonatal rats [102]. In addition to
interacting with homologous proteins, Bcl-2 can associate with
nonhomologous proteins, including the protein kinase Raf-1
[103]. Bcl-2 is thought to target Raf-1 to mitochondrial mem-
branes, allowing this kinase to phosphorylate Bad at serine
residues. The phosphatidylinositol-3-kinase (PI3–K)-Akt
pathway also regulates the function of Bad and caspase-9
through phosphorylation [104–106]. In the presence of
trophic factors, Bad is phosphorylated. Phosphorylated Bad
is sequestered in the cytosol by interacting with soluble protein
14–3–3 and, when bound to protein 14–3–3, Bad is unable to
interact with Bcl-2 and Bcl-xL, thereby promoting survival [107].
Conversely, when Bad is dephosphorylated by calcineurin [108],

it dissociates from protein 14–3–3 in the cytosol and translo-
cates to the mitochondria, where it exerts proapoptotic activity.
Nonphosphorylated Bad heterodimerizes with membrane-
associated Bcl-2 and Bcl-xL, thereby displacing Bax from Bax–
Bcl-2 and Bax–Bcl-xL dimers, and promotes cell death [109].
The phosphorylation status of Bad helps regulate glucokinase
activity, thereby linking glucose metabolism to apoptosis [110].

Caspase family of cell demolition proteases
Caspases (cysteinyl- aspartate-specific proteinases) are cysteine
proteases that have a near-absolute substrate requirement
for aspartate in the P1 position of the peptide bond.
Fourteen members have been identified [76]. Caspases exist
as constitutively expressed inactive proenzymes (30–50 kDa)
in healthy cells. The protein contains three domains, an
amino-terminal prodomain, a large subunit (�20 kDa), and
a small subunit (�10 kDa). Caspases are activated through
regulated proteolysis of the proenzyme with “initiator” cas-
pases activating “executioner” caspases (Table 2.2), although
some caspase proenzymes (e.g., caspase-9) have low activity
without processing [111]. Other caspase family members
function in inflammation by processing cytokines (Table 2.2)
[76]. The prodomain of initiator caspases contains amino acid
sequences that are caspase recruitment domains (CARD) or
death effector domains (DED) that enable the caspases to
interact with other molecules that regulate their activation.
Activation of caspases involves proteolytic processing between
domains, and then association of large and small subunits
to form a heterodimer with both subunits contributing to
the catalytic site. Two heterodimers associate to form a tetra-
mer that has two catalytic sites that function independently.
Active caspases have many target proteins [112] that are
cleaved during regulated and organized cell death. Caspases

Fig. 2.4. The endoplasmic reticulum
(ER) functions in apoptosis. Under conditions
of ER stress, such as events resulting in protein
misfolding, Bax and Bak regulate the release of
Ca2þ from the ER into the cytosol. Increased
cytosolic Ca2þ triggers enhanced Ca2þ import into
mitochondria and subsequent mitochondrial
dysfunction and release of apoptogenic factors
that activate caspase-3. Bcl-2 and Bcl-xL can block
the release of Ca2þ from the ER. Procaspase-12 is
localized to the ER and can be cleaved by calpain
into the active form in response to prolonged
stress. Activated caspase-12 can in turn activate
caspase-9 and caspase-3. GrA–perforin pathway
activation can lead to the translocation of
ER-sequestered NM23-H1 protein and activation of
DNase activity leading to DNA single-strand nicks.
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cleave nuclear proteins (e.g., DNases, poly(ADP) ribose poly-
merase, DNA-dependent protein kinase, heteronuclear ribo-
nucleoproteins, transcription factors or lamins), cytoskeletal
proteins (e.g., actin and fodrin), and cytosolic proteins (e.g.,
other caspases, protein kinases, Bid).

In cell models of apoptosis using human cell lines, acti-
vation of caspase-3 occurs when caspase-9 proenzyme (also
known as Apaf-3) is bound by Apaf-1, which then oligomerizes
in a process initiated by cytochrome c (identified as Apaf-2) and
either ATP or dATP [79]. Cytosolic ATP or dATP are required
cofactors for cytochrome-c-induced caspase activation. Apaf-1,
a 130 kDa cytoplasmic protein, serves as a docking protein
for procaspase-9 (Apaf-3) and cytochrome c [79]. Apaf-1
becomes activated when ATP is bound and hydrolyzed,
with the hydrolysis of ATP and the binding of cytochrome c
promoting Apaf-1 oligomerization [113]. This oligomeric
complex recruits and mediates the autocatalytic activation of
procaspase-9 (forming the apoptosome), which dissociates
from the complex and becomes available to activate caspase-3.
Once activated, caspase-3 cleaves a protein with DNase activity
(i.e., DFF-45), and this cleavage activates a process leading to
the internucleosomal fragmentation of genomic DNA [60].

So far three caspase-related signaling pathways have been
identified that can lead to apoptosis [60,79,80,114], but cross-
talk among these pathways is possible. The intrinsic mito-
chondria-mediated pathway is controlled by Bcl-2 family
proteins. It is regulated by cytochrome c release from mito-
chondria, promoting the activation of caspase-9 through
Apaf-1 and then caspase-3 activation. The extrinsic death
receptor pathway involves the activation of cell-surface death
receptors, including Fas and tumor necrosis factor receptor,
leading to the formation of the death-inducible signaling com-
plex (DISC) and the activation of caspase-8, which in turn
cleaves and activates downstream caspases such as caspase-3,
6, and 7. Caspase-8 can also cleave Bid, leading to the trans-
location, oligomerization, and insertion of Bax or Bak into
the mitochondrial membrane. Another pathway involves the
activation of caspase-2 by DNA damage or ER stress as a
premitochondrial signal [115]. Caspases are also critical
regulators of non-death functions in cells, notably some
maturation processes.

Not all forms of apoptotic cell death are caspase-dependent
[116,117]. The serine protease granzyme A (GrA) mediates
a caspase-independent apoptotic pathway [116]. GrA is
delivered to target cells through Ca2þ-dependent, perforin-
generated pores and activates a DNase (GrA-DNase, non-
metastasis factor 23, NM23) that is sequestered in the
cytoplasm. NM23 activity is inhibited by the SET complex,
which is located in the ER and composed of the nucleosome
assembly protein SET, an inhibitor of protein phosphatase 2A,
apurinic endonuclease 1, and a high mobility group protein
(a non-histone DNA-binding protein that induces alterations
in DNA architecture). GrA cleaves components of the SET
complex to release activated NM23, which translocates to the
nucleus to induce single-strand DNA nicks and cell death,
which can be apoptotic or non-apoptotic [117].

Inhibitor of apoptosis protein (IAP)
family
The activity of proapoptotic proteins must be placed in check to
prevent unwanted apoptosis in normal cells. Apoptosis is
blocked by the IAP family in mammalian cells [118–120]. This
family includes X-chromosome-linked IAP (XIAP), IAP1,
IAP2, NAIP (neuronal apoptosis inhibitory protein), survivin,
livin, and apollon. These proteins are characterized by 1–3
baculoviral IAP repeat domains consisting of a zinc finger
domain of �70–80 amino acids [119]. Apollon is a huge (530
kDa) protein that also has a ubiquitin-conjugating enzyme
domain. The main identified antiapoptotic function of IAPs is
the suppression of caspase activity [120]. Procaspase-9 and
procaspase-3 are major targets of several IAPs. IAPs reversibly
interact directly with caspases to block substrate cleavage.
Apollon also ubiquitylates and facilitates proteosomal degrad-
ation of active caspase-9 and second mitochondria-derived acti-
vator of caspases (Smac) [121]. However, IAPs do not prevent
caspase-8-induced proteolytic activation of procaspase-3. IAPs
can also block apoptosis by reciprocal interactions with the
nuclear transcription factor NFkB [118]. Scant information is
available on IAPs in the nervous system. Survivin is essential for
nervous system development in mouse, because conditional
deletion of survivin gene in neuronal precursor cells causes
reduced brain size, severe multifocal degeneration, and death
shortly after birth [122]. NAIP is expressed throughout the
CNS in neurons [123]. XIAP is enriched highly in mouse spinal
motor neurons [124]. The importance of the IAP gene family in
pediatric neurodegeneration is underscored by the finding that
NAIP is deleted partially in a significant proportion of children
with spinal muscular atrophy [125].

Proteins exist that inhibit mammalian IAPs. The murine
mitochondrial protein Smac and its human ortholog DIABLO
(for direct IAP-binding protein with low pI) inactivate the
antiapoptotic actions of IAPs and thus exert proapoptotic
actions [126,127]. These IAP inhibitors are 23 kDa mitochon-
drial proteins (derived from 29 kDa precursor proteins
processed in the mitochondria) that are released from the
intermembrane space and sequester IAPs. High temperature
requirement protein A2 (HtrA2), also called Omi, is another
mitochondrial serine protease that exerts proapoptotic activity
by inhibiting IAPs [128]. HtrA2/Omi functions as a homo-
trimeric protein that cleaves IAPs irreversibly and thus facili-
tates caspase activity. The intrinsic mitochondria-mediated
cell-death pathway is regulated by Smac and HtrA2/Omi.

Apoptosis-inducing factor (AIF)
AIF is a mammalian-cell mitochondrial protein identified as
a flavoprotein oxidoreductase [129]. AIF has an N-terminal
mitochondrial localization signal, and after import into the
intermitochondrial membrane space the mitochondrial local-
ization signal is cleaved off to generate a mature protein of 57
kDa. Under normal physiological conditions, AIF might func-
tion as a ROS scavenger targeting H2O2 [81] or in redox
cycling with NAD(P)H [130]. With apoptotic stimuli, AIF
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translocates to the nucleus [129]. Overexpression of AIF
induces cardinal features of apoptosis, including chromatin
condensation, high-molecular-weight DNA fragmentation,
and loss of mitochondrial transmembrane potential [129].

Cell-surface death receptors
Cell death by apoptosis can also be initiated at the cell mem-
brane by surface death receptors of the tumor necrosis factor
(TNF) receptor family. Fas (CD95/Apo-1) and the 75-kDa
neurotrophin receptor (p75NTR) are members of the TNF
receptor family [56]. The signal for apoptosis is initiated at
the cell surface by aggregation (trimerization) of Fas. This
activation of Fas is induced by the binding of the multivalent
Fas ligand (FasL), a member of the TNF-cytokine family. FasL
is expressed on activated T cells and natural killer cells. Clus-
tering of Fas on the target cell by FasL recruits Fas-associated
death domain (FADD), a cytoplasmic adapter molecule that
functions in the activation of the caspase-8–Bid pathway, thus
forming the “death-induced signaling complex” (DISC) [114].
In this pathway, Bid (a proapoptotic family member that is a
substrate for caspase-8) is cleaved in the cytosol, and then
truncated Bid translocates to mitochondria, thereby function-
ing as a BH3-only transducer of Fas activation signal at the cell
plasma membrane to mitochondria [114]. Bid translocation
from the cytosol to mitochondrial membranes is associated
with a conformational change in Bax (which is prevented
by Bcl-2 and Bcl-xL) and is accompanied by release of cyto-
chrome c from mitochondria [131]. Apoptosis through Fas is
independent of new RNA or protein synthesis.

Apoptosis can be mediated by p75NTR [132]. Activation of
p75NTR occurs through binding of nerve growth factor. When
p75NTR is activated without Trk receptors, neurotrophin bind-
ing induces homodimer formation and activates an apoptotic
cascade. p75NTR activation leads to the generation of ceramide
through sphingomyelin hydrolysis. Ceramide production is
associated with the activation of Jun N-terminal kinase
(JNK) that phosphorylates and activates c-Jun and other tran-
scription factors. p75 mediates hippocampal neuron death in
response to neurotrophin withdrawal, involving cytochrome c,
Apaf-1, and caspases-9, 6, and 3 (but not caspase-8), and thus
is different from Fas-mediated cell death [132].

p53/p63/p73 family of tumor suppressors
Cell death by apoptosis can be triggered by DNA damage. p53
and related DNA binding proteins identified as p73 and
p63 are involved in this process [77]. p53, p73, and p63
function in apoptosis or growth arrest and repair. They can
commit to death cells that have sustained DNA damage
from ROS, irradiation, and other genotoxic stresses [77]. p53
and p73 have similar oligomerization and DNA sequence
transactivation properties. p73 exists as a group of full-length
isoforms (including p73a and p73b) and as truncated iso-
forms that lack the transactivation domain (DN-p73). p53 is
the best-studied of this family of proteins.

p53 is a short-lived protein with a half-life of �5–20
minutes in most types of cells studied. p53 rapidly accumu-
lates several-fold in response to DNA damage. This rapid
regulation is mediated by post-translational modification such
as phosphorylation and acetylation as well as intracellular
redox state [133]. The elevation in p53 protein levels occurs
through stabilization and prevention of degradation. p53 is
degraded rapidly in a ubiquitination-dependent proteosomal
pathway [134,135]. Murine double minute 2 (Mdm2; the
human homolog is Hdm2) has a crucial role in this degrad-
ation pathway [136]. Mdm2 functions in a feedback loop to
limit the duration or magnitude of the p53 response to DNA
damage. Expression of the Mdm2 gene is controlled by p53
[136]. Mdm2 binds to the N-terminal transcriptional acti-
vation domain of p53 and regulates its DNA binding activity
and stability by direct association. Mdm2 has ubiquitin ligase
activity for p53 through the ubiquitin-conjugating enzyme E2.
Stabilization of p53 is achieved through phosphorylation of
serine15 resulting in inhibition of formation of Mdm2–p53
complexes. Activated p53 binds the promoters of several genes
encoding proteins associated with growth control and cell-cycle
checkpoints (e.g., p21, Gadd45, Mdm2) and apoptosis (e.g., Bax,
Bcl-2, Bcl-xL, and Fas). The BH3-only proteins Puma and
Noxa are critical mediators of p53-mediated apoptosis [137].

p53 and p73 regulate neuronal cell survival. p53 has a
critical apoptotic role in cultured sympathetic ganglion
neurons in response to neurotrophin withdrawal [138]. p53
deficiency protects against neuronal apoptosis induced by axot-
omy and target deprivation in vivo [139,140]. p53-mediated
neuronal apoptosis can be blocked by the DN-p73 isoform
by direct binding and inactivation of p53 [141].

Excitotoxic cell death
Neuronal death can be induced by excitotoxicity. This obser-
vation was made originally in 1957 [142], formulated into a
concept by John Olney after he showed that glutamate can kill
neurons in brain [143], and then examined mechanistically by
Dennis Choi [144]. This concept has fundamental importance
to a variety of acute neurological insults, such as cerebral HI,
epilepsy, and trauma, and possibly chronic neurodegenerative
diseases [7,20,145]. This pathologic neurodegeneration is
mediated by excessive activation of glutamate-gated ion chan-
nel receptors and voltage-dependent ion channels. Increased
cytosolic free Ca2þ causes activation of Ca2þ-sensitive proteases,
protein kinases/phosphatases, phospholipases, and NOS when
glutamate receptors are stimulated. The excessive interaction
of ligand with subtypes of glutamate receptors causes patho-
physiological changes in intracellular ion concentrations, pH,
protein phosphorylation, and energy metabolism [144,146].
The precise mechanisms of excitotoxic cell death are still
being examined intensively, driven by the hope of identifying
therapeutic targets for neurological/neurodegenerative dis-
orders with putative excitotoxic components. Yet, in vitro
and in vivo experimental data are discordant with regard to
whether excitotoxic neuronal death is apoptotic or necrotic, or
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perhaps even a peculiar form of cell death that is unique to
excitotoxicity.

The contribution of apoptotic mechanisms to excitotoxic
death of neurons has been examined in cultured neurons.
However, these studies provide conflicting results. Excitotoxi-
city can cause activation of endonucleases and specific inter-
nucleosomal DNA fragmentation in cultures of cortical
neurons [147,148] and cerebellar granule cells [149,150].
Internucleosomal fragmentation of DNA was not seen in
other studies of cerebellar granule cell cultures [151]. Excito-
toxic cell death in neuronal cultures is prevented [148] or
unaffected [147,150,151] by inhibitors of RNA or protein
synthesis, and sensitive [148,150] or insensitive [151] to the
endonuclease inhibitor aurintricarboxylic acid. In primary
cultures of mouse cortical cells, the non-NMDA glutamate
receptor agonist kainic acid (KA) induces increases in Bax
protein, and bax gene deficiency significantly protects cells
against KA receptor toxicity [152]. However, NMDA receptor
toxicity in mouse cerebellar granule cells [153] and mouse
cortical cells [154] was not Bax-related. These results support
our expectation that non-NMDA glutamate receptor excitoxi-
city is more likely than NMDA receptor-mediated excitotoxi-
city to induce apoptosis or continuum cell death [18,19].
Glutamate (100mM) stimulation of mouse cortical cells did
not cause an increase in caspase activity [155], but NMDA-
treated rat cortical cells showed increased caspase activity
[156]. In cerebellar granule neurons, glutamate (100 µM to
1mM) did not activate caspase activity, and adenoviral-
mediated expression of IAPs did not influence excitotoxic cell
death [157]. These conflicting results can also be related to the
finding that activation of different subtypes of glutamate recep-
tors appears to activate different modes of cell death [18,19].

The morphological characteristics of excitotoxicity in
many neurons in vivo include somatodendritic swelling, mito-
chondrial damage, and chromatin condensation into irregular
clumps [18,19,143,158], features that are thought to be typical
of cellular necrosis; however, in other neurons, excitotoxicity
causes cytological features more like apoptosis [18,19,158].
Excitotoxic degeneration of CA3 neurons in response to KA
is increased in NAIP-deleted mice, further supporting a con-
tribution of apoptosis [159]. Excitotoxic neurodegeneration in
vivo has been shown to be either sensitive [160] or insensitive
[161] to protein synthesis inhibition; therefore, a role for de
novo protein synthesis in the expression of a PCD cascade in
excitotoxicity is uncertain.

The precise mechanisms of excitotoxic neuronal apoptosis
in vivo have not been identified specifically. Neurons in the
immature rodent CNS undergo massive apoptosis in response
to glutamate receptor excitotoxicity [18,19]. Apoptosis is
much more prominent after excitotoxic injury in the imma-
ture brain compared to the mature brain [19]. Intrastriatal
administration of KA in newborn rodents causes copious
apoptosis of striatal neurons [18,162], serving as an unequivo-
cal model of apoptosis in neurons that are selectively vulner-
able in HIE. This apoptosis has been verified structurally with
light and electron microscopy, and by immunolocalization of

cleaved caspase-3 [162]. Ubiquitous apoptosis is observed at
24 hours after the insult. DNA degradation by internucleoso-
mal fragmentation further confirms the presence of apoptosis.
Excitotoxic neuronal apoptosis is associated with rapid
(within 2 hours after neurotoxin exposure) translocation of
Bax and cleaved caspase-3 to mitochondria [162]. Moreover,
this study revealed that the ratio of mitochondrial membrane-
associated Bax to soluble Bax in normal developing striatum
changes prominently with brain maturation. Newborn rat
striatum has a much greater proportion of Bax in the mito-
chondrial fraction, with lower levels of soluble Bax. Mature
rat striatum has a much larger proportion of Bax in the
soluble fraction and low amounts of Bax in the mitochondrial
fraction. With brain maturation there is a linear decrease in
the ratio of mitochondrial Bax to soluble Bax. This develop-
mental subcellular redistribution of Bax might be a reason
why immature rodent neurons exhibit a more robust classical
apoptosis response compared to adult neurons after brain
damage [163].

The cell-death continuum
We discovered using animal models of neurodegeneration
that cell death exists as a continuum with necrosis and apop-
tosis at opposite ends of a degenerative spectrum; numerous
hybrid forms of degeneration manifest between necrosis
and apoptosis (Fig. 2.1) [18–21]. The age or maturity of
brain and the subtype of excitatory glutamate receptor that is
activated influence the mode and speed of neuronal cell death
[18,19,163,164]. This structural and temporal diversity of
neuronal cell death is seen with a variety of brain injuries
including excitotoxicity, HI, target deprivation, and axonal
trauma. Hence, injury-associated neuronal death is not the
same in immature and mature CNS, and can be pleiomorphic
in neurons within the same brain (Fig. 2.5).

To help explain these data we formulated the concept of
the cell-death continuum. A fundamental cornerstone of the
continuum is thought to be gradations in the responses of
cells to stress. Some specific mechanisms thought to be driving
the continuum are the developmental expression of different
subtypes of glutamate receptors, mitochondrial energetics,
the propinquity of developing neurons to the cell cycle, neu-
rotrophin requirements, DNA damage vulnerability, and the
degree of axonal collateralization [19]. Although the molecular
mechanisms that drive this cell-death continuum in the
brain are uncertain currently, cell culture data hint that ATP
levels [34], intracellular Ca2þ levels [31], and mitochondrial
permeability transition [40] could be involved. Our in vivo
experiments so far suggest that the relative level of Bax in the
outer mitochondrial membrane could regulate the cell-death
continuum in neurons [162]. We believe that the concept of
the cell-death continuum is particularly pertinent to neuron
degeneration, although it might be applicable to cytopathology
in general.

The concept of the cell-death continuum has been chal-
lenged and deemed confusing by some investigators [165–
167]. Opponents of the cell-death continuum assume that
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morphology and underlying biochemical processes remain
binary and discrete [165]. While this is the case at the extremes
of the continuum, absolute discreteness ignores the observable
features of cell degeneration seen in the injured and diseased
CNS. Steadfast arguments proposed by opponents of the cell-
death continuum concept include (1) excitotoxic neuronal
death in vivo is necrotic, regardless of age, and (2) apoptosis
of neurons in the adult nervous system is extremely infrequent
[165]. Experiments done by us [163,168] and others [169–172]
have shown that neuronal degeneration triggered by excitoxi-
city and HI can be apoptotic, apoptosis–necrosis hybrids, and
necrotic; furthermore, entire populations of neurons in the
adult CNS can indeed undergo apoptosis after injury. Rigid
conceptualization regarding cellular pathology is unrealistic
and misleading and can hinder our goal of the identification
of relevant molecular mechanisms in complex biological

systems, such as the injured perinatal brain, and ultimately
limit the realization of therapeutic opportunities. For example,
motor neuron degeneration in amyotrophic lateral sclerosis
(ALS) was not considered to be a variant of apoptosis until the
concept of the cell-death continuum was applied [21], and
now antiapoptosis therapies are in clinical trials for the treat-
ment of ALS [173].

The cell-death matrix
Studies show that the morphological appearance of the dying
cell is a valuable tool for providing hints about the biochem-
ical and molecular events responsible for the cell death [168].
When studying mechanisms of cell death in human disease
and in animal/cell models of disease we believe that it is
helpful to embrace the idea that apoptosis, necrosis, auto-
phagy, and non-apoptotic PCD are not strictly “black and

Fig. 2.5. Cell-death matrix. This diagram summarizes in linear (top) and three-dimensional matrix (bottom) formats the concept of the apoptosis–necrosis
continuum of cell death. The concept as proposed in its original form organizes cell death as a linear spectrum with apoptosis and necrosis at the extremes
and different syncretic hybrid forms in between (top). The front matrix of the cube (bottom) shows some of the numerous possible structures of neuronal cell
death near or at the terminal stages of degeneration. Combining different nuclear morphologies and cytoplasmic morphologies generates a non-linear matrix
of possible cell-death structures. In the cell at the extreme upper right corner, nuclear and cytoplasmic morphologies combine to form an apoptotic neuron
that is typical of naturally occurring PCD during nervous system development. This death is classical apoptosis. In contrast, in the cell at the extreme lower
left corner, the merging of necrotic nuclear and necrotic cytoplasmic morphologies forms a typical necrotic neuron resulting from NMDA receptor excitotoxicity
and cerebral ischemia. Between these two extremes, hybrids of cell death can be produced with varying contributions of apoptosis and necrosis. The typical
apoptosis–necrosis hybrid cell-death structure is best exemplified by neurons in the CNS dying from HI or non-NMDA GluR-mediated excitotoxicity. The death
forms shown in the front matrix of the cube represent only a small number of the possible forms of cell death that we can envision to fill the empty cells of the
matrix. Neuronal maturity and the subtypes of GluRs that are overactivated are known to influence where an injured/degenerating neuron falls within the matrix.
The types and levels of DNA damage that are sustained by a cell might also influence the position of a degenerating cell within the death matrix. The back
panel represents the possible cell-death forms occurring over a delayed period or after administration of therapeutic interventions. The matrix predicts that
the cell-death patterns could change over time from apoptosis to apoptosis–necrosis variants or necrosis, and from necrosis to apoptosis–necrosis variants or
apoptosis. This concept may also be relevant to cell death in general, and thus may be applicable to cancer biology and the mechanisms of action of
chemotherapies and radiation therapies.
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white.” For the nervous system, overlay this complexity with
cell-death mechanisms that are influenced by brain maturity,
capacities for protein/RNA synthesis and DNA repair, antioxi-
dant status, neurotrophin requirements, location in brain and
location relative to the primary sites of injury, as well as
intensity of the insult. These factors that influence nervous
system damage, at least in animal models, can make the
pathobiology of perinatal HIE seem to abandon strict certainty
and causality, thus yielding a neuropathology that is probabil-
istic and uncertain.

To help organize neurodegeneration and discover laws that
determine causes and effects in neurodegenerative settings, the
concept of the cell-death continuum was extended to a hypo-
thetical cell-death matrix to embrace the “fuzziness” of cell
death in the injured CNS (Fig. 2.5). A matrix might be a useful
modeling tool for pathology in general, and specifically for
delineating the contributions of the different forms of cell
death, and the possible identification of previously unrecog-
nized forms of cell death in human neurological disorders and
in their animal/cell models. A cell-death matrix could also be
useful for modeling outcomes and how drugs and other treat-
ments for human disease (e.g., cancer) will work. We need to
identify better the relationships between mechanisms of cell
death and the structure of dying cells in human pathology, in
developing and adult CNS, as well as in animal and cell models
of neurotoxicity in undifferentiated immature and terminally
differentiated cells. It must be emphasized strongly that much
more work needs to be done on the pathobiology of human
HIE to better define its cell-death types. To help with this
necessity, perinatal intensivists must encourage autopsy. The
concept of a cell-death matrix could be important for under-
standing neuronal degeneration in a variety of pathophysiolo-
gical settings, and thus may be important for mechanism-
based neuroprotective treatments in neurological disorders
in infants, children, and adults. If brain maturity and brain
location dictate how and when neurons die relative to the
insult [20,163], then the molecular mechanisms responsible
for neuronal degeneration in different brain regions (and at
different times after the injury) in infants and children might
be different from the mechanisms of neuronal degeneration in
adults; hence therapeutic targets will differ, and thus therapies
will need to be customized for different brain regions, post-
insult time, and age groups.

It will be extremely important to use clues from cell-death
structure following different degrees and types of perinatal
brain injury to better understand which injuries are most
likely to respond to antinecrosis, antiapoptosis, or combination
therapies, and whether these therapies actually ameliorate
injury or simply delay or change the mode of cell damage.
Animal studies predict that apoptosis inhibitors alone will
be inadequate to ameliorate most of the early brain damage
following neonatal HI, and the cell-death continuum pre-
dicts that apoptosis inhibitor drugs administered at acute
and delayed time points will simply push cell degeneration
from apoptosis to apoptosis-variant or necrotic cell death,
as seen in vitro with caspase inhibitors applied following

chemical hypoxia [174]. Using the cell-death matrix, we
predict that it will be difficult to pinpoint appropriate times
for effective mechanism-based, spatially directed drug ther-
apy. Hypothermia might be an ideal strategy, because it
appears to protect against necrosis and apoptosis [175],
but it has yet to be shown if these “protected” neurons are
fully normal structurally and functionally, and whether there
are functional benefits. More experimental and clinical work
needs to be done. Nevertheless, it will be important to
prepare for the possibility that pharmacological or non-drug
interventions such as hypothermia might only delay, con-
vert, or worsen the evolving brain damage associated with
HIE in newborns. Alternative therapeutic approaches involv-
ing stem and progenitor cells should be considered now for
the treatment of perinatal HIE.

Neurodegeneration in newborn
human HIE
Detailed assessment of the cytopathological changes seen in
newborn human HIE is of critical importance in order to
identify the standard against which experimental animal-
model observations should be compared; however, few
detailed neuropathological and molecular-mechanism-based
studies of cell death have been done on pediatric human HIE
autopsy brains [176,177], in part because of a low frequency of
autopsy [178]. Neuroimaging studies of infants at 24 hours of
life after perinatal asphyxia have revealed neuronal integrity
abnormalities in basal ganglia by magnetic resonance spec-
troscopy [179]. Most available postmortem studies of human
HIE have focused on “pontosubicular necrosis” [176]. In
asphyxic term humans at 1 day of life a pattern of neuronal
necrosis in striatum is suggested [180]. We have begun to
evaluate brain samples from a small cohort of full-term
human infants (n¼ 6) that suffered from complications
during delivery resulting in HIE and death between 3 days
and months after the insult. Paraffin sections from cerebral
cortex, striatum, and cerebellum were evaluated for cyto-
pathology and molecular markers for cell death (p53 and
cleaved caspase-3). The degeneration was seen in selective
populations of neurons throughout forebrain and cerebellar
cortex, with no evidence of infarct or major gliomesodermal
changes. The neurodegeneration was divisible on a single-cell
basis and was seen as two dominant forms: lytic, necrotic-like
or condensed, traditional ischemic-like (Fig. 2.6). The necrotic-
like neurons were swollen or erupted with residual cytoplasm
around the nucleus. The ischemic-like neurons displayed
homogenization and vacuolation of the cytoplasm, cell shrink-
age (but no apparent frank lysis), and uniform nuclear conden-
sation and collapse (pyknosis) rather than cytoplasmic or nuclear
fragmentation. The absence of nuclear fragmentation is
inconsistent with apoptosis and a hybrid form of cell death.
There were no classically apoptotic or closely apoptotic-like
neurons seen. Nevertheless, subsets of degenerating cortical
neurons in human HIE were positive for cleaved caspase-3
(Fig. 2.6), but many degenerating neurons were not positive
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for cleaved caspase-3. One recent study has shown cells
(of unknown identity) positive for cleaved caspase-3 in the
cerebral cortex of a human neonate with HIE [177]. Many
degenerating cortical neurons, surprisingly some cells with
a necrotic morphology, were also positive for active (phosphor-
ylated) p53 (Fig. 2.6). In white matter, there was no morpho-
logical evidence for oligodendrocyte apoptosis, although
appreciable white-matter damage was present as evidenced
by the rarefaction and vacuolation. These observations show
that classic apoptosis has little contribution to the evolving
neuropathology in the newborn human brain with HIE, but
caspase-3- and p53-regulated cell-deathmechanisms seem to be
operative in driving a syncretic cell-death-continuum variant
phenotype in addition to cellular necrosis.

Neurodegeneration in neonatal animal
models of HIE
Relevance of animal models of HIE
Animal models are critical for identifying injury-related
mechanisms of HIE and for testing preclinical efficacy of
therapeutics. However, the relevance of the animal model
should be understood in the context of human pathobiology

by appreciating the relative brain maturity of the model
compared to that of the human term newborn, and whether
the pathobiology observed in the model is similar to that seen
in human neonatal HIE. Fundamental physiological, neuro-
biological, and pathobiological issues are very important when
considering the relevance of experimental animals as models
for brain injury in human newborns. Neurodegeneration in
the immature brain is phenotypically heterogeneous and
regionally specific, and can be dependent on model and
species [20]. For example (see below for more details), the
contributions of classic apoptosis to the neurodegeneration
in models of neonatal HI are much more prominent in new-
born rat/mouse models [22–24,181] than in piglet models
[3,7,35,36]. In human newborn HIE there is very little or no
evidence for involvement of classic apoptosis morphologically,
but caspase-3 and p53 involvements seem operative (Fig. 2.6).
Considerable experimental data on HIE mechanisms have
been derived using a 7-day-old rat (and mouse) pup model
of HI (modified Levine model by Rice et al. [182]), which is
very immature and has a brain maturity much less than that of
near-term humans [183]. The 7-day-old rat/mouse is a pre-
term model [184] and should not be considered as an animal
model for HIE in the term human brain. Moreover, the small
size of rat and mouse pups prohibits intensive physiological
monitoring [185]. Small variations in post-ischemic tempera-
ture have a major impact on the amount of brain damage in
rat pups [186]. The 7-day-old rat/mouse model of HIE is a
robust model of neurodegeneration, but it displays a pattern of
injury that is atypical clinically, somewhat between the pattern
seen with global asphyxia and that of stroke [185]. In contrast
to the newborn rat/mouse, the percentage of adult brain
weight at birth in piglets is much closer to that in humans
[187], and the body size of the piglet and chest and cranial
geometries, as well as the cortical and basal ganglia topology,
are much more similar to human infants. Thus, a piglet model
of asphyxic cardiac arrest has been developed as a particularly
relevant model of HIE for the full-term human newborn and
young infant. The basal ganglia and somatosensory cortical
injury created in this model [3,4] is strikingly similar to that
seen in MR studies of full-term human neonates with perinatal
asphyxia [2,188]. Neuronal integrity abnormalities in basal
ganglia are seen by MR spectroscopy in 24-hour-infants after
perinatal asphyxia [179]. Recent PET studies of human infants
suffering for delivery-associated HI even show the transient
selective brain regional hypermetabolism [189] seen in piglets
after HI [3,4]. Piglet models of neonatal HIE that reveal
the efficacy of hypothermic neuroprotection [190,191] are
perhaps the most relevant models to identify mechanisms of
neurodegeneration and to test drug and cell therapies, because
of the similarities in brain anatomy and pathophysiology.

HIE in neonatal rats and mice
Despite the limitations of the rat/mouse pup model of HIE,
considerable data on mechanisms of neurodegeneration con-
tinue to accrue from this model. The neuronal cell death in
the rat/mouse pup model of HIE is fulminant, has acute and

Fig. 2.6. Neuronal cell death in human newborn HIE. (a, b) Hematoxylin and
eosin staining of neocortex from an infant that survived 3 days after HI due to
delivery complications reveals selective degeneration of neurons (hatched
arrows) in the form of typical ischemic neuronal death with eosinophilic
cytoplasm, shrunken cell body, and condensed nucleus. Other damaged
neurons are swollen with a vacuolated cytoplasm (open arrow in b). This
pattern of neurodegeneration is much less phenotypically heterogeneous than
that seen in neonatal rodent models of HI, but similar to that seen in our piglet
model of HI. Scale bars¼ 33 µm (a), 7 µm (b). (c) Subsets of neocortical neurons
(hatched arrows) in human infants with HIE display cleaved caspase-3
throughout the cell. Other cells in the field shown by the cresyl violet
counterstaining have no labeling for cleaved caspase-3. Scale bar ¼ 15 µm.
(d) Subsets of neocortical neurons (hatched arrows) in human infants with HIE
display active p53 within the nucleus. Other cells (open arrow) in the field have
no labeling for active p53. Scale bar ¼ 15 µm. See color plate section.
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delayed temporal components, and occurs as several forms,
including necrosis, apoptosis, and hybrids of necrosis and
apoptosis [22–24]. These studies have shown that neuronal
cell death early after HI is largely a form of necrosis and
necrosis–apoptosis hybrids, followed by robust delayed apop-
totic neurodegeneration [7,23,24]. This hybrid form of cell
death is similar to the continuum cell death caused by non-
NMDA glutamate receptor excitotoxins in the neonatal
forebrain [7]. Based on structural and biochemical evidence,
neuronal necrosis predominates in cerebral cortex, necrosis–
apoptosis hybrids occur in hippocampus and striatum, and
classical apoptosis is prominent in thalamus. We believe that
connectivity instructed-target deprivation contributes sub-
stantially to the brain damage occurring over the longer term
following perinatal HI [4,20], and this neurodegeneration is
fully apoptosis. There remains, however, a fundamental ques-
tion of whether or not apoptotic mechanisms are directly
activated acutely by perinatal HI.

Caspases seem to be involved in the evolution of neonatal
brain injury caused by HI. Caspase-3 cleavage and activation
occur in brain after HI in neonatal rodents [22,24,102,193].
The extent of caspase-3 cleavage and activation following
brain injury or neuronal stress is greater in developing systems
compared to mature systems in vivo and in vitro [194,195].
Cerebroventricular injection of a pan-caspase inhibitor or
intraperitoneal injection of a serine protease inhibitor 3 hours
after neonatal HI has neuroprotective effects [181,196]. Subse-
quent studies have shown 30–50% decreases in neonatal
HI-induced tissue loss at 15 days after the insult with non-
selective inhibitors of caspase-8 and caspase-9 [197–199].
However, the lack of enzyme specificity of caspase-inhibitor
drugs prevents unambiguous identification of caspases in
mediating brain injury in most studies. The class of irrevers-
ible tetrapeptide caspase inhibitors covalently coupled to
chloromethylketone, fluoromethylketone, or aldehydes effi-
ciently inhibits other classes of cysteine proteases such as
calpains [200,201]. Calpains, Ca2þ-activated, neutral, cytosolic
cysteine proteases, are activated highly following neonatal HI
[193,202]. MDL28170, a drug that inhibits calpains and
caspase-3, exerts neuroprotective actions in the neonatal rat
brain by decreasing necrosis and apoptosis [203]. Cathepsins,
cysteine proteases concentrated in the lysosomal compart-
ment, are also likely to be activated, based on electron-
microscopy evidence of lysosomal and vacuolar changes found
following neonatal HI [20]. More potent, selective, and revers-
ible non-peptide caspase-3 inhibitors have been developed
[204] and used to protect against brain injury following neo-
natal HI [199], but the protective effects were more modest
compared to initial reports with non-selective pan-caspase
inhibition [181].

The roles of the Bcl-2 and IAP families and AIF in regu-
lating neonatal brain injury are being examined enthusiastic-
ally in rodent models of HIE. The level of Bax protein is
increased markedly in relation to the levels of Bcl-2 or Bcl-xL
protein following the injury [205]. Nevertheless, neonatal bax�/�

mice still show caspase-3 activation in dying hippocampal

neurons, despite the lack of Bax protein, though caspase-8
activation is not affected by lack of Bax protein [205]. Mice
with complete homozygous deletion of bax genes exposed to
HI at postnatal day 7 (P7) have modest neuroprotection in
hippocampus and no protection in cerebral cortex at P14
[205]. In other models of neonatal CNS injury, although
Bax deletion rescues neurons from axotomy-induced apop-
tosis, the neurons are structurally abnormal [206] (Martin
et al., unpublished observations), and there is no evidence
that they function properly. The importance of the Bax
homolog Bak needs to be investigated in neonatal HI.
In addition to the multidomain Bcl-2 family mitochondrial
death proteins, the roles of the BH3-only proteins in mediat-
ing neonatal HI brain damage need to be examined. Recent
data seem to indicate that Bim and Bad, but not Bid, are
involved in the hippocampal damage in neonatal mice with
HIE [207]. Overexpression of XIAP in transgenic neonatal
mice reduces brain damage after HI [208], and AIF knockdown
reduces infarct volume [209]. We have found that mitochondria
in the immature brain may be “primed” for apoptosis by signifi-
cant amounts of Bax resident within their membranes
(Figs. 2.2, 2.3). With brain maturation, Bax levels in the mito-
chondrial fraction of striatal tissue change from high to low
[162]. We have found significant alterations in the balance of
pro- and antiapoptosis Bcl-2 family protein levels following
neonatal HI [210,211].

The apoptosis in thalamic neurons after HI in neonatal rat
is associated with a rapid increase in the levels of Fas death
receptor and caspase-8 activation [210,211], and neonatal mice
with inactivated Fas are protected from some HI-related damage
[210]. Concurrently, the levels of Bax in mitochondrial-
enriched cell fractions increase, and cytochrome c accumulates
in the soluble protein compartment. Increased levels of Fas
death receptor and Bax, cytochrome c accumulation, and
activation of caspase-8 precede the marked activation of
caspase-3 and the occurrence of neuronal apoptosis in the
thalamus in neonatal rat HI [23,210]. This thalamic neuron
apoptosis in the neonatal rat brain after HI is identical struc-
turally to the apoptosis of thalamic neurons after cortical
trauma [164]. HI in the neonatal rat causes severe infarction
of cerebral cortex [23], and we suspect that this thalamic
neuron apoptosis is caused by target deprivation, as in our
occipital cortex lesion model [212,213].

Studies have been done on the perinatal brain to determine
whether apoptotic mechanisms are activated directly by
injury. Biochemical evidence for the existence of an intermedi-
ate “continuum” form of cell death was verified by the
co-expression of markers for both apoptosis and necrosis in
neurons in the injured forebrain at 3 hours following HI in
neonatal rat [202]. The significance of this finding becomes
evident by the demonstration that caspase-3 inhibition pro-
vides complete blockade of caspase activation but only partial
neuroprotection. Caspase-3 inhibitors fail to prevent the nec-
rotic mode of cell death induced by HI, as revealed by the
presence of necrosis markers, and thus the forebrain still
sustains significant injury [199].
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HIE in newborn piglets
We have developed a 7-day-old piglet model of HI that simu-
lates the brain damage and some of the clinical deficits found
in human newborns that are victims of asphyxia [3,4,214].
This injury model is most relevant to asphyxia in the full-term
neonate [2,215]. Importantly, the basal ganglia are selectively
vulnerable in this model. The putamen is the most vulnerable.
The death of striatal neurons after HI in piglets is categorically
necrosis [35], contrasting with findings in neonatal rat stria-
tum after HI [22–24]. Nevertheless, despite the necrosis, this
neurodegeneration in piglets evolves with a specific temporal
pattern of subcellular organelle damage and biochemical
defects [35,36]. Damage to the Golgi apparatus and rough
ER occurs at 3–12 hours, while most mitochondria appear
intact until 12 hours. Mitochondria undergo an early suppres-
sion of metabolic activity, then a transient burst of activity at
6 hours after the insult, followed by mitochondrial failure.
Cytochrome c is depleted at 6 hours after HI, failing to
accumulate in the cytosol compartment, and is not restored
thereafter. Lysosomal destabilization occurs within 3–6 hours
after HI, consistent with the lack of evidence for autophagy.
Damage in newborn piglet striatum after cerebral HI induced
by asphyxic cardiac arrest thus evolves rapidly over 24 hours,
at which time �80% of the neurons in the putamen are dead,
and closely resembles excitotoxic neuronal damage caused by
NMDA receptor activation [35].

A variety of biochemical mechanisms of cell injury were
examined in this model. After 3 hours recovery, glutathione
levels are reduced in striatum [35,36]. Peroxynitrite-mediated
oxidative damage to membrane proteins occurs at 3–12 hours
after HI, and the Golgi apparatus and cytoskeleton are early
targets for extensive tyrosine nitration. Striatal neurons sus-
tain hydroxyl radical damage to DNA and RNA within 6 hours
after HI. The early emergence of this injury coincides with
elevated NMDA receptor phosphorylation, a biochemical sur-
rogate marker for receptor activation, and prominent oxida-
tive damage by 5 minutes after recovery of spontaneous
circulation [216]. These abnormalities are sustained through
3 hours of recovery. The early NMDA receptor phosphoryl-
ation coincides with rapid recruitment of neuronal NOS to the
synaptic/plasma membrane. This work demonstrates that
neuronal necrosis in the striatum after HI in piglets evolves
rapidly and is possibly driven by early depletion of glutathione
antioxidant capacity and oxidative stress by 3 hours after the
insult. We anticipated that this brain injury would be difficult to
protect against in piglets because it evolves so quickly after HI,
with significant accumulation of DNA double-strand breaks
(a very lethal form of genotoxicity) by 3 hours, damage to 50%
of neurons by 6 hours, and degeneration of 80% of putam-
inal neurons by 24 hours [35]. Early implemented interventions
will thus be required to protect the basal ganglia region fromHI.

We have proposed that brain damage in the striatum
serves as an “organizer” for the subsequent neuropathology
that emerges after HI in newborns [3,4]. In this concept,
damage in specific zones of striatum sets up the damage in

topographically interconnected regions of cerebral cortex.
This idea is supported by the progressive delayed hypermeta-
bolism and neurodegeneration in regions of neocortex having
connections that map topographically to locations of striatum
with damage. Moreover, the more severe the striatal damage,
the more severe the cortical damage. For example, when
central putamen is damaged selectively, regions of somatosen-
sory cortex correspondingly develop damage, and when the
caudate nucleus is also damaged there is correspondingly
more damage in frontal cortex. At later time points after the
insult, the damage cascades into what appears to be cortically
directed thalamic and brainstem damage, involving retrograde
and anterograde mechanisms. Why the damage initially mani-
fests in the central putamen in this model is still a mystery,
although it seems to begin in matrix regions of the striatal
mosaic that are hypermetabolic (Martin, unpublished obser-
vations). The mechanisms of topographically driven degener-
ation in HIE might involve changes in the sensitivities of
glutamate receptors to ligand and the functioning of trans-
porters that remove glutamate from the synaptic cleft, acute
and delayed abnormalities in inhibitory interneurons, and
trophic factor deprivation. A prediction based on this concept
of the brain damage “organizer” of HIE is that if interventions
can result in sustained neuroprotection in striatum, then
protection in other brain regions will follow.

Neuroprotection and neuroregenerative
strategies in the piglet model
of newborn HIE
The pathophysiological mechanisms of striatal injury
engage rapidly in piglets after HI. Robust ischemic cytopathol-
ogy in putaminal neurons emerges between 3 and 6 hours
after HI in male piglets and is associated with oxidative
damage to cytosolic proteins [216]. The mechanisms for this
profound degeneration of striatal neurons might involve
NMDA-receptor-mediated excitotoxicity [20,35] and dopamine-
receptor-mediated inactivation of Naþ,Kþ-ATPase [217,218].
The NMDA receptor is a tetrameric ion channel comprising
individual protein subunits designated as NR1, NR2A-D, and
NR3A-B [219]. The functional channel must contain at least
one NR1 subunit, of which there are several variants generated
by alternate splicing of the C-terminus [219]. The physio-
logical properties of the NMDA receptor are determined by
the subunit composition of the heteromeric complex and are
modulated by phosphorylation of the NR1 and NR2 subunits
[219,220]. Protein kinase C (PKC) phosphorylates NR1 serine
residues 890 and 896, and cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A (PKA) phosphorylates
NR1 serine 897 [220]. NMDA receptor subunit proteins are
enriched in newborn piglet striatum; moreover, the levels of
the different subunits as well as the phosphorylation of NR1
change differentially in the striatum of HI piglets during the
period of active cell death after HI [221], at which time there is
oxidative damage and striatal neuron necrosis [35]. Recent
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data also suggest that striatal neuron degeneration may
involve D1 dopamine-receptor-mediated toxicity involving
PKA-dependent phosphorylation of NR1 and Naþ,Kþ-ATPase
[219]. We have also shown that 24 hours of mild, whole-body
hypothermia with sedation and paralysis has profound,
perhaps sustained, neuroprotective effects on the HI piglet
striatum [190], consistent with other studies in newborn
piglets [191] and rats [222,223]. Moreover, hypothermia
blocks the apparent NMDA-receptor activation and the oxi-
dative damage to proteins [216]. It is still uncertain if these
salvaged neurons are normal. We have found that neurons can
exist in damaged atrophic states with few synaptic contacts for
months after injury [224].

Stem cell therapy for pediatric HIE
Regenerative medicine through novel cell-based therapies
needs to be explored preclinically for treating perinatal HIE
[225–227]. The possibilities for neural repair after HI include
recruitment of endogenous cells and transplantation of
exogenous or autologous cells. Recruitment of endogenous
neural stem cells (NSCs) or neural progenitor cells (NPCs)
will likely have limited benefit [228]. To date, relatively little
work has been done on the transplantation of allogenic or
xenogenic embryonic stem cells (SCs) or neonatal and adult
SCs as a therapy in animal models of infant and childhood
HIE. In a neonatal mouse model of HI, retrovirally trans-
formed, immortalized, neonatal mouse cerebellum-derived
stem-like cells (the C17.2 cell line) were transplanted into the
cavitary lesion as a cell-polymer scaffold complex, and were
shown to engraft and differentiate into the three primary
neural cell types and to integrate structurally [225]. In a
neonatal rat model of HI, multipotent astrocytic NSCs from
mouse subependymal zone differentiated into neurons at loca-
tions remote from the infarcted area [227]. We used a neonatal
mouse model of excitoxicity to evaluate the behavior of trans-
planted human embryonic germ (EG) cell-derived NSCs in the
environment of an immature host forebrain that is injured.
We studied the ability of human EG-cell-derived NSCs to
engraft, differentiate, and replace cells in the damaged neo-
natal mouse brain. We found that human NSCs can engraft
successfully into injured newborn mouse forebrain, dissemin-
ate into the lesioned areas, survive, differentiate into neuronal
and glial cells, and replace lost neurons [226]. Nevertheless,
more data need to be collected on animal models to determine
beneficial or harmful effects of this approach.

Newborn piglet olfactory bulb
is a rich source of NSC/NPCs useful
for transplantation after pediatric HI
The human olfactory bulb (OB) contains resident NSC/NPCs
[229]. The OB of rat and mouse also contains multipotent
(stem) NPCs [229,230]. The OB core is part of the anterior
subventricular zone (SVZ) rostral migratory stream (RMS)
system of NPCs [231]. Because the OB core is the rostral

extension of the SVZ, the NPCs within this structure are more
accessible than those in the SVZ, lying deep within the fore-
brain, for potential experimental autologous transplantation.
OB-NSCs/NPCs have been used as an effective therapy in
mouse ALS [232]. Thus, the OB could be of major importance
to HIE neuroregenerative medicine if proof of principle is
established that the OB core contains cells that are useful for
transplantation in animal models of HIE.

We have begun histological and cell-culture studies on the
piglet brain to identify the presence of NSC/NPCs (Fig. 2.7).
Labeling of bromodeoxyuridine (BrdU), a thymidine analogue
that is incorporated into DNA during its synthesis, showed
that the OB core in newborn piglets accumulates numerous
newly replicated cells. The piglet OB core is rich in nestin (an
NSC marker), musashi (an NSC/NPC marker), polysialic acid
neural cell adhesion molecule (PSA-NCAM, an NPC marker),
as well as doublecortin and TUC4 (differentiating/migrating
newborn neuron markers). BrdU-positive cells are immuno-
labeled for astrocyte and neuronal markers. Isolated and cul-
tured OB core cells from piglets have the capacity to generate
numerous neurospheres. Neurospheres are three-dimensional
aggregates of viable self-adherent cells. Thus newborn OB-
NSC/NPCs can be isolated and expanded in vitro. OB core
neurospheres can be cryopreserved and subsequently cultured
again. Single-cell clonal analysis of piglet OB neurospheres has
revealed the capacity for self-renewal and multipotency. Piglet
OB core cells differentiate into neurons, astrocytes, and oligo-
dendrocytes in culture. We conclude that the newborn piglet
OB core is a reservoir of multipotent NSCs/NPCs.

We have begun transplantation experiments to identify the
potential use of piglet OB-NSC/NPCs for cell therapy in our
newborn piglet model of HIE. Clonally derived OB-NSC/NPC
neurospheres were stably transduced with a lentiviral con-
struct to express the jellyfish green fluorescent protein (GFP)
as a reporter molecule for detection of transplanted cells in the
host brain (Fig. 2.7). These OB cell-derived neurospheres were
transplanted by intracerebral stereotaxic microinjection into
the cerebral cortex or striatum of piglets 3 days after asphyxic
cardiac arrest. At 14 days after transplantation, the piglets
were killed to examine the fate of the transplanted cells. The
transplanted neurospheres dispersed into constituent GFP-
labeled cells (Fig. 2.7). The transplanted cells were found
in damaged regions (e.g., striatum) as well as in regions previ-
ously not evaluated for damage. Specifically, transplanted cells
were found in cerebral cortex, corpus callosum, striatum, SVZ,
globus pallidus, and basal forebrain. OB-NSC/NPCs were found
to express markers for neurons and oligodendrocytes and
subsets of these cells differentiated in cells appearing as neurons.

These preclinical findings are relevant to the development of
novel cell-based therapies for human pediatric HIE. The OB in
the human brain is a potential target for regenerative medicine
using transplantation of autologous cells, with the goal of
replacing neurons and oligodendrocytes in the forebrain dam-
aged by perinatal HI. However, translating this approach into
the clinic presents major hurdles. Harvesting multipotent
NSCs/NPCs from the human OB is invasive, and the human
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OB is less accessible than the piglet OB. However, neurosurgical
approaches are established for exposing the human OB and are
used for olfactory grove meningiomas and OB tumors [233–
235]. A unilateral biopsy of the OB to obtain a source of
expandable autologous NSC/NPCs for transplantation might
cause mild disability such as hemianosmia, but, when faced
with the lifelong neurological consequences of perinatal HIE,
such as cerebral palsy, this approach might be welcomed.
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Chapter

3 Cellular and molecular biology
of hypoxic–ischemic encephalopathy
Zinaida S. Vexler, Donna M. Ferriero, and Janet Shimotake

Introduction
The exact timing of hypoxic–ischemic brain injury and the
preceding course of events are often unknown, but they play
a crucial role in pathogenesis, regional susceptibility, and
injury severity in humans [1,2], requiring different treatment
approaches. The dynamic nature of the developing brain
requires the use of age-appropriate models to advance our
understanding of both the injurious mechanisms and the
means to ameliorate injury.

Several aspects of injury to the immature brain caused by
experimental hypoxia–ischemia (HI) or focal stroke [3–5] in
animals have been recently reviewed, including the role of age
[6–8], blood-flow regulation and energy metabolism [9],
inflammation [7,10], intracellular injurymechanisms, and neuro-
nal death, and these will not be covered in great detail here
[10,11]. We will review recently emerging concepts, including
the status of the neurovascular unit and blood–brain barrier,
neuroinflammation, adaptive intracellular mechanisms, gender
differences in the injury response, neuroprotection, and brain
repair.

Energy failure and early
intracellular injury
The role of disruption of cerebral blood flow and failure
of mitochondrial ATP production in initiating injury after
HI has been recently reviewed by Vannucci & Vannucci [12]
and Perlman [13]. The role of elevated levels of extracellular
glutamate, overactivation of excitatory amino acid (EAA)
receptors, and calcium (Ca2þi)-mediated intracellular injury,
which in part depends on failure of ATP-dependent processes,
have been recently reviewed as well [14]. The time course
of injurious events is shown in Figure 3.1. Recent studies
have demonstrated the importance of the link between the
N-methyl-D-aspartate (NMDA) receptor, postsynaptic density
(PSD)-93 and PSD-95 membrane-associated guanylate kinases
(MAGUKs), and neuronal nitric oxide synthase (nNOS) in
HI injury and the role of activation of Src family kinases in
neuronal injury [15]. Further studies confirming that reactive
oxygen species play a major role in HI injury have been

conducted in mice with manipulated CuZn-superoxide dismu-
tase (SOD) and glutathione peroxidase (Gpx) activities [16].

Neurovascular unit and blood–brain
barrier (BBB) permeability
It has become apparent that neuronal survival depends on the
microenvironment and cellular interactions, leading to the
concept of the “neurovascular unit.” The neurovascular unit
includes brain microvascular endothelium, and the BBB as a
whole: glia, neurons, and extracellular matrix, along with the
complexities of cell–cell communication within the brain and
the crosstalk between the systemic circulation and the brain.

In adults, the BBB is disrupted after stroke, with the
temporal-spatial extent dependent on both the systemic and
the local inflammatory reaction [17]. Peripheral leukocytes
contribute to the opening of the BBB [17], release of toxic
mediators [18], and basal lamina degradation [19]. Leukocyte
extravasation occurs through several discrete steps and
depends on a number of integrins, adhesion molecules, and
chemokine gradients in the brain [10]. Microglia, locally and
systemically produced cytokines, and matrix metalloprotease
activation also potentiate damage to BBB constituents [19–21].

The early postnatal BBB is not as permeable as once
thought. Entrance of proteins is restricted by tight junctions
early in embryonic development [22]. By birth the BBB is
functional, with no fenestrations [23]. Regulation of the BBB
is age-dependent but does not change linearly with brain
maturation. BBB is more permeable in 21-day-old (P21) than
in P1 pups following intrastriatal injections of the inflamma-
tory cytokines IL-1b or TNF-a [24]. The mechanisms that
keep the BBB relatively preserved are not well understood
but may be related to the very limited transmigration of
neutrophils and monocytes in the injured parenchyma during
the neonatal period [25–27]. Extracellular matrix degradation
and MMP-9 activation are injurious acutely after HI in P9 but
so far there are no data on this process in immature rodents of
other ages [28].

Neuroinflammation
Microglial cells and astrocytes
Microglial cells are the resident macrophages of the CNS,
primarily responsible for maintenance of the microenviron-
ment, production of cytokines, chemokines and growth
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factors, and removal of debris. For a long time, activated
microglial cells were viewed as uniformly injurious in acute
and chronic neurodegenerative conditions [29]. They were
also believed to adversely affect repair in adult stroke [30].
This view is being reconsidered, based on accumulating data
regarding the ability of these cells to support neurogenesis
in vitro and in vivo and minimize (rather than enhance)
neurodegeneration [31,32].

Microglia, which populate the developing brain by birth,
can provoke the death of neurons during the period of synap-
togenesis rather than clear the debris of neurons dying by
caspase-3-dependent mechanisms [33]. Microglial activation
is rapid in neonates and is seen after transient focal ischemia
[27,34], hypoxia–ischemia, and excitotoxic injury [26,35,36].
A broad range of anti-inflammatory drugs that target various
intracellular inflammatory pathways in the microglial cells,
such as minocycline [37], iminobiotin [38], chloroquine [36],
and aminoguanidine [39], show varying degrees of protection
against acute injury in neonates.

Astrocytes contribute to neuronal homeostasis and func-
tion, play an immune modulating role in the brain, and are
an important part of the BBB [40]. As a major source of
inflammatory mediators such as cytokines, chemokines, and
inducible nitric oxide synthase (iNOS), activated astrocytes
have the potential to harm the ischemic brain. At the same
time, astrocytes may be beneficial following cerebral ischemia,
as is evidenced by larger cortical infarct volumes in glial
fibrillary acidic protein (GFAP)-null mice [41]. While mech-
anisms of astrocytic death in the immature post-ischemic
brain are not well understood, at least a subpopulation of these
cells is dying in a caspase-3-dependent way [42]. Increased
cytochrome c release from mitochondria, DNA fragmentation,

and poly (ADP-ribose) polymerase (PARP-1) cleavage contrib-
ute to their death [43].

Other inflammatory cells
Infiltration of T and B cells following neonatal HI and focal
stroke may be less profound or more transient than in adult
stroke [26,42]. There is, however, increasing evidence for the
injurious role of mast cells after neonatal HI and focal stroke
[44,45]. Agents that inhibit histamine release and degranu-
lation of mast cells in mast-cell-deficient neonatal mice reduce
injury size [44,46]. The injurious effects of mast cells have
been shown to depend on TGF-b and IL-9 [47].

Cytokines and chemokines
Cytokines are polypeptides that affect long-term developmen-
tal events such as proliferation, differentiation, and cell
survival, as well as short-term events such as modulation of
synaptic activity and inflammatory responses. They are
expressed by cells in the immune system and also by resident
brain cells, including glia and neurons. Cytokines are upregu-
lated rapidly in the neonatal brain after HI and focal stroke.
IL-1b, IL-6, and TNF-a exacerbate local inflammation by
activating astrocytes and microglia and inducing a number
of other cytokines and chemokines in neonatal models of HI
[48] and focal ischemia [49]. Pretreatment with inflammatory
Th1 cytokines IL-1b, IL-6, or TNF-a or the Th2 cytokine IL-9
prior to an excitotoxic stimulus in P5 rats significantly exacer-
bates injury severity and increases density of activated micro-
glia [50,51]. The pleotrophic Th2 cytokine IL-10, in turn,
can reverse injury caused by IL-1b and IL-6 if administered
after HI [52]. Our study using minocycline suggested that
attenuation of the elevated levels of circulating cytokines
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without reduction in the elevated cytokine levels in ischemic–
reperfused brain provides only short-term protection [49].

Chemoattractant cytokines, chemokines, and their receptors
exert a variety of physiological functions, including control of
cell migration, proliferation, differentiation, and angiogenesis
in normal and disease states [53]. The breakdown of inflamma-
tory genes by functional category in a microarray analysis
has shown that chemokines are the first family of molecules
to increase following HI in P7 rats [54]. The injurious role
of CC-chemokines MCP-1 and MIP-1a, and complement acti-
vation, has been demonstrated after excitotoxic and HI injury
[55–57].

Mechanisms of ischemic neuronal death
and gender differences
Several concepts have emerged regarding the complexity of
the apoptotic machinery. First, expression of many of the key
components of apoptosis declines with age in normal brain
[58–60]. Therefore it is not surprising that apoptotic pathways
are more readily activated in immature brain after injury,
resulting in increases in caspase-3-dependent apoptosis up to
100-fold after HI [59,60] and focal ischemia–reperfusion [61].
While pharmacological inhibition of caspase-3 protects the neo-
natal brain against HI [59,62], a lack of caspase-3 exacerbates
injury via amplification of necrosis and caspase-3-independent
injury pathways [63], suggesting that complete abolition
of caspase-3 activity can be injurious rather than purely bene-
ficial. Second, data on the central role of mitochondria in
apoptosis after HI and the ability to attenuate mitochondrial
response by counteracting oxidative stress via modulation of
expression of proteins within the apoptotic pathways continue
to accumulate [64,65]. Finally, failure to complete apoptosis
may result in the “continuum” or hybrid cell death, an inter-
mediate form of cell death that exhibits features of both
necrosis and apoptosis [11,66]. The insufficient clearance of
apoptotic cells also enhances necrosis and inflammation,
exacerbating injury [14,63,67].

Many CNS diseases display sexual dimorphism, specifi-
cally affecting one gender. Cerebral palsy (CP) and related
developmental disorders are more common in males than in
females [68], but the reasons for this disparity are uncertain.
Sex hormones can provide protection against ischemic injury,
but the neonatal brain may not be as influenced by these
hormones as the adult brain. Recent experimental data dem-
onstrate gender predominance in the mechanisms of apoptotic
death and the ability of antiapoptotic drugs to protect imma-
ture brain from ischemia [69–71]. Inhibition or lack of the
gene for PARP-1 protected male but not female mouse pups
from HI [69]. The existence of intrinsic gender-specific differ-
ences in cell-death pathways in the fetal or neonatal period
seems likely.

Data are emerging that the effects of therapeutics can
be gender-specific. As an example, 2-iminobiotin (2-IB), an
inhibitor of iNOS, can reduce long-term brain damage
(6 weeks) in female but not male P7 rats, likely through

inhibition of the HI-induced increase in cytosolic cytochrome
c and caspase-3 activation. Activation of apoptosis-inducing
factor (AIF), observed in males only, is not affected by 2-IB
[72]. Similarly, in P3 rats, neuroprotection after HI is observed
only in female rats [73]. Protection is associated with reversal
of HI-induced elevated HSP70 protein expression and cyto-
chrome c release from the mitochondria in female but not
male rats [72]. Therefore, gender-specific effects of therapeut-
ics are important for the design of future clinical trials of
potential neuroprotective strategies.

Adaptive response of cells to injury
In addition to injurious responses to hypoxia–ischemia, the
cell also exhibits protective mechanisms. Innate responses
to HI include upregulation of the hypoxia-inducible factor 1
(HIF-1) cascade and many downstream targets, including
erythropoietin (EPO) and vascular endothelial growth factor
(VEGF).

Hypoxia-inducible factor 1 (HIF-1)
HIF-1 is a heterodimeric transcription factor that consists of
an inducible a subunit and a constitutive b subunit [74]. It is
found in neurons, glia, and endothelial cells [75,76]. Under
normoxic conditions, HIF-1a is expressed but rapidly hydrox-
ylated and ultimately degraded via the ubiquitin pathway by
the oxygen-dependent EGLN family of HIF prolyl hydroxy-
lases [77]. Following hypoxia, HIF-1a is stabilized and upre-
gulated by inhibition of these prolyl hydroxylases. The
phosphorylated form of HIF-1a dimerizes with the constitui-
tive b subunit, forming the active complex that binds to the
transcriptional co-activator p300/CBP and to the hypoxia
response element (HRE) in the promotor region of a variety
of genes, including EPO, glucose transporters, glycolytic
enzymes, VEGF and other growth factors (Fig. 3.2) [78]. These
HIF-1 target genes, which maintain energy metabolism, angio-
genesis, and possibly neurogenesis, contribute to protection
and recovery after stroke in adults, as is demonstrated by
exacerbation of injury in neuron-specific HIF-1a conditional
knockouts and reduction of ischemic injury in animals treated
with HIF-1a stimulators [75,79,80]. Although HIF-1a is gen-
erally considered neuroprotective, it is also shown to induce
various pro-death proteins (such as bNIP3) and caspase-3
activation [81,82], interfering with protective responses in
the hippocampus in a model of global hypoxia [83]. The exact
mechanisms of these opposing effects of HIF-1a on ischemic
injury are not clear, but the extent of temporal–spatial HIF-
1a-dependent induction of genes like EPO and VEGF after
ischemic injury, and the balance between pro-survival and
pro-death proteins, seem to play a major role in HIF-1a-
dependent outcomes [75,79,83].

In neonatal models, HIF-1a is induced by HI, focal
ischemia–reperfusion, and desferoxamine (DFO), which acts
in both a HIF-dependent and independent manner [84–86].
Increased HIF-1a expression occurs as early as 4 hours, peaks
at 8 hours, and returns to baseline by about 24 hours following
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a transient middle cerebral artery occlusion (MCAO) in P10
rats, and is followed by increases in both VEGF and EPO
expression [85,86]. HIF-1a upregulation is mediated in part
by the PI3K–Akt and ERK1–2 pathways, as evidenced by
attenuation of HIF-1a upregulation by inhibitors of proteins
in these pathways [87,88]. HIF-1 is also believed to contribute
to hypoxic preconditioning in neonatal rat brain, likely
through induction of a variety of HIF-1-inducible genes,
including VEGF, EPO, GLUT-1, adrenomedullin, and propyl
4-hydroxylase a [89,90].

Erythropoietin (EPO)
EPO is a pleotrophic growth factor and a member of the type I
superfamily of cytokines. While EPO was identified for its
role in erythropoiesis [91], biological activity of EPO extends
far beyond erythropoiesis. It contributes directly to brain
development, by supporting neural cell progenitor cells and
promoting survival and proliferation of these cells [92,93].
EPO knockout is embryonic-lethal by E13, with fetuses
exhibiting severe anemia and a paucity of neural progenitor
cells and neurogenesis [92,94].

EPO receptor (EPOR) binding results in phosphorylation
of Janus-tyrosine kinase 2 (JAK-2) that activates several
pathways, including Ras- and phosphatidylinositol-3-kinase
(PI3K) pathways. In neurons, EPO activates the nuclear factor
kB (NFkB) [95] and reduces glutamate release [96]. EPO
administration protects against focal and global ischemia,
glutamate toxicity, and kainate-induced seizures by reducing
neuronal apoptosis [97–99], stimulating neuronal precursors,
and stimulating angiogenesis [92,93,100]. EPO also contrib-
utes to neuroprotection via attenuation of inflammation [101].

In neonatal rodents, EPO treatment reduces brain injury,
apoptosis, and gliosis days after the HI insult [102], in part by
rapid EPOR upregulation [103]. It preserves auditory process-
ing and learning/memory after HI even when administered

in low doses, 0.3–1U/g [104], and improves sensorimotor,
memory, and behavioral outcomes [105,106]. However, a
U-shaped dose response to the range of EPO concentrations
is reported [102]. In a focal ischemia–reperfusion model in
neonatal rats, we showed that EPO (5U/g) markedly preserved
hemispheric volume, decreased the expansion of the subven-
tricular zone (SVZ) unilaterally, and significantly improved
sensorimotor and memory function up to 6 weeks after
MCAO [107]. The effect on tissue preservation is in part due
to increased percentage of newly generated neurons versus
decreased newly generated astrocytes following brain injury,
suggesting that in neonatal stroke EPO may redirect cell fate
toward neurogenesis and away from gliogenesis, allowing for
repair and replacement of damaged tissue [108].

Vascular endothelial growth factor (VEGF)
VEGF is a family of growth factors involved in vasculogenesis,
neurogenesis, and angiogenesis. There are three VEGF iso-
forms, which signal by binding to two endothelial tyrosine
kinase receptors: VEGFR1 (Flt-1) and VEGFR2 (Flk-1) [109].
VEGFR2 has higher affinity to VEGF-A (i.e., VEGF) and is
thought to be responsible for most biological signaling by
VEGF in the CNS. Loss of a single VEGF allele is embryonic-
lethal [110].

VEGF-induced VEGFR2 autophosphorylation leads to
binding of several SH2-containing molecules and activation
of several downstream signaling pathways including the
MAPK [111], ERK1–2, and PI3K–Akt pathways [112,113].
VEGFR1, in turn, mediates monocyte and macrophage
migration [114] and can affect integrity of BBB via the
PI3K–Akt pathway [115]. VEGFR1 can also modulate VEGR2
activity [116,117]. In vitro, VEGF stabilizes and promotes
survival of neurons after hypoxia, nutrient deprivation, or
glutamate administration [118].
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In stroke, VEGF expression is robustly upregulated [119].
VEGF administration or overexpression results in decreased
infarct volume, increased angiogenesis and neurogenesis, and
improved functional outcomes 4–8 weeks post-injury [120,121].
However, a rush to use VEGF as a salvage treatment following
CNS injury must be tempered with caution, as early adminis-
tration of VEGF after stroke actually can increase BBB leakage
and infarct size [122]. A U-shaped curve – protection after
low, non-angiogenic doses of VEGF, and increased damage
and hemorrhagic transformation associated with doses high
enough to stimulate angiogenesis – is reported after adult
stroke [123]. Delayed administration of VEGF shows
enhanced microvascular perfusion and no increase in BBB
leakage [122], reinforcing the importance of the timing for
VEGF biological effects for long-term outcomes.

VEGF and VEGFR2 expression is high in the developing
brain, in concert with developmental cerebral angiogenesis,
and is further upregulated following HI and focal stroke in
neonatal animals [85,87,88,124]. The increase in VEGF (and
HIF-1a) expression is blocked by the PI3K–Akt and ERK
inhibitors [88]. Endogenous VEGF is a necessary piece of
the neuroprotection offered by hypoxic preconditioning, with
exogenous VEGF augmenting the benefits of hypoxic pre-
conditioning [125]. In an ongoing study using the VEGFR2
antagonist SU5416, we showed injury exacerbation and
increased gliosis after neonatal focal ischemia [126].

New trends in neuroprotection:
hypothermia and natural ingredients
Two recent large multicenter randomized studies of newborn
infants with hypoxic–ischemic encephalopathy demonstrate
the neuroprotective potential of hypothermia, using head
cooling or whole-body cooling [127,128]. The benefits may
be limited to infants with moderate injury [127], and these
studies, while indicating great promise, show the need to
better understand optimal depth, timing, and duration of
hypothermia to maximize beneficial effects [129].

Several studies in immature rats showed that hypothermia
during HI insult is protective and significantly attenuates
spatial learning deficits [130,131]. When induced immediately
after HI in P7 rats, hypothermia provides protection and
inhibition of caspase activation via the intrinsic pathway in
the neonatal brain, thereby preventing apoptotic cell death
[132]. Delayed cooling of P7 rats is shown to reduce cerebral
infarction and behavioral deficits at 6 weeks after the insult
[133]. Yet other studies show that hypothermia alone did not
improve long-term outcomes but is beneficial as a part of
combined treatment [134]. In larger species, e.g., piglets, mild
hypothermia reduces HI injury and neuronal apoptosis, and
preserves sensorimotor and behavioral function [135,136].
The timing of hypothermia is critical for protection. Deep
cooling is needed to protect between 6 and 12 hours after HI
in rodents [137]. In fetal lambs, cooling protects against HI
when delayed up to 5 hours [138] but not to 8 hours post-
insult [139]. Combinatory strategies show further benefits.

The long-term benefits of hypothermia can be augmented
by co-administering topiramate, N-acetylcysteine, or xenon
[134,140,141].

Two recent studies show that pomegranate juice protects
against neonatal HI when given as maternal dietary supple-
mentation prior to subjecting newborn pups to HI, and when
pups are drinking pomegranate juice after HI [142,143]. Poly-
phenols, which are believed to be active ingredients in the
juice, and resveratrol in particular, can reduce caspase-3 acti-
vation and calpain activation following neonatal HI [143],
presumably via the SIRT signaling pathway. Pretreatment with
grape-seed extract protects against HI, possibly due to its
antioxidant characteristics and ability to restore regulation
within the prostaglandin pathways [144].

Repair: neurogenesis and angiogenesis
Generation of new neurons – neurogenesis – is a critical element
of repair following neurodegenerative conditions, including
stroke andHI. Ischemic focal stroke gives rise to cell proliferation
in the SVZ in both adult and neonatal brains [107,145–147]. The
newly formed neuroblasts migrate from the SVZ into the dam-
aged striatum and differentiate to become mature neurons of
appropriate phenotypes [145,148,149]. This suggests a potential
for self-repair strategies after stroke [146]. However, endogenous
neurogenesis is short-lived and ineffective, as shown by several
laboratories including ours [107,145,150,151].

Some studies show that neonatal HI depletes the SVZ of
progenitors, while other studies have demonstrated expansion
of the SVZ after HI [147] and focal stroke [107]. Activated
calpains and caspase-3 co-localized to regions with progenitor
cell death, whereas neither enzyme was activated in the medial
SVZ, which harbors the neural stem cells that are resilient to
this insult [152]. Increased neocortical production was associ-
ated with increases in insulin-like growth factor 1 and MCP-1,
but statistically insignificant production of EPO, brain-derived
neurotrophic factor, glial-derived neurotrophic factor, and
transforming growth factor a, suggesting that HI injury in
the neonatal brain initiates a regenerative response from the
SVZ [153]. HIF-1amodulates neurogenesis through increased
expression of genes like VEGF and EPO, and EPO by itself is a
major inducer of neurogenesis after neonatal ischemic insults.

The formation of new blood vessels – angiogenesis – is a
limiting factor in post-ischemic repair [154]. Angiogenesis is a
complex multistep process, with numerous soluble factors
strictly controlling this process [155]. The presence of newly
formed blood vessels is critical in several aspects of repair,
including not only ensuring the blood supply but also provid-
ing an angiogenic–neurogenic niche in the brain, as neurogen-
esis appears to be intimately associated with active vascular
recruitment and remodeling [154].

Evidence continues to accumulate that angiogenesis is
coupled with neurogenesis [154]. The VEGFR2 receptor medi-
ates antiapoptotic effects and supports survival of the endo-
thelial cells that have been induced by VEGF [118].
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Future directions
Considerable progress has been made in delineating the com-
plexity of cellular injury, including better understanding of the
network of intracellular signaling pathways and the rationale
for identification of therapeutic targets and development of
effective therapies. Two new aspects of thinking in the field
have been acknowledgement of the integrative nature of brain
injury, which evolves via communication between different
cell types, and the dynamic nature of changes during brain
maturation. Recent studies have begun targeting repair as the
way of improving long-term recovery following HI injury
during the newborn period. Currently, promising clinical

studies are being conducted on the effects of hypothermia
and erythropoietin following perinatal HIE, but much needs
to be learned about the optimal conditions for these interven-
tions and ways of targeting severely injured brains. Therefore,
future work should address the optimal timing for modulating
effects of interventions. Elucidating how to enhance the repair
process, by supporting angiogenesis, neurogenesis, and pre-
servation of function, will be the major markers of success.
Emerging evidence suggests that different interventions may
be necessary to accomplish improvement in males and females.
Studies are also needed to determine whether proposed inter-
ventions adversely affect long-term brain development.
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Chapter

4 The pathogenesis of preterm brain injury

Laura Bennet, Justin Mark Dean, and Alistair J. Gunn

Introduction
Neurodevelopmental disability in prematurely born infants
remains a very significant problem worldwide, for which there
is no specific treatment. While there have been significant
improvements in the survival of preterm infants [1], this has
not been matched by improvements in morbidity; indeed
there is some evidence that disability has increased [1], with
a moderate rise in the childhood prevalence of cerebral palsy
[2]. The high incidence of neurological morbidity within this
group of babies poses a considerable burden on families and
the health system. We need to considerably increase our
understanding of when and how this injury occurs to develop
effective ways of alleviating the burden.

Traditionally, brain injury in preterm infants has been
thought to reflect a fundamental vulnerability of the develop-
ing periventricular white matter to damage. However, recent
evidence suggests a much more complex picture. In the pre-
sent review, we will critically dissect the neuropathology of
hypoxic preterm brain injury, including the underappreciated
importance of acute gray-matter as well as white-matter damage,
and the timing and mechanisms of injury, and highlight key
unresolved issues.

The long-term problem:
neurodevelopmental handicap
Children born preterm (< 37 weeks) have high rates of dis-
ability including visual damage, mental retardation, epileptic
seizures, and cerebral palsy [3,4]. The incidence of these
deficits increases steeply with decreasing gestational age and
birthweight [4]. Even in those children who survive without
apparent motor disability, there is substantial reduction in
mean intelligence quotient and more frequent cognitive and
educational difficulties [4].

Preterm neuropathology
The most distinctive pathological feature of prematurely born
infants is white-matter injury, predominantly in the periven-
tricular tracts (periventricular leukomalacia; PVL) [5]. The

incidence of severe cystic PVL has steadily fallen to very low
levels with modern intensive care, so that the great majority
of cases now involve milder, diffuse cell loss without cystic
changes [6,7]. Injury to white matter is highly visible on
ultrasound and magnetic resonance imaging (MRI), and thus
this feature has been the primary focus of most clinical and
experimental investigations.

However, the consistent link between preterm white-
matter damage and neurodevelopmental impairment [8,9]
seems to be contradictory, since we think with our neurons
not with white matter [10]. Indeed, there has been no apparent
improvement in neurodevelopmental outcomes of premature
infants despite the progressive reduction in the incidence of
the severe cystic form of PVL over the last 10 years [11].
A recent key insight comes from quantitative MRI studies,
which have shown that preterm birth is also associated with
regionally specific long-term reductions in brain gray-matter
volumes, in both cortical and subcortical regions, in addition
to reduced white-matter volumes [8,12,13]. In turn, neuro-
developmental outcomes are correlated with reduced gray-
matter volume, even after adjustment for the presence of
PVL [8,13]. White-matter injury was associated with greater
reduction in gray-matter volume [8]; however, a quantitative
reduction in cortical surface area and complexity of cortical
folding was observed at term-equivalent in premature infants
without overt parenchymal lesions [14], and in ex-preterm
infants at older ages [13,15,16], which correlated with reduced
IQ [13,17]. A similar correlation is seen between reduced
volume of subcortical gray matter and long-term functional
problems in ex-preterm children, including cognitive ability
and memory problems in later childhood and adolescence
[18,19].

A role for acute neural injury?
There is increasing evidence that these chronic anatomical
deficits partly reflect acute neuronal damage sustained during
the peripartum period. In a population-based postmortem
survey there was a 32% incidence of neuronal loss, particularly
in the pons [20]. Consistent with this, a subsequent series of
41 premature infants found that PVL was associated with
neuronal loss in over a third of infants, particularly in the
basal ganglia and cerebellum [10], and that more than half had
gray-matter astrogliosis that is highly suggestive of milder,
selective injury.
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Further, MR imaging of preterm infants exposed to known
severe perinatal hypoxia has demonstrated a consistent pattern
of acute subcortical damage involving the thalamus and basal
ganglia, and cerebellar infarction combined with diffuse
periventricular white-matter injury, but sparing of the cortex
[21–24]. These studies suggest that acute gray-matter injury
is probably confined to a subset of infants; this may be an
underestimate, since MRI is not sensitive to selective neuronal
loss [25,26].

Can acute injury really account
for the marked chronic deficits?
The data reviewed above provide compelling evidence that
acute subcortical neuronal injury does accompany white-
matter injury in a substantial subset of preterm infants. How-
ever, this does not seem to be sufficient to explain long-term
impairment of brain growth in a majority of premature
infants. Indeed, since the preterm cortex is consistently spared
both on neuroimaging and histologically [10,22,25], a chronic
reduction in cortical volumes must involve additional
mechanisms.

Potential mechanisms include loss of the key population of
dividing cells that contribute to brain growth such as stem and
progenitor cells, and chronic upregulation of programmed cell
death. Both are likely to be contributory. Premature birth,
before 32 weeks' gestation, corresponds with a phase when
large numbers of proliferating immature oligodendrocytes
and precursors are present in cerebral white matter [27,28].
In part, then, adverse events may result in a larger long-term
impact on brain growth in premature infants than in later life
because of loss of progenitor cells that provide the substrate
for brain growth [29,30].

In addition, there is increasing evidence that clinical brain
injury evolves progressively. Over half of premature infants
who go on to develop cerebral palsy do not show white-matter
lesions during the first few days to weeks after birth, but have
marked white-matter loss on longer-term MRI and evidence
of delayed myelination [8]. This is consistent with an experi-
mental study in the postnatal-day-seven rat (broadly equiva-
lent to the preterm infant of around 32 weeks gestation), in
which no significant damage was seen during the initial 2
weeks of recovery from moderate hypoxia–ischemia, followed
by the development of delayed infarction by 8 weeks [31],
in contrast with rapid but non-progressive infarction after a
severe insult. Thus, a mild to moderate ischemic insult to the
perinatal brain may establish a vulnerable region in which cell
death develops over time. This is likely mediated by enhanced
physiological apoptosis (programmed cell death).

During normal neural development, cells which are
surplus to requirement are eliminated by apoptosis [32]. Cell
survival is tightly linked to extrinsic signals from neighboring
cells and synaptic activity [33], and thus apoptosis is triggered
when cells lose essential input from other cells, for example
due to injury elsewhere in the brain or to damage to the
interconnecting axons. This ensures matching between the

number of myelinating cells and the axonal surface area
requiring myelination, and between the number of neurons
and the size of their target fields [33].

Thus, loss of input from other cells can trigger secondary
cell death. There is evidence of axonal injury within and
around periventricular white-matter necrosis [34–36], which
may then lead to target deprivation in the cortex. For example,
in a recent postmortem study there was diffuse axonal injury
both around and distant from areas of white-matter necrosis,
while 31% of infants with white-matter injury had thalamic
damage and 15% had neuronal injury in the cerebral cortex
overlying areas of PVL [36]. These data support the hypothesis
that chronic neuronal loss is partly related to acute primary
neural injury, and partly to target degeneration secondary to
damage to the corticothalamic tracts.

Timing and etiology of preterm brain injury
Although the precise etiology of acute neural injury in preterm
infants is still poorly defined, there is increasing evidence that
key events include exposure to hypoxia around the time of
birth and preceding (in utero) exposure to infection/inflam-
mation. Early imaging, postmortem, and electroencephalo-
gram (EEG) data suggest that neural injury occurs in the
immediate perinatal period in approximately two-thirds of
cases, while an appreciable number of cases occur before the
onset of labor, and cases in the chronic postnatal period are
the least common [37–39]. The presence of EEG abnormalities
in the perinatal period is highly predictive of long-term
outcome [38,40]. In turn, adverse neonatal and long-term
outcomes of premature birth are strongly associated with
evidence of exposure to perinatal hypoxia, as shown by meta-
bolic acidosis, active labor, abnormal heart rate traces in labor,
and subsequent low Apgar scores [37,41,42]. Although severe
perinatal hypoxia occurs in only a minority of premature
infants, the incidence is much higher (73/1000 live births, of
whom 50% are moderate or severe) than at term (25/1000 live
births, of whom 15% are moderate or severe) [43]. While
clinical encephalopathy is difficult to assess in very premature
infants, larger premature infants, from 31 to 36 weeks' gesta-
tion, with moderate to severe metabolic acidosis on cord
blood, have a high rate of evolving clinical encephalopathy
after birth, which in turn is associated with adverse neuro-
logical outcome [44].

Mechanisms of hypoxia and ischemic injury
Experimentally, prolonged complete umbilical cord occlusion
in preterm fetal sheep at 0.6 and 0.7 of gestation is associated
with severe neuronal loss in subcortical gray-matter regions
such as the basal ganglia and hippocampus, and diffuse loss
of oligodendrocytes in the periventricular white matter, but
sparing of the cortex [45–48]. As noted above, this pattern is
highly consistent with that seen after clinical asphyxia in
preterm infants [22]. These data highlight the observation that
preterm fetuses and newborns can consistently survive far
longer periods of such profound hypoxia than at term before
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brain injury occurs [49]. Potentially, this remarkable ability to
survive may paradoxically allow the preterm fetus to survive
longer periods of severe hypoperfusion than is possible at
term, as discussed further in Chapter 14.

Potentially, the localization of white-matter injury to the
periventricular region may reflect either anatomical vulner-
ability or relative vulnerability of different populations of
oligodendroglia. Thus, older data suggest that there is a tran-
sient watershed zone between the short and long penetrating
arteries arising from the pia in premature infants [5], which
resolves after 32 weeks' gestation. However, there are recent
data from preterm fetal sheep suggesting that the distribution
of white-matter damage after cerebral ischemia was not
explained by differences in local blood flow [50], and so
supporting the hypothesis that it is the presence of a popula-
tion of relatively susceptible oligodendrocyte progenitors that
underlies periventricular white-matter injury.

Postnatal hypotension/hypoperfusion may also contribute
to injury. Pathologically low upper-body blood flow was found
in one-third of infants born before 30 weeks' gestation [51].
In 80% of cases it was lowest at 5–12 hours of age, and
progressively resolved with time; less than 5% of infants had
low flows by 48 hours [51,52]. These indirect estimates of
cerebral perfusion are supported by evidence of cerebral hypo-
perfusion on near-infrared spectroscopy [53], and the finding
that hypoperfusion is strongly and independently associated
with mortality and adverse neurodevelopmental outcome [54].

The mechanisms of this early hypoperfusion are widely
debated. It has been suggested that this is potentiated by
immaturity of the cerebrovascular autoregulatory response,
leading to a pressure-passive circulation whereby cerebral
blood flow is reduced in response to even mild systemic
hypotension [55]. Some support for this hypothesis is seen
in the finding that many premature infants show a temporal
association between changes in mean arterial pressure and
intravascular cerebral oxygenation consistent with reduced
autoregulation [56]. Further, systemic hypotension after pre-
term birth has been associated with neurological deficits in
some studies [57–59]. In contrast, many studies in preterm
infants have not found an association between hypotension
during the early neonatal period and PVL or cerebral palsy
[60–64]. Curiously, one study found an association only with
one definition of hypotension but not with others, and even
then only for “larger” preterm infants � 27/40 and those with
less severe illness [64]. This may be because blood pressure is a
poor marker of impaired cardiac output, and thus of reduced
cerebral perfusion [51], and many infants who later develop
PVL had impaired superior vena cava flow despite normal
blood pressure [51]. Some have speculated that, in part, sys-
temic hypoperfusion may be a secondary consequence of
preceding exposure to hypoxia [65]. Clearly it is essential to
better understand the underlying etiology of hypotension or
hypoperfusion before we can understand what to treat. It is
striking, for example, that there is still no systematic evidence
that treating blood pressure with volume or inotropic agents
improves outcome for the majority of babies [66].

Glutamate excitotoxicity
and preterm white-matter injury
It is widely hypothesized that exposure of the immature white
matter to excitatory amino acids such as glutamate (“excito-
toxicity”) during or after exposure to hypoxia–ischemia plays
a pivotal role in preterm periventricular white-matter injury
[5]. It is well established that extracellular glutamate increases
dramatically in gray matter during severe hypoxia–ischemia in
the term-equivalent and older fetus and newborn [67], and
that glutamate is highly toxic in vitro [68]. However, even in
gray matter there is no clear correlation between the regional
increase in glutamate levels during hypoxia–ischemia and
ultimate cell death [69], pointing towards differential glutam-
ate receptor distribution and composition as central to in vivo
cellular vulnerability [70].

Since white matter lacks synapses it may seem counter-
intuitive to implicate glutamate in oligodendrocyte injury.
Exposure to high-dose glutaminergic agonists causes severe
loss of immature oligodendrocytes both in vivo and in vitro
[71,72], and there is in vitro evidence that the major excitatory
amino acid, glutamate, can be released from developing oligo-
dendrocytes and axons during hypoxia–ischemia [73,74], for
example, through reversal of the glutamate transporter [73,74].
Oligodendrocytes express high levels of the a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype
of glutamate receptor [75], and there is some evidence for
transient overexpression of Ca2þ-permeable AMPA receptors
that could contribute to selective vulnerability of premye-
linating oligodendrocytes to hypoxia compared with mature
cells [76]. However, against this, in the fetal sheep analysis of
receptor subunit expression suggested a high expression of
calcium-permeable AMPA receptors in subcortical white
matter from near-mid-gestation to term [75]. Finally, there
are limited data in the neonatal rat that AMPA receptor
blockade after hypoxia–ischemia can reduce loss of oligo-
dendrocytes [77].

Despite these data, it remains unclear whether excitatory
amino acids are released by oligodendrocytes or astrocytes
at meaningful levels during ischemia in vivo. Although hyp-
oxia–ischemia was associated with a reduction in intracellular
glutamate-like reactivity in axons and oligodendrocytes in the
white matter of the neonatal rat, extracellular levels of glutam-
ate were not measured [78]. In contrast, a recent study in
preterm (0.65 gestation) fetal sheep, an age closely equivalent
to the 26- to 28-week human fetus [50], used microdialysis to
demonstrate that there was no significant change in extra-
cellular glutamate levels during or shortly after severe cerebral
ischemia in periventricular white matter [79]. Although a
subset of fetuses that were exposed to severe cerebral ischemia
showed a delayed increase in extracellular accumulation of
most excitatory amino acids, this occurred many days after
ischemia, at a time when secondary cytotoxic edema was
present [80], strongly suggesting that these changes are mainly
an epiphenomenon of failure of release–reuptake mechanisms
during evolving cell death, and cell lysis.
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These findings are consistent with data from more mature
animals that suggest that there is either no or a minimal
increase in extracellular glutamate levels in the white-matter
tracts during ischemia or asphyxia, despite a considerable rise
in gray matter [81–83]. Indeed, in adult cats, whereas extracel-
lular calcium levels rapidly fell after the start of ischemia in
gray matter, they actually increased in white matter during the
first 20–30 minutes of ischemia, and then gradually declined
[84], consistent with a lack of acute synaptic activation in
white matter during ischemia.

Oxygen free radicals
Alternatively, immature oligodendroglia are also more vulner-
able to oxygen free radicals (OFRs) in vitro than mature cells
[85]. Such oxidative stress can be mediated by increased extra-
cellular glutamate levels via non-receptor-mediated toxicity in
vitro [86], but other pathways may be involved. Consistent
with a significant role for OFRs, elevated cerebrospinal-fluid
(CSF) levels of the lipid peroxidation products, malondialde-
hyde (MDA) and 8-isoprostane, in the human premature
infant are associated with adverse outcomes [87], and protein
nitration and lipid peroxidation of premyelinating oligo-
dendrocytes occurs in the diffuse component of PVL [88].
Experimentally, there was a marked increase in cerebral ascorbyl
radical production in preterm fetal sheep following umbilical-
cord occlusion, a model that led to subsequent white-matter
injury [89].

In contrast, Fraser et al. found that there was no overall
evidence of increased lipid peroxidation in periventricular
white matter after cerebral ischemia in preterm fetal sheep
[79]. There was only a trend to increased 8-isoprostane after
ischemia, while MDA increased during the secondary phase of
cytotoxic edema, suggesting that lipid peroxidation is also
primarily linked with cell death in developing white matter
[79]. Further, the finding that excitatory amino acid levels
were not raised during even severe ischemia also strongly
suggests that non-receptor-mediated glutamate toxicity
(Fig. 4.1) [86] is unlikely to make a material contribution to
PVL. However, it remains possible that there may be aber-
rantly enhanced activation of Ca2þ-permeable AMPA/kainate
receptors in response to physiological extracellular levels of
glutamate in the first few hours after cerebral ischemia [90].
Such a mechanism would be consistent with the apparent
beneficial effects of AMPA/kainate receptor blockade after
hypoxia–ischemia [77], and should be explored further.

Infection/inflammation and preterm
brain injury
In addition to exposure to hypoxia–ischemia, there is increas-
ing evidence of a link between exposure to infection and
inflammation and brain damage in preterm infants. Exposure
to bacteria and their products such as endotoxin can trigger
an inflammatory reaction in the mother or child. This self-
defense reaction helps to eliminate or neutralize injurious

stimuli and restore tissue integrity [91]. However, excessive
neural inflammation may contribute to neural injury [92].

Chorioamnionitis (low-grade infection of the chorionic
and amniotic membranes) complicates more than 25% of
preterm pregnancies and is strongly associated with preterm
labor [93]. In turn, fetal vasculitis (inflammation of blood
vessels) in the chorionic plate of the placenta and/or umbilical
cord, and high levels of proinflammatory cytokines in amni-
otic and umbilical blood, are all highly associated with risk of
periventricular white-matter injury in premature babies and
with later cerebral palsy, as recently reviewed [93].

It is striking that cerebral palsy is much more strongly
associated with fetal vasculitis than with chorioamnionitis
[92,93]. This suggests that it is the fetal inflammatory response
that mediates white-matter injury. These data lead to the
hypothesis that inflammatory cytokines released during intra-
uterine infection both promote preterm delivery and trigger
or exacerbate the development of neural injury in premature
infants, and later cerebral palsy [93,94].
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Fig. 4.1. Time course of the percentage change in extracellular levels of
glutamate (top panel) and the lipid peroxidation product malondialdehyde
(bottom panel) as measured by microdialysis in periventricular white matter in
preterm fetal sheep before, during, and after 30 minutes of cerebral ischemia
(starting at time zero, shown by the dashed line). Note that malondialdehyde
was not measured during ischemia because of sample volume limitations.
*p< 0.05, severe vs. sham-occlusion group by ANCOVA. There was no significant
accumulation of either excitatory amino acids such as glutamate or lipid
peroxidation products during or shortly after severe cerebral ischemia that
was associated with PVL, whereas there was a marked rise well after
ischemia [79]. Data are mean � SEM.

Chapter 4: Pathogenesis of preterm brain injury

51



Cytokines and preterm brain injury
Increased levels of proinflammatory cytokines such as IL-6
and TNF-a in cord blood or amniotic fluid have been associ-
ated with abnormal cranial ultrasound appearances consistent
with white-matter injury and later impaired neurodevelop-
mental outcome [92]. Preterm infants with cerebral white-
matter injury on MRI had higher levels of IL-6, IL-10, and
TNF-a in the CSF than infants without white-matter injury
[95]. Similarly, elevated cytokine levels in umbilical-cord
blood predicted cerebral lesions on MRI soon after delivery
[96]. In autopsy studies, increased expression of TNF-a, IL-1b,
and IL-6 are observed in white-matter lesions, mainly in
hypertrophic astrocytes and microglial cells around the area
of injury [93,97].

Experimental evidence for a pathological
role for infection and cytokines
There is increasing direct experimental evidence that these
clinical associations are causal. For example, intrauterine
infection with Gram-negative bacteria in the rabbit leads
to fetal white-matter lesions [93]. In order to investigate
the mechanisms of this link, most studies have used the
Gram-negative endotoxin lipopolysaccharide (LPS), a potent
inflammatory agent that initiates most components of an
inflammatory response [98]. LPS given to the mother intra-
amniotically, and to the fetus in a variety of species including
the fetal rat, mouse, and sheep, is associated with white-matter
damage [92].

The cytokines upregulated following LPS administration
include IL-6, IL-8, and TNF-a [98–100]. Their levels typically
increase within 2–6 hours after LPS administration and
then resolve [98], and there is marked attenuation of response
with repeated exposure [98]. In fetal sheep, plasma IL-6 and
IL-8 concentrations were undetectable 28 days after LPS
exposure [99].

In turn, there is evidence that exogenous administration or
overexpression of cytokines increases hypoxic or excitotoxic
injury in white and gray matter [101], whereas inhibition
or downregulation of cytokines can reduce ischemic injury
[102,103]. Further, in adult mice, neural inflammation pre-
cedes the progressive enlargement of brain infarction after
hypoxia–ischemia, suggesting that the inflammation is causal
rather than a consequence of damage [102].

It is important to appreciate that some cytokines have
anti-inflammatory [104] and neuroprotective properties [105].
For example, exogenous transforming growth factor b (TGF-
b) or IL-10 can reduce post-ischemic injury [106,107]. Thus, it
is likely that the balance between pro- and anti-inflammatory
mediators helps to determine whether the inflammatory
response causes injury. The potential mechanisms of inflam-
matory injury include direct toxicity to neurons and white-
matter cells; immature oligodendrocytes at the stage found in
premature infants when they are at greatest risk of PVL [27]
seem to be particularly vulnerable [108].

Cytokines can induce apoptosis in many cell types, and
promote stimulation of capillary endothelial cell proinflam-
matory responses and leukocyte adhesion and infiltration into
the ischemic brain [109]. Further, intracerebral injection of
cytokines induces a marked local astrogliosis [110], and cyto-
kines trigger microglial activation with subsequent release
of nitric oxide, superoxides, and other inflammatory medi-
ators [111]. Combined neuronal and inducible nitric oxide
synthase inhibition in the newborn rat is neuroprotective after
hypoxia–ischemia, without altering cytokine responses [112],
strongly suggesting that much of the toxicity associated with
cytokine induction is mediated through release of inducible
nitric oxide from microglia.

The role of microglia
Microglia form a network of endogenous immunocompetent
cells whose primary function is to provide continuous surveil-
lance of the parenchyma and protect the brain during injury
and disease [113]. In parallel with the evidence that inflam-
mation has both protective and damaging effects, activated
microglia seem to be a “double-edged sword” in the central
nervous system [114]. In vitro, for example, microglia promote
viability and differentiation of oligodendrocyte progenitor cells
under physiological conditions, whereas they mediate cytotoxic
effects after activation by LPS [115]. Activated microglia pro-
duce a range of potentially toxic mediators, including cytokines,
which in turn increase the permeability of the blood–brain
barrier [116], andmay increase entry ofmacrophages and leuko-
cytes into the brain. High levels of TNF-a, IL-6, and IFN-g
are expressed in macrophages and/or astrocytes in regions of
white-matter damage in the developing brain [93,117].

Consistent with these data, LPS exposure in fetal sheep
was associated with microgliosis rather than astrogliosis in
regions of subcortical white-matter injury [100]. There was a
significant correlation between the intensity of microglial/
macrophage invasion and the severity of white-matter injury,
supporting a role for microglial activation in the manifestation
of and/or response to injury [100]. A similar link has been
reported after excitotoxin damage in mice [118] and in neo-
natal human neuropathology [119]. It is still unclear whether
these cells mainly originate from populations of microglia
resident in the brain, or may be macrophages invading from
the circulation [100].

Conversely, suppression of microglial activation with the
tetracycline antibiotic minocycline reduced neural cell loss
after LPS infusion in neonatal rats [120]. Similarly, reduced
white-matter injury with IL-10 injections in fetal rat pups that
had been exposed to E. coli infection was associated with
suppression of microglial activation, supporting a central role
for activated microglia in the genesis of antenatal PVL [121].

Potential confounding factors
Potential confounding factors associated with exposure to
bacterial products, and the inflammatory response in general,
include pyrexia and secondary tissue hypoxia. For example,
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maternal pyrexia is associated with adverse neurological out-
come in newborn infants, and hyperthermia greatly exacer-
bates neurological injury after hypoxia–ischemia [122].
However, fetal infusions of LPS do not cause pyrexia [123],
and thus LPS can cause white-matter injury independently of
pyrexia [98,124]. Infection/inflammation may also be associ-
ated with secondary hypoxemia and transient hypotension
that could compromise cerebral perfusion [98,125]. However,
in practice, in preterm fetal sheep carotid blood flow was
increased despite the fall in blood pressure [125]. Further,
others found mild cerebral injury despite no change in mean
arterial blood pressure following a single intra-amniotic dose
of LPS in near-term fetal sheep [126].

Exposure to infection can sensitize
to hypoxia–ischemia
It is important to appreciate that direct injury is not the only
possible adverse effect of exposure to inflammatory agents.
There is increasing evidence that exposure to LPS modifies
responses to subsequent hypoxia–ischemia [127,128]. A low
dose of LPS given either shortly (4 or 6 hours) or well before
(72 hours or more) hypoxia–ischemia in rat pups was associ-
ated with increased injury (“sensitization”) [127,129]. Curi-
ously, when given at an intermediate time (24 hours) before
hypoxia–ischemia, LPS actually reduced injury [129]. Further,
in mice fetal exposure to endotoxin affected the responses to
hypoxia–ischemia even in adulthood, with both reduced and
increased injury, in different regions [130]. The mechanisms
for this complex sensitization are unclear. One study impli-
cated changes in blood glucose levels [131]; however, normal-
ization of blood glucose levels did not prevent sensitization,
and so other factors are likely to be involved, such as chronic
changes in glial responses [132].

Conclusion
In conclusion, the most striking concept to emerge from
recent clinical and experimental studies of the very immature
brain has been that perinatal white-matter injury is associated
with both acute subcortical gray-matter injury and a long-term
reduction in cortical complexity and cortical and subcortical
volume, and with cognitive impairment. The emerging concept
which underpins these observations is that acute early white-
and gray-matter cell loss is associated with exposure to hypoxia
and to infection/inflammation, and that this acute injury initi-
ates a phase of chronic programmed cell death that underlies

impaired neurodevelopment (Fig. 4.2). The widely hypothesized
roles for free-radical-mediated injury and excitotoxicity on
the one hand, and of hypotension/hypoperfusion on the other,
remain surprising unclear, and require further research.
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Introduction
Prematurity is a major contributor to perinatal morbidity and
mortality in the USA and around the world. Preterm birth is
officially defined as delivery occurring prior to 37 completed
weeks from the first day of the last menstrual period [1]. The
term “low birthweight” is used to describe infants weighing
less than 2500 g at birth. This includes neonates who are born
after 37 weeks gestational age, of which approximately one-
third are in the category of “growth restriction.” This group
of neonates is distinct from the group of premature infants,
and is the subject of another chapter (see Chapter 7). The
discussion in this chapter will be confined to the preterm
fetus, that which is delivered between viability (23–24 weeks)
and 37 completed weeks of gestation.

Complications of labor and delivery in both preterm and
term gestations have been implicated in adverse neonatal
outcomes. Traditionally, cerebral palsy and “brain damage”
have been linked to intrapartum events that resulted in “birth
asphyxia” and subsequent neurologic damage. This associ-
ation has continued to be proposed despite the fact that
current evidence suggests that only about 10% of patients with
cerebral palsy, about 1–2 per 10 000 births, experience serious
birth asphyxia [2]. Most studies in this field refer to the term
fetus. The preterm neonate has its own unique complications
and resultant sequelae.

The problem of preterm birth
In the United States, one out of eight infants is born preterm.
The incidence of preterm birth has increased by 30% over the
past 20 years, reaching 12.7% in 2005 [3]. Although preterm
deliveries occur in only about 13% of all pregnancies, they
account for one in five children with mental retardation, and
one in three children with vision impairment, and almost half
of children with cerebral palsy [4].

Two-thirds of preterm births follow preterm labor or
premature rupture of membranes, while one-third are due to
indicated preterm deliveries for maternal or fetal indications.
The incidence of preterm birth among African-Americans is

twice that of whites, and it is the leading cause of death among
African-American infants [1]. Preterm births also account for
the majority of perinatal deaths around the world [4]. Birth-
weight is the best predictor of survival after 30 weeks gesta-
tion, while gestational age predicts survival prior to 30 weeks.
The lower limits of viability are changing, and recent studies
have demonstrated survival and improved short-term out-
come at gestational ages as early as 23–24 weeks [5]. However,
delivery prior to 27 weeks has a high incidence of serious long-
term impairment [6]. Major improvements in survival occur
with each completed week of gestation from 24 to 33 weeks,
after which time minimal increases in survival occur, although
morbidity may be decreased.

Yet, despite the significant improvements in the survival of
preterm infants over the last 10–20 years, there has been little
if any improvement in neonatal morbidity; in fact there is
some evidence that rates of disability have increased [7]. The
neurological morbidity suffered by these infants imposes a
considerable burden on families and the health system.

Traditionally, brain injury in preterm infants has been
thought to reflect a fundamental vulnerability to damage of
immature oligodendrocytes in periventricular white matter.
Cerebral white-matter injury is the most common form of
brain injury in preterm infants. This lesion occurs predomin-
antly in neonates less than 34 weeks, and in this group 60–100%
of survivors develop cerebral palsy [8].

However, recent evidence suggests a much more complex
picture. Experimental studies have consistently shown that
premature animals can survive far longer periods of profound
hypoxia or ischemia before injury occurs than at term or
postnatally [9]. The mechanisms that mediate this remarkable
tolerance to hypoxia of the preterm brain are not fully under-
stood. Yet it is precisely this tolerance that, although allowing
for survival, may increase the risk for neurologic injury [10].

This chapter will review the etiologies, management, and
complications of preterm birth which impact the risks for
neurologic injury related to prematurity.

Etiology of preterm birth
A history of preterm birth is associated with a 20–40% recur-
rence risk [11]. Preterm delivery may result from preterm
labor, preterm premature rupture of membranes (PPROM),
or maternal or fetal conditions requiring intervention for
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maternal or fetal reasons. Fetal indications for delivery include
non-reassuring fetal status, placental insufficiency, chorioam-
nionitis, and abruption placentae, while maternal factors
include hypertensive disorders and other maternal illness.
The short- and long-term outcomes for these infants has
continued to improve as a result of the widespread use of
antenatal corticosteroids, liberal use of cesarean delivery for
fetal indications, and improvements in neonatal resuscitation
with the use of surfactant therapy.

The majority of preterm births result from preterm labor
and PPROM, with approximately 20% resulting from mater-
nal/fetal indications for delivery. The cause of premature
birth may vary according to socioeconomic status, with the
incidence of PPROM being higher in lower socioeconomic
groups [12].

The pathogenesis of spontaneous preterm labor with intact
membranes has been categorized into four general pathogenic
pathways. These are (1) maternal and/or fetal stress with
premature activation of the placental–fetal hypothalamic–
pituitary–adrenal axis, (2) inflammation resulting from either
systemic inflammation or local infection, (3) abruption/
decidual hemorrhage, and (4) mechanical stretching from
either multiple gestation or polyhydramnios. Intra-amniotic
infection/inflammation may be unrecognized, as these patients
often do not have overt evidence of chorioamnionitis [17, 18].
They may have preterm labor that is refractory to tocolysis
[13–16]. In addition, there is evidence to suggest that maternal
and fetal genotypes may play a role in the genesis of preterm
birth.

Demographic factors
Lower socioeconomic status, ethnicity, and maternal age all
have been associated with increased incidence of preterm birth
[19]. African-American women have an incidence of preterm
birth that is about double that of Caucasian women. Even if
socioeconomic status is accounted for, this disparity remains
apparent [20]. The incidence of preterm birth is higher in
women under the age of 20 years irrespective of whether they
have their first or subsequent pregnancies before age 20 years.
First pregnancies after age 35 years are also at increased risk
for preterm birth [21]. Poor nutritional status and inadequate
weight gain during pregnancy are associated with an increased
incidence of preterm birth [22].

A body mass index (BMI) less than 19.8 kg/m2, a large
interpregnancy weight loss (decrease in one BMI category or
more than 5 kg/m2), or a short interpregnancy interval (less
than 18 months) have all been shown to increase the risk for a
preterm birth [4].

Substance abuse
Cocaine abuse [23], alcohol use, and cigarette smoking [24]
have all been associated with increased rates of preterm birth.
The confounding variables of poor nutrition, inadequate
weight gain, and associated medical problems seen commonly

in patients suffering substance abuse make it difficult to
pinpoint the exact etiology of preterm delivery in such cases.

Obstetrical risk factors
As noted, a history of preterm birth is one of the most
important risk factors for subsequent preterm delivery. The
risk increases with the number of preterm births, and is higher
the earlier in gestation they occurred, and it decreases with the
number of term deliveries [25]. There is some debate over
whether induced abortions in the first trimester increase
the rate of preterm delivery [26,27]. There seems to be an
increased incidence in women who have had second-trimester
terminations [21].

Multiple gestations account for about 10% of all preterm
births in the USA, where the incidence of multiple births
increased from 2.4% of all births in 1992 to 3.3% in 2002
(38% increase) [28]. Between 30% and 50% of multiple gesta-
tions deliver prior to 37 weeks, with higher-order multiple
gestations delivering the earliest [29,30]. Approximately 94%
of multiple gestations are twins, which deliver preterm about
55% of the time. Thus the majority of the increase in prema-
ture delivery noted from 1992 to 2002 is due to the increase in
multiple gestations [28]. Assisted reproductive technologies
(ART) lead to multiple gestation in about 20% of cases, but the
incidence of preterm delivery in singleton pregnancies resulting
from ART is also higher – about 15%. The overall incidence of
preterm delivery from ART is approximately 27% [31].

Fetal anomalies especially those leading to polyhydram-
nios, may precipitate preterm labor. First-trimester bleeding
[32] and third-trimester bleeding from placental abnormalities
also increase the risk of preterm delivery, either by precipitat-
ing preterm labor or because of maternal–fetal compromise
[21,33].

Uterine abnormalities increase the risk of preterm deliv-
ery. These abnormalities are often congenital, or may be
related to in utero exposure to diethylstilbestrol (DES).
Preterm birth rates of 15–30% have been reported in these
cases. The greatest incidence is noted in patients with demon-
strable abnormalities of the genital tract, such as T-shaped
uterus or cervical abnormalities [34,35].

Cervical incompetence is a clinical diagnosis made
following a history of recurrent rapid painless cervical dilation
in the second or early third trimester, or repetitive extremely
premature deliveries with minimal uterine activity. It has been
associated with DES exposure, cervical trauma from a prior
delivery or surgery such as a cone biopsy, and subclinical
intrauterine infection/inflammation. The gold standard is the
documentation of cervical effacement, shortening, or dilation
in the absence of obvious premature contractions [36]. Ultra-
sonographic evaluation of the length of the cervix has been
proposed as a method of diagnosing cervical incompetence
and/or risk of preterm labor [37]. Traditionally, cervical com-
petence was thought to be an all-or-nothing phenomenon,
but a more recent understanding is that it functions along
a continuum and appears to be the result of an interplay
between various factors including prior cervical trauma,

Section 2: Pregnancy, labor, and delivery complications

60



innate cervical weakness, and premature ripening of an
otherwise normal cervix. Although the original reports of the
use of cerclage in the management of women with an under-
lying mechanical defect of the cervix and a history of recurrent
loss showed success rates of 75–90% compared to pre-cerclage
survival of 10–50%, these were simply case series using histor-
ical cohorts and with poorly defined diagnoses and endpoints
[25,38]. There have been only four randomized trials of
cerclage for sonographically diagnosed short cervix, none of
which has shown benefit of this procedure [39–42]. In women
presenting with a dilated cervix in the mid trimester a single
small randomized trial showed some benefit [43].

About 20% of preterm deliveries are due to medical and
surgical complications of pregnancy that lead to iatrogenic
preterm delivery. These include conditions such as hypertensive
disorders of pregnancy, renal disease, systemic lupus erythema-
tosus, cardiac disease, acute infections, acute appendicitis, and
other surgical and medical conditions.

Preterm premature rupture of membranes (PPROM) is
defined as rupture of the amniotic membranes prior to term
(less than 37 weeks' gestation). The interval between PPROM
and onset of labor is the latency period, and it is inversely
related to gestational age. Pediatricians are concerned about
the latency period in term gestations and often refer to “pro-
longed” rupture of membranes when the latency period
exceeds 18–24 hours. PPROM accounts for up to 30% of all
preterm deliveries and thus is a major concern in perinatal
medicine [44]. The causes of PPROM are not clearly under-
stood, but weakening of the chorioamniotic membrane has
been demonstrated as the pregnancy progresses [45,46]. Local
infection from vaginal flora ascending through the cervix has
been implicated as the etiology in a substantial number of
cases [47]. Carriers of certain sexually transmitted organisms
such as Group B b-hemolytic Streptococcus (GBS), Chlamydia,
Trichomonas, Gonococcus, and bacterial vaginosis have a higher
incidence of PPROM than those who are not carriers [48].

Some bacteria release proteases, which cause membrane
weakening and probably early rupture [49]. There are host
factors and immune activation mechanisms that probably
account for the great variation in incidence of PPROM
between populations. Polyhydramnios, cervical cerclage pro-
cedures, amniocentesis, smoking, and multiple gestation
have all been implicated as etiological factors in PPROM
[50]. However, in the majority of cases the etiology is
unknown. The major complications of PPROM are prema-
ture labor and preterm delivery. The latency period is
inversely related to gestational age, with 50% of patients with
PPROM prior to 26 weeks being in labor within 1 week [51].
When PPROM occurs between 28 and 34 weeks, 50% are
in labor within 24 hours and 80–90% within 1 week [52,53].
The other significant risk factor for PPROM is maternal/fetal/
neonatal sepsis.

Chorioamnionitis occurs in 15–25% of PROM cases [54].
Incidence of neonatal sepsis at term is in the range of 1/500
deliveries. This incidence increases dramatically with PPROM,
and even more significantly in the presence of chorioamnionitis

[55–57]. Umbilical-cord compression occurs more often in
cases of PROM, with the associated complications of hypoxia
and even asphyxia leading to fetal death or neonatal com-
promise [58–61]. Umbilical-cord prolapse may also compli-
cate pregnancies with PPROM when the fetal presentation is
other than vertex. Fetal deformation syndrome from PROM
prior to 26 weeks is seen in approximately 3–4% of cases. This
syndrome includes compression malformations and lethal
pulmonary hypoplasia [62,63].

Diagnosis of preterm labor
The diagnosis of preterm labor is important in order to initiate
appropriate tocolytic therapy to prolong gestation and thus
decrease the incidence of neonatal complications. The criteria
for the diagnosis of preterm labor seem deceptively simple,
i.e., gestational age of 20–37 weeks and documented uterine
contractions of � 4/20 minutes or � 8/60 minutes. In addi-
tion, in the presence of intact membranes there should be
documented cervical change in either dilation or effacement
or an initial cervical effacement of at least 80% and/or dilation
of� 2 cm [64]. Unfortunately, the diagnosis of cervical change
based on a manual exam is subjective, and overtreatment is
common. In fact, the majority of women diagnosed with
preterm labor do not deliver preterm. In order to improve
the diagnosis of preterm labor, two predictive tests, fetal
fibronectin and transvaginal ultrasoundmeasurement of cervical
length, are now being used to help triage women in suspected
preterm labor. Fetal fibronectinmay help rule out preterm labor,
by virtue of its high negative predictive value [65].

Initial assessments of the patient in suspected preterm
labor include confirming the diagnosis and careful fetal evalu-
ation by both sonography and continuous electronic fetal
monitoring (EFM). Conditions which would contraindicate
tocolysis, such as fetal anomalies incompatible with life,
evidence of fetal compromise, significant intrauterine growth
restriction (IUGR), chorioamnionitis, or severe maternal
medical or surgical disorders, should be ruled out prior to
initiation.

With PPROM in the absence of clinical chorioamnionitis,
antibiotic prophylaxis helps prolong latency, and should be
administered for a period of 7–10 days [66,67].

Preparation for delivery of the
preterm fetus
Maternal transport
The most important factor to consider in cases in which
preterm delivery may occur is availability of resources to
deliver optimal care to both the neonate and the mother.
Preterm neonates delivered in a perinatal center specializing
in providing care for these patients have a much improved
prognosis compared to neonates who are transported after
birth [68–70]. Prior to arranging for maternal transport the
gestational age and birthweight need to be determined. The
use of real-time sonography will reliably estimate fetal weight
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and gestational age, with a small margin of error, in the
preterm fetus [71,72]. The clinical estimation of gestational
age and birthweight is subject to many errors, including
inaccurate menstrual history, oligo- or polyhydramnios, fetal
presentation, maternal body habitus, and other pathology
such as myomata uteri. The tendency is often to underestimate
fetal weight [73]. In most circumstances the gestational age at
which maternal transfer would not be indicated will vary
according to the level of neonatal care available. At gestational
ages of 36 weeks or greater, and birthweights of > 2500 g,
most obstetrical/pediatric facilities would have the resources
to care for these neonates. If the gestation is previable, then
transport may not confer an advantage in terms of neonatal
survival. In practical terms, many community hospitals are
uncomfortable with the possibility that a supposedly previable
gestation may turn out to be larger than anticipated and deliv-
ery will have occurred without adequate facilities. The phil-
osophy of “When in doubt, ship them out” is often the most
prudent approach. Most maternal transports will be made for
gestational ages of 24–36 weeks. However, diagnosis of fetal
anomalies or serious maternal illness may require transfer at
any gestational age.

Close communication between referring physicians,
accepting maternal–fetal physicians, neonatologists, and other
appropriate pediatric staff is essential. The patient and her
family need to be given a realistic and consistent evaluation
of the situation, including risks, benefits, alternatives, and
ultimately prognosis. Survival rates and follow-up data need
to be known for the institution, and counseling should be
initiated by both obstetrics and neonatology staff as soon as
is feasible. The type of transportation used will be quite
region-specific but, as a general rule, transports from less than
100 miles (160 km) can be accomplished by ground ambu-
lance while air transport is often used for greater distances.
Mountains, road conditions, and weather will all influence
the choice of method of transport. Once the decision to
transport is made it is advantageous to have a transport team
available. At many institutions, physicians and nurse teams are
specially trained to transport either the pregnant mother or
the neonate. These are two distinctly different types of health
professionals: maternal–fetal transport is done by personnel
trained in obstetrics, while neonatal transports are done by
persons trained in care of the sick neonate.

Communication is vital between all the parties involved in
caring for maternal–fetal and neonatal transports. There must
be an efficient mechanism of initiating a request for transport.
One phone call to the referring center or regional dispatch
center should set in motion a chain of events leading to
appropriate transportation. Medical staff at the referring
hospital will need to contact the accepting institution's staff
without difficulty in order to provide appropriate information
concerning the patient. The obstetricians accepting a mater-
nal–fetal transport will need to contact their neonatology
group to inform them of the impending transport and con-
firm availability of a neonatal bed. If there is a problem with
this, alternative strategies need to be devised.

The referring institution needs to provide as much infor-
mation as possible, so that adequate resources can be mobil-
ized to deal with specific problems. Examples would be
availability of pediatric surgical specialties or availability of
blood for transfusion. There are cases in which a maternal–
fetal transport team may arrive after an unexpected delivery,
or find that transport would be inadvisable and delivery
preparations should be undertaken. In this type of situation,
close communication between the maternal–fetal and neonatal
teams is vital.

Discussion needs to be instituted concerning the use of
medications or other interventions prior to initiation of trans-
port. When there is a maternal–fetal transport, discussion
usually centers around the use of tocolytic agents, antihyper-
tensive and antiseizure medications in cases of hypertensive
disorders of pregnancy, and sometimes the use of antibiotics
in cases of preterm labor and/or PPROM.

Antenatal steroids for fetal lung maturity
The use of pharmacologic agents given to the pregnant patient
in order to improve neonatal outcome is an extremely import-
ant consideration. The most effective and well-studied therapy
is antenatal corticosteroid administration. The most commonly
used regimens are either dexamethasone 5mg intramuscularly
every 12 hours for four doses or betamethasone 12mg intra-
muscularly repeated in 24 hours.

Currently, the consensus conference of the National
Institutes of Health [74] recommends that all women between
24 and 34 weeks of pregnancy at risk for preterm delivery be
considered candidates for antenatal corticosteroid therapy.
Optimal therapeutic benefits begin 24 hours after initiation
of therapy and last 7 days. Because there is evidence suggesting
that mortality, respiratory distress syndrome, and intraventri-
cular hemorrhage are reduced even when treatment lasts
for less than 24 hours, steroids should be given unless delivery
is imminent.

Management of labor and delivery
Once delivery is imminent, optimal management of the deliv-
ery process is important. Pain relief is an essential element in
the management of patients in preterm labor. It should be
accepted that all analgesic medications commonly used in
obstetrics cross the placenta. The long-held misconception
about neonatal depression secondary to analgesic medication
continues to prevent physicians from administering adequate
pain relief in labor. Some medications may indeed lead to
temporary respiratory depression of the neonate, but other
causes for the problem must be sought. There is evidence that
central nervous system depressants may in fact protect the cen-
tral nervous system of the fetus from the effects of hypoxia [75].

Continuous epidural anesthesia is a safe and effective
method of pain relief in preterm labor. Avoidance of maternal
hypotension is important to prevent in utero placental insuffi-
ciency. General anesthesia for emergency operative delivery
poses no threat to the fetus provided maternal oxygenation is
maintained and hypotension avoided.
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Route of delivery
Vertex presentation
There has been some controversy over the method of delivery
of the premature fetus. Enthusiasm for liberal use of cesarean
delivery has been tempered by the findings of several retro-
spective studies showing no difference in mortality between
cesarean and vaginal delivery [76–78]. The current accepted
approach is to allow labor with intensive fetal monitoring.
Indication for cesarean section is very similar to that for the
term fetus. The difference is that the preterm fetus probably
tolerates hypoxia less effectively than the term fetus, and
prompt atraumatic delivery should be considered early in the
process. Delivery en caul (membranes intact) has been advo-
cated to decrease risk of trauma and fluctuations of cerebral
blood flow in response to cord compression [79].

Of historical interest is the practice of prophylactic
forceps-assisted vaginal delivery of the premature fetus, with
the rationale that decreasing the length of the second stage
with forceps may reduce neonatal morbidity and mortality.
Neonatal outcomes of low-birthweight infants delivered by
prophylactic forceps have not been shown to be different,
however, than outcomes of those born spontaneously, and
this practice has been largely abandoned [21]. In some studies
the use of “prophylactic forceps” for preterm delivery has been
proven to be potentially hazardous [80,81].

Breech presentation
Criteria for singleton breech delivery have traditionally been a
gestational age greater than 37 weeks and an estimated fetal
weight of 2500–4000 g. The recommended mode of delivery
for the preterm non-vertex singleton, therefore, in the absence
of much data, has been cesarean section. A recent population-
based study concluded that vaginal breech delivery of the
preterm low-birthweight singleton fetus is associated with a
6–16-fold increase in risk of neonatal mortality, and that
cesarean delivery is protective [82]. With an incidence of
breech presentation of around 20% at 25–26 weeks of gesta-
tion, some authors have advocated en caul vaginal breech
delivery of the extremely premature breech singleton. In a
recent series, there was no difference in perinatal morbidity
or mortality in nine infants under 26 weeks of gestation
delivered breech and en caul vaginally when compared to six
infants matched for gestational age and delivered via cesarean
section [83]. Proponents of en caul vaginal delivery of the
extremely premature breech fetus note reduced risk of head
entrapment of the aftercoming head by an incompletely
dilated cervix and a reduced risk of cord prolapse requiring
emergent cesarean delivery, as well as avoidance of a likely
classical cesarean delivery and its attendant risks (see below).

Malpresentation, multiple gestations
Malpresentations are common in the preterm fetus. The inci-
dence of breech presentation at 28 weeks' gestation approaches
25%. The incidence of fetal abnormalities is increased with
breech presentation, including neuromuscular deficits. The

risk of the lower extremities, abdomen, and thorax delivering
through an incompletely dilated cervix, leaving the relatively
larger fetal head trapped behind the cervix prior to 32 weeks
has led to a liberal policy of cesarean delivery for the prema-
ture fetus. The increased risk of cord prolapse also supports
this approach. There have been conflicting reports in the
literature regarding cesarean section for breech [84–86].
The very-low-birthweight fetus (less than 1500 g) is at greatest
risk for head entrapment, and thus may benefit most from a
cesarean section. However, even with term breech, a study did
show greater morbidity with the vaginal approach [84].

Atraumatic cesarean delivery must be accomplished, and
this will often require a vertical uterine incision in a poorly
developed lower uterine segment. A wide transverse incision is
preferable, but an adequate incision must be employed. The
splint technique is often helpful in assisting with atraumatic
delivery of a malpresentation [87].

Multiple gestations of a higher order (greater than two) are
generally delivered by cesarean section. In twin gestations,
with the leading twin presenting as a breech, cesarean delivery
is indicated. If the lead twin is vertex and twin B is either
concordant with or smaller than twin A, vaginal delivery of
twin A and either external version or breech delivery of twin
B may be undertaken. Clinical judgment is important, and
there should be no hesitation in abandoning difficult vaginal
delivery and performing cesarean section if indicated. Real-
time sonography should be used to help determine the posi-
tion and route of delivery. Availability of both obstetric and
neonatal expertise is important in decisions on the location of
delivery. Obstetrical management is often not a problem, but
expertise in resuscitation and stabilization of the preterm fetus
is crucial in optimizing subsequent outcome [88,89]. This will
often require maternal–fetal transportation.

Fetal monitoring
Intrapartum hypoxia and acidosis in the preterm fetus may be
a significant factor in subsequent complications of premat-
urity [90]. Continuous EFM appears to predict fetal hypoxia in
the preterm fetus with some degree of accuracy [91,92]. Skilled
auscultation may also be used [93]. However, this is often not
practical because of the more labor-intensive nature of surveil-
lance by auscultation. Amnioinfusion has been demonstrated
to reduce the incidence of cord compression and cesarean
delivery in patients with PPROM [94].

Progressive intrapartum hypoxemia and acidosis (asphyxia)
in the preterm fetus contributes to CNS and other organ-system
complications. Depending on its degree and duration, the
asphyxial insult may cause brain damage, which accounts for
major handicaps in surviving children, and fetal and early
neonatal death [95]. Studies by Low et al. have observed that
preterm pregnancies have three times the frequency of moder-
ate and severe asphyxia compared to term pregnancies [95–97].
Yet recent studies have demonstrated that mid-trimester fetal
sheep are neurologically more tolerant of cord occlusion than
mature fetal sheep. This means that the immature fetus will
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tolerate a longer exposure to asphyxia than the term fetus, but
this survival eventually results in sudden profound cardiovas-
cular decompensation with resultant systemic hypotension and
cerebral hypoperfusion [97].

In a study of 40 preterm pregnancies with biochemically
confirmed fetal acidosis (base deficit > 12 mmol/L) EFM was
predictive in 71% (60% of those with mild acidosis and 83% of
those with moderate or severe acidosis) [95]. Unfortunately,
some of the pregnancies with moderate to severe asphyxia are
difficult to prevent, either because the fetal asphyxial exposure
began before fetal surveillance was initiated or because of the
acute and sudden onset of a profound fetal insult. Neverthe-
less, the use of EFM may help to identify the preterm fetus
with mild intrapartum asphyxia and allow for intervention
prior to the development of moderate or severe asphyxia,
and possibly reduce the morbidity and death caused by more
severe asphyxia.

The influence of events of labor and delivery on perinatal
“brain damage” has been the focus of both obstetricians
and pediatricians since the early nineteenth century. Little
[98] and Freud [99] stated that the major cause of cerebral
palsy (CP) and mental retardation (MR) was intrapartum
“brain damage.” Prolonged labors and traumatic deliveries
supported this impression, and it has only recently been
proved that only about 10% of cases of CP and MR can be
attributed to events of labor and delivery [100–102]. However,
this group of patients is one in which some type of interven-
tion may have a meaningful impact on perinatal outcome.
Fetal heart rate (FHR) patterns, determined by continuous
EFM, may be of value in predicting hypoxemia and acidosis
during labor, thus allowing potentially beneficial therapy. FHR
patterns may be obtained through EFM or by auscultation.
Continuous EFM may be a less labor-intensive and more
practical method of monitoring than auscultation. FHR moni-
toring is only one parameter of fetal condition, and it must be
evaluated along with the total clinical picture. Transient and
repetitive episodes of fetal hypoxemia are extremely common
during normal labor. These episodes are usually well tolerated
by the fetus. Only when hypoxia and resultant metabolic
acidemia reach extreme levels is the fetus at risk for long-term
neurologic damage [103]. It should be noted that umbilical
cord blood gases, particularly arterial, are more accurate in
assessing fetal condition in the preterm neonate than are
Apgar scores, which are quite unreliable at early gestational
ages [104].

Terminology must be appropriately used, and the following
definitions reflect current thinking [105]:

Hypoxemia: Decreased oxygen content in blood
Hypoxia: Decreased level of oxygen in tissue
Acidemia: Increased concentration of hydrogen ions in the

blood
Acidosis: Increased concentration of hydrogen ions in tissue
Asphyxia: Hypoxia with metabolic acidosis

The fetus is well adapted to tolerating the intermittent episodes
of decreased oxygen delivery that occur with contractions in

labor. However, numerous factors can lead to significant
hypoxemia and eventually to metabolic acidemia. Decreased
uterine blood flow will influence the level of fetal oxygenation.
Contractions, maternal position, and blood pressure will all
have an effect on uterine blood flow. The umbilical cord is also
vulnerable during labor. Intermittent cord compression
is common and normally well tolerated by the fetus, but
prolonged compression may lead to hypoxemia, acidosis,
and asphyxia. The premature fetus and those with growth
disorders are more susceptible to the effects of hypoxemia in
the intrapartum period, and the onset of metabolic acidosis
may occur more rapidly. This may lead to fetal or neonatal
death or poor long-term outcome [106,107]. Alterations in the
FHR are under CNS control and may be sensitive indicators of
fetal hypoxia [108,109]. A normal FHR is reassuring and is
almost always associated with a healthy newborn. The term
“reassuring” thus implies normal oxygenation and acid–base
status. On the other hand, non-reassuring patterns have a
wider range of predictability. In many cases non-reassuring
patterns are a result of early gestational age, fetal rest cycles,
and medications. These patterns may be difficult to distin-
guish from patterns resulting from hypoxia and early acidosis.
The term “fetal distress” should be abandoned, and the type of
heart-rate pattern should be described.

The FHR should be evaluated systematically, a mechanism
for changes in FHR proposed, and the clinical situation
assessed. Judgment concerning further management of labor
should be made with all relevant information (see Chapter 15).

Management of FHR patterns
If the sequential approach is strongly suggestive of fetal acid-
osis, further fetal evaluation and assessment of the clinical
situation are necessary. If there is an impression of significant
acidosis, delivery by the most expedient method may be indi-
cated. If there are conflicting data and evidence of acidosis
is not overwhelming, further evaluation of the fetus and strat-
egies to improve uterine blood flow, fetal oxygenation, and
acid–base status must be undertaken.

Standard measures to improve fetal status include main-
tenance of normal maternal cardiac output, maximizing
maternal and fetal oxygenation, and control of uterine activity.
Fluid administration and occasionally medication may be
required to correct maternal hypotension. Avoidance of the
supine position will prevent aortocaval compression. Maternal
position change may alleviate cord compression. Dis-
continuation of oxytocin administration will treat uterine
hyperstimulation.

Another potentially valuable tool in the management of
intrapartum events is the use of tocolytic agents to decrease
uterine activity. Terbutaline [110], magnesium sulfate [111],
and nitroglycerin [112] have all been used. Use of these
agents is usually temporary, while preparing for expeditious
delivery.

It should be emphasized that individual circumstances in
each case must be considered. Decisions on whether to continue
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labor or expedite delivery will be dictated by the complete
clinical picture, and not by isolated pieces of information.
The overriding principle must be optimal outcome for both
the mother and the fetus. Giving the fetus the benefit of the
doubt in confusing situations is often the most prudent
approach.

Operative vaginal delivery
Normal spontaneous vaginal delivery is considered a physio-
logical process, and complications with spontaneous delivery
are relatively uncommon. Acute events in the late second stage
of labor, prior to anticipated delivery, may cause fetal and
neonatal complications. These include abruptio placentae,
umbilical cord prolapse, ruptured uterus, ruptured vasa previa,
and shoulder dystocia. Diagnosis of these complications may
lead to operative vaginal delivery. Instruments for operative
vaginal delivery include forceps and vacuum extraction.
Cesarean section is classified as operative abdominal delivery.

Maternal indications
There are certain medical conditions in which the mother
needs to avoid or cannot perform voluntary expulsive efforts,
such as certain cardiovascular, cerebral, gastrointestinal, or
neuromuscular diseases. Maternal exhaustion, lack of cooper-
ation, and excessive analgesia may affect the patient's ability to
assist adequately in the expulsion of the fetus.

Fetal indications
Non-reassuring FHR pattern is a major indication for opera-
tive delivery. Second-stage FHR monitoring patterns are
frequently misinterpreted as non-reassuring, with subsequent
intervention. These patterns are often confusing, and they
need to be evaluated carefully to determine whether there is
fetal intolerance of labor [113]. Failure of spontaneous vaginal
delivery following an appropriately managed second stage is
another major indication for operative vaginal delivery. The
use of “prophylactic” forceps for the delivery of a preterm
fetus is generally discouraged, and standard obstetrical indica-
tions should be used in making decisions on whether forceps
should be used in these circumstances.

When operative vaginal delivery of the preterm fetus is
indicated, whether for non-reassuring fetal status or for a
prolonged second stage, the gestational age of the fetus should
be considered when choosing between vacuum-assisted and
forceps-assisted vaginal deliveries. The American College of
Obstetricians and Gynecologists notes that most authorities
consider vacuum extraction inappropriate before 34 weeks of
gestation because of concerns for intraventricular hemorrhage
[114]. Although there are case reports of serious intracranial
hemorrhage with vacuum extraction of the preterm fetus
[115], two retrospective case–control studies of low-birth-
weight infants delivered by vacuum-assisted vaginal delivery
compared to spontaneously delivered low-birthweight infants
have not confirmed this concern for increased morbidity with
vacuum extraction in the preterm neonate [116,117].

Cesarean delivery
When abdominal delivery of the preterm fetus is indicated,
whether secondary to malpresentation or to non-reassuring
fetal status or other routine obstetric indications, a lack of
development of the lower uterine segment may preclude a low
transverse incision. A vertical uterine incision that extends
into the more muscular upper uterine segment and/or uterine
fundus may therefore be required, often termed a classical
incision. Classical cesarean deliveries are associated with an
increased risk of maternal postoperative morbidity [118] and
impart an increased risk of uterine rupture with labor in a
subsequent pregnancy of 4–9% [119]; this increased risk of
rupture over incisions in the lower uterine segment therefore
increases the risk of perinatal morbidity and mortality for the
fetus in a subsequent pregnancy.

Miscellaneous obstetric interventions
for the preterm fetus
Delayed cord clamping in the premature infant has been advo-
cated by some experts to increase blood volume and potentially
decrease neonatal morbidity. A trial in which singleton fetuses
of less than 32 weeks gestation were randomly assigned to
either immediate cord clamping or delayed cord clamping
(30–45 seconds) showed no increase in hematocrit in those
with delayed cord clamping but showed a reduction in intra-
ventricular hemorrhage and late-onset sepsis in these patients
[120]. There may therefore be a potential benefit in delaying
cord clamping after delivery of the premature infant.

The Maternal–Fetal Medicine Units Network has demon-
strated a potential benefit of magnesium sulfate before delivery
of the premature infant. This multicenter randomized con-
trolled trial involved administration of magnesium sulfate
to women with advanced preterm labor, preterm premature
rupture of membranes, or indicated delivery from 24–31
weeks of gestation, compared to administration of placebo,
and noted a reduction by 50% of moderate to severe cerebral
palsy of surviving infants at age 2 years [121].

Conclusion
The premature fetus and neonate are at increased risk for brain
injury compared to term infants. This is due both to prenatal
factors that may have brought about the preterm delivery and
to neonatal complications. In addition, it is now clear that,
despite improvements in obstetric and neonatal care that have
decreased the incidence of intrapartum and neonatal deaths,
there has been no corresponding decrease in the incidence of
cerebral palsy. This finding has served to highlight the issue of
how much cerebral palsy is related to intrapartum as opposed to
antepartum events. Recent studies have demonstrated that at
least 40% of asphyxia in the preterm fetus occurs before
the onset of labor [97]. If we are to reduce brain injury in
preterm infants we must not only improve our intrapartum
and neonatal care but must also focus our research efforts on
early detection of antenatal precursors for brain injury.
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Chapter

6 Risks and complications of multiple gestations

Yair Blumenfeld and Usha Chitkara

Introduction
In the United States in 2004, 3.4% of all births were multiple
births [1]. Between 1994 and 2004, the multiple birth ratio in
the United States increased by 32% (from 2.6% to 3.4%),
largely due to increased use of assisted reproductive technol-
ogy. This increase in multiple birth rates has had a tremen-
dous impact on prematurity. In 2004, one in eight babies
(12.5% of live births) was born prematurely; and of multiple
gestations, 61.4% were born preterm, 58.5% were low birth-
weight (less than 2500 g), and 11.5% were very low birthweight
(less than 1500 g) [1]. Infants from multiple gestations thus
carry a tremendous economic burden, in 2005 the annual cost
of prematurity in the United States was well over $26 billion [1].

Among multiple gestations, the highest incidence is con-
tributed by twins. Besides prematurity, twins, regardless of
type, are at higher risk for neurological injury. Over the years,
several studies have correlated cerebral palsy with multiple
gestations [2–6]. A recently published large case–control study
based on the Swedish Medical Birth Registry between 1984 and
1998 showed a 1.4 odds ratio (95% CI 1.1–1.6) of cerebral palsy
in twin gestations relative to their singleton counterparts [7].

Besides their effect on society, twins pose interesting and
challenging diagnostic and management dilemmas. From con-
ception to delivery, and even beyond, twin gestations behave
remarkably differently from their singleton counterparts, and
have a myriad of unique physiologic changes and pathologic
conditions that one must consider when caring for these
special pregnancies.

Embryology
Approximately two-thirds of twins are dizygotic, with an
incidence of 7–11/1000 births [8]. The incidence of dizygotic
twinning is influenced by race, heredity, maternal age, parity,
and especially fertility drugs [8]. Dizygotic twins result from
fertilization of two oocytes by different spermatozoa, and thus
each zygote has a different genetic makeup. Each twin
implants separately in the uterus and has a separate chorionic
sac and amniotic cavity. Monozygotic twins, on the other
hand, occur at a relatively constant rate, approximately

one per 250 births, and result from splitting of the zygote at
various stages of development. When splitting occurs at the
two-cell stage (within 3 days post fertilization), each resulting
embryo will have its own placenta, amniotic sac, and chorionic
cavity [9]. If splitting occurs later, at the early bastocyst stage
(between 4 and 8 days post fertilization), the resulting embryos
will have a common placenta and chorionic sac, but separate
amniotic cavities [9]. Rarely, the separation occurs at the
bilaminar germ disc stage (between 8 and 12 days post fertil-
ization), resulting in two embryos that share a single placenta,
as well as a common chorionic and amniotic sac [9]. Even
rarer are conjoined twins, resulting from a split during devel-
opment of the primitive node and streak (after day 13 post
fertilization).

Zygosity can be determined prenatally by ultrasound only
if the fetuses are monoamnionic or monochorionic. Dichorio-
nic, diamnionic twins may be either dizygotic or monozygotic.
Obstetrically, clarifying the chorionicity of twin gestations as
early as possible is of vital importance, since antenatal, intra-
partum, and postnatal risks vary by chorionic type.

Diagnosis
Until the use of real-time ultrasound in the 1970s, twin gesta-
tions were largely diagnosed at the time of delivery. The
treating obstetrician may have been suspicious clinically of
the possibility of multiple gestations by a larger than expected
abdominal size or by multiple moving fetal parts. Advances in
ultrasound imaging, and more recently the shift towards
increased first-trimester imaging, have had a tremendous
impact on the antenatal diagnosis and care of multiple
gestations.

Probably no parameter on ultrasound evaluation is more
important than determining the chorionicity of multiple
gestations. Imaging parameters such as determining the sex
of the fetuses, placental location and origin, thickness (less
than or greater than 2 mm) and number of layers of the
membranes are often utilized to achieve this goal [10]. Some-
times, in pregnancies in which there is a single placental mass,
it may be difficult to distinguish one large placenta from two
placentas that are “fused.” In these situations, the presence of a
triangular projection of placental tissue extending beyond the
chorionic surface, termed the “twin peak” sign, indicates two
fused placentas [8]. A prospective study comparing ultrasound
criteria with placental pathology found that the combination
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of placental location, dividing membrane thickness, presence
or absence of the twin peak sign, and fetal gender had 91%
specificity and sensitivity for determining the chorionicity,
amnionicity, and zygosity of 110 twins at mid-gestation [11].

Prematurity
The mean gestational age of delivery for twin pregnancies is
35.3 weeks, more than 4 weeks earlier than for singletons [12].
Multiple gestations are also six times more likely to be born
preterm (less than 37 weeks) and eight times more likely to be
born very preterm (less than 32 weeks) [1]. In a large cohort
study of more than 33 800 neonates, twins represented only
2.6% of newborns but 12.2% of all preterm births, 15.4% of
neonatal deaths and 9.5% of all fetal deaths [13]. Spontaneous
labor accounted for 54% of all preterm twin pregnancies,
premature rupture of membranes accounted for 22%, and
indicated deliveries for 23% (including maternal hypertension,
fetal distress, and fetal growth abnormalities) [13].

The pathophysiologic mechanisms leading to preterm
labor and delivery in twins may be quite different from those
in singletons. Stretching alone can induce increased myometrial
contractility, prostaglandin release, expression of gap junction
protein or connexin 43, and increased oxytocin receptors in
pregnant and non-pregnant myometrium [14,15]. Compared
with spontaneous twins, IVF twins are at an increased risk for
preterm delivery and have been reported to deliver at earlier
gestational ages [16].

Prediction
Currently, the most validated predictive markers of preterm
labor are cervical length and fetal fibronectin measurements.
A short cervix, often defined as less than 2.5 cm in the second
trimester (normal cervix is approximately 3.5–4 cm), is asso-
ciated with a 25% risk of preterm labor in singletons but up to
70% in twins [17]. Similarly, the presence of fetal fibronectin
(FFN), a protein released by the decidual membrane, has a
positive predictive value of 83.1% in singletons and up to
100% in twins [17,18]. Studies comparing the utility of com-
bining both have shown that the presence of short cervix and
positive FFN at 24 weeks carries a 25% risk of delivery within
2–4 weeks for singleton gestations but up to 50% in twins [17].
Today, both are utilized in assessing the risk of preterm labor
in twin gestations [19–21].

Prevention
Cervical cerclage in the setting of a history of cervical incom-
petence or for short cervix remains controversial in singleton
pregnancies [22], and it is even more controversial for twin
gestations. In the 1980s two prospective studies evaluating the
role of prophylactic cerclage in multiple gestations did not
show a definitive benefit from the procedure [23,24]. More
recently, in their study of prophylactic cerclage in twins,
Eskandar et al. also showed no benefit to cerclage over expect-
ant management [25]. Furthermore, two recent retrospective
studies of ultrasound-indicated cerclage due to a short cervix
also demonstrated no benefit to cerclage [26,27].

Progesterone supplementation has recently been intro-
duced as a possible means of preventing the recurrence of
preterm labor in singleton gestations [28]. When the same
study group evaluated the role of progesterone for multiple
gestations, equal benefit was not found [29]. There is still
debate regarding the role of progesterone in twin pregnancies,
including the optimal dose and route of administration. There
is currently no consensus, nor enough data to support the
routine use of progesterone supplementation for preterm
labor prevention in twins [30].

Treatment
There are limited data regarding the benefit of acute tocolysis
for preterm labor in twin pregnancies. Most of the informa-
tion available has come from the few retrospective and pro-
spective trials that mostly included singletons but also some
twin sets. Hales et al. reported magnesium sulfate to be as
efficacious in twins as it is in singletons [31]. O'Leary in 1986
described prophylactic oral terbutaline to increase the mean
gestational age of delivery in 28 twin pairs [32]. More recently,
in the largest randomized prospective trial comparing magne-
sium sulftate to nifedipine, which included 37 twin pregnan-
cies out of 192 participants, no difference was observed in
delay of delivery, gestational age of delivery, or major neonatal
outcomes between the two study drugs [33]. Overall, there is
limited information regarding the benefit of tocolytics in twin
pregnancies, especially their efficacy and effects on birthweight
and neonatal mortality [12]. On the other hand, corticoster-
oids for improvement of neonatal outcomes in the setting of
preterm labor are recommended by the National Institutes of
Health despite a lack of studies assessing the optimal dose in
twin gestations [12].

Twin-to-twin transfusion syndrome
Twin-to-twin transfusion syndrome (TTTS) is a pathological
condition in which placental arterial and venous anastamoses
lead to unequal sharing of fetal blood supply and discordant
growth in monozygotic twins. Studies conducted on placentas
of TTTS twins suggest that it is the deep arteriovenous con-
nections that lead to this phenomenon [34]. Classically, the
condition will result in a “donor twin,” characterized by intra-
uterine growth restriction, anemia, and oligohydramnios; and
a “recipient twin,” in which the blood volume overload will
ultimately lead to hydropic changes, polycythemia, polyhy-
dramnios, and heart failure. TTTS is seen in approximately
5–15% of monochorionic twins [35].

Clinical presentation and diagnosis
In 1999, a staging system for TTTS was introduced that
incorporated discordant amniotic fluid volumes between
gestational sacs, absent bladder in the donor twin, arterial
Doppler abnormalities, presence of fetal hydrops, and neonatal
demise [36]. The staging system, designated from class 1 to 5 in
severity, has not only prognostic implications for neonatal
morbidity and mortality, but also has since been used to triage
patients for prenatal invasive surgical treatment modalities [36].

Section 2: Pregnancy, labor, and delivery complications

70



In cases of severe oligohydramnios, the donor twin may have a
“stuck twin” appearance due to its proximity to the uterine wall
and limited ability to move freely within its amniotic cavity.

Management
Early studies of TTTS reported perinatal mortality rates as
high as 100% when the disease was diagnosed mid-trimester
[37]. Today, the management and outcome of these twins will
vary by center depending upon the gestational age and severity
of disease at the time of diagnosis. The natural course of TTTS
is relatively unpredictable. In a limited study of 18 TTTS twins
followed for 90 “week-to-week changes,” a progression of dis-
ease was seen in 14.5%, downstaging was present in 12.2%, and
no change was seen in 72.2% [38].

Over the years, multiple treatment modalities have been
attempted aimed at resolving the unequal sharing of blood
supply. Amnioreduction via serial amniocentesis, amniotic
septostomy, and selective fetocide via cord occlusion of one
of the co-twins have all been described. Serial amniocentesis
remains the most widely available and practiced therapy for
TTTS. A large review of neonatal outcomes from 223 sets of
twins undergoing amnioreduction for TTTS showed a 78%
live birth rate, 60% alive at 4 weeks of life, and 48% of sets with
both neonates alive at 4 weeks of life. Neurological scans in
survivors revealed abnormalities in 24% of recipients and 25%
of donors [39].

Endoscopic laser photocoagulation was introduced in the
late 1980s and early 1990s as a treatment for early and severe
TTTS. A recent European multicenter prospective randomized
study comparing serial amnioreduction with endoscopic laser
surgery was stopped early due to the observation of increased
neonatal survival and decreased incidence of periventricular
leukomalacia and other fetal neurological complications in the
laser photocoagulation group [40]. A similar multicenter pro-
spective clinical trial conducted in the United States did not
show a difference in the overall fetal and neonatal survival
between amnioreduction and laser surgery [41].

Neonatal outcomes
Progressive TTTS is often associated with severe neonatal
morbidity and mortality, including severe adverse neuro-
logical outcomes. Overall, neonatal outcomes will depend
largely on the gestational age at diagnosis, severity of disease,
treatment modality, and presence of co-twin demise [42]. In a
large cohort study of monochorionic twins, those with TTTS
had higher rates of respiratory distress syndrome (RDS),
intraventricular hemorrhage (IVH), periventricular leukoma-
lacia (PVL), renal failure, persistent pulmonary hypertension
of the newborn (PPHN), and fetal demise, and lower 1-year
survival [35]. Intracranial Doppler flow abnormalities have
also been reported in monochorionic twins with TTTS, and
these have been correlated with worse outcomes [43]. In a
retrospective study of 29 TTTS cases, 18 treated with serial
amnioreduction and 11 with conservative management,
perinatal mortality was 50%, with a mean gestational age of
delivery of 28 weeks. Abnormal cranial ultrasounds were seen

in 41% of neonates and the incidence of cerebral palsy was
21% (50% in cases of a single twin survivor and 14.3% in cases
of double survivors) [44]. A recent prospective long-term study
of 167 surviving neonates of second-trimester TTTS treated
with laser photocoagulation from a single center reported 86%
intact neurodevelopmental outcomes in survivors, 7% mild
neurological abnormalities, and 6% major neurodevelopmental
abnormalities [45]. Another report of 82 TTTS pregnancies
treated with fetoscopic laser surgery reported a 70% perinatal
survival and 17% (19/115) neurodevelopmental impairment at
2 years of life, including cerebral palsy (eight cases), mental
developmental delay (nine cases), psychomotor developmental
delay (12 cases), and deafness (one case) [46].

Abnormal growth
Aside from twin-to-twin transfusion syndrome, abnormal
growth is present in approximately 15–25% of twin gestations
[12]. Abnormal growth may be either discordant growth, clas-
sified as 15–25% weight difference between the co-twins, or
small for gestational age (SGA)/intrauterine growth restriction
(IUGR), classified as estimated weight less than 10% for either
one or both twins. Abnormal growth in twin gestations may
be a result of abnormal placentation as well as increased fetal
metabolic demand. In a study of 1318 twin pairs (926 with
twins of appropriate weight for gestational age and 392 with twins
small for gestational age), discordant growth was an independent
risk factor for cesarean delivery and adverse neonatal outcomes
[47]. Other studies have also shown similar increased risk
of neonatal morbidity and mortality with discordant growth
[48,49]. A prospective cohort study of 42 expectantly managed
monochorionic twins with selective intrauterine growth restric-
tion, compared with 29 dichorionic and 32 monochorionic
appropriately grown twin controls, showed higher rates of par-
enchymal brain damage in themonochorionic growth-restricted
group (12% vs. 1.7% and 0% respectively) [50].

Because of the adverse neonatal risks with abnormal
growth, twins are routinely monitored with serial growth
ultrasounds in the second and third trimesters. Management
of growth abnormalities will depend upon the gestational age
and severity at the time of diagnosis. Bed rest and hospitaliza-
tion, though often recommended, have not been proven to
correct or prevent progressive fetal growth abnormalities [51].

Monochorionic twins
Monochorionic twins, twins resulting from division of the
fertilized egg at various stages, have a relatively stable preva-
lence of approximately 1/250 births. All monochorionic twins
are monozygotic, but not all monozygotic twins are mono-
chorionic. Though originally thought to arise independently
of assisted reproductive technology, recent studies from a
single academic IVF center describe lower rates of monozygo-
tic twins after 2002, and higher rates of monozygotic twins
with blastocyst transfer compared to day-three embryo transfers,
thus suggesting an effect on the rates of monochorionic twins
by assisted reproduction [52,53].
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Besides twin-to-twin transfusion syndrome, monochorio-
nic twins are at a higher risk for single twin demise, twin
growth abnormalities, preterm labor and delivery, and adverse
neonatal outcomes including neurological deficits [42].
A retrospective study of day-three cranial ultrasounds per-
formed on 101 multiple-gestation neonates delivered prior
to 36 weeks, including 89 twins and 12 triplets, revealed a
13.8% antenatal necrosis of the cerebral white matter [54].
The incidence of antenatal necrosis of the cerebral white
matter was much higher in monochorionic than in dichorio-
nic twins (30% vs 3.3%; p < 0.001) [54]. Interestingly, a recent
meta-analysis has even shown monochorionic twins to be at
increased risk for congenital cardiac defects [55].

The death of one twin in a monochorionic pair is associ-
ated with significant risk of brain hypoxic–ischemic damage in
the survivor [42,56,57]. This neurological injury likely
happens instantaneously following the demise of the co-twin,
and it is thought to be caused either by acute vascular flow
changes or by embolization of fetal material through vascular
anastomoses. Antenatal MRI has been performed on surviving
co-twins, and various lesion types and locations have been
reported [58].

The management, counseling, and neonatal risk stratifica-
tion for monochorionic twins will depend largely on whether
the twins are monoamnionic or diamnionic. Monochorionic,
monoamnionic twins are at extremely high risk for cord
entanglement, single twin demise, and preterm delivery. These
twins are often admitted to the hospital at 24–28 weeks gesta-
tion and delivered by 32 weeks gestation [59]. Monochorionic,
diamnionic twins are often managed on an outpatient basis as
long as adequate fetal growth and neonatal well-being are
reassuring. There is a debate regarding the optimal timing of
delivery in monochorionic, diamnionic twins due to the risk
of single co-twin demise with progressive gestation. Large
cohort studies addressing perinatal mortality rates and gesta-
tional age in twins have shown the lowest perinatal mortality
at 37–38 weeks (compared with 39–40 weeks for singletons)
[60,61]. A recent large retrospective Dutch cohort study
showed higher rates of fetal mortality in monochorionic than
dichorionic twins after 32 weeks gestation, and suggested that
the optimal time to deliver monochorionic twins is at or
before 37 weeks gestation [62].

Peripartummanagement
Although delivery by cesarean section is a well-accepted
practice for multiple gestations of triplets and greater, the mode
of delivery for twin gestations remains controversial. Though
often delivered via cesarean section, most physicians will

determine the optimal route of delivery based on fetal presen-
tation and clinical experience. Most obstetricians are comfort-
able delivering twin gestations vaginally if the twins are of
concordant weight and in the vertex–vertex presentation.
Fewer obstetricians feel comfortable performing a vertex–
breech delivery, and even fewer would perform an internal
podalic version and breech extraction for a vertex–transverse
presentation.

Vertex–vertex twins are present in 38% of twins at the time
of delivery, vertex–breech in 42% and non-vertex presenting
twins in 20% [63]. The data regarding the safety of vertex
delivery, followed by a breech extraction, is mixed for
vertex–breech presentation. The American College of Obstet-
ricians and Gynecologists (ACOG) states that “the route of
delivery for twins should be determined by the position of the
fetuses, the ease of fetal heart rate monitoring, and maternal
and fetal status. Data are insufficient to determine the best
route of delivery for higher order multiple gestations” [12].
A large retrospective study of 15 185 second non-vertex twins
reported increased neonatal morbidity and mortality with
vaginal delivery versus elective cesarean section, even when
excluding those twins who were delivered via a combined
vaginal–cesarean section [64]. Morbidity included infant
injury, low Apgar scores, ventilation use, and seizures.

There is also some controversy regarding the vertex–
breech delivery of fetuses weighing less than 1500 grams. Most
experts refrain from doing so despite multiple retrospective
studies showing no benefit to cesarean section in this situation
[65–67]. Also, most clinicians will not attempt a vertex–breech
delivery if the estimated weight of the second twin is 20%
more than that of the presenting fetus.

There are some data regarding vaginal birth after cesarean
(VBAC) delivery in twin gestations. Most studies, including
a large cohort study of over 1600 twin pregnancies, report
uterine rupture rates similar to those in singleton VBAC
deliveries [68–70].

Conclusion
The rates of multiple gestations are rising and will undoubt-
edly continue to do so over the coming years. With this
increase, the high incidence of complications in multiple
gestations, namely prematurity and growth abnormalities, will
continue to occupy future obstetricians and neonatologists.
It is our hope that advances in our understanding of patho-
physiologic mechanisms leading to these adverse outcomes
will result in improved preventive, diagnostic, prophylactic,
and therapeutic modalities, thereby reducing the risks and
complications associated with these special pregnancies.
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Chapter

7 Intrauterine growth restriction

Alistair G. S. Philip, David K. Stevenson, and William W. Hay Jr.

Introduction
Fetuses that grow at rates less than their inherent growth
potential have intrauterine growth restriction or IUGR. Such
infants, particularly when the IUGR is severe, tend to have
significant problems later in life, with structural and func-
tional neurodevelopmental disorders. Animal models confirm
that decreased brain neuronal number and dendritic arboriza-
tion, cognitive capacity, and behavioral function are common
when growth at critical early stages of development is
restricted. Understanding the basic problems that contribute
to IUGR and the characteristics of such infants, therefore, is
important to complement other discussions in this textbook
about fetal and neonatal brain injury.

Terminology and definitions
IUGR refers to a slower than normal rate of fetal growth.
Several terms have been used, often interchangeably, for
IUGR. These include fetal growth retardation, fetal mal- or
undernutrition, small for gestational age (SGA), small or light
for dates, dysmature, placental insufficiency syndrome, “runt-
ing” syndrome, and hypotrophy. The term “restriction” is
preferred to “retardation,” because parents tend to link
“retardation” with mental retardation [1]. Unfortunately,
these terms do not all mean the same [2], which has led to
some confusion, both with regard to etiologic classification
and to follow-up and outcome. In interpreting studies dealing
with IUGR, it is important to know how the term has
been defined for the particular study. Most importantly,
birthweight does not always determine fetal growth rate.
See Table 7.1 for a classification schema of fetal growth that
now is standard.

Even for studies dealing with infants who are called SGA,
it is important to know the normative data used for comparison.
For years, the growth curves developed inDenver, Colorado [3],
were used as the basis for comparison by many authors.
These data were gathered from infants born at an altitude
of 5000 ft (1525m), and altitude independently reduces
birthweight for gestational age, largely an effect of reduced
oxygen supply combined with a failure of the fetus to

produce enough additional hemoglobin to maintain blood
oxygen content [4,5]. Thus, infants classified as below the 10th
percentile by birthweight for gestational age in Colorado prob-
ably represent infants below the 3rd percentile at sea level
if using Montreal curves [6]. Data from Sweden, also at sea
level, indicate that birthweights in recent years may be even
higher than noted in an earlier era [7]. This may be partially
related to the extreme limitation on weight gain during
pregnancy that was imposed by most obstetricians in North
America during the 1950s and 1960s, when these data were
being gathered, as well as more recent trends toward larger
infants from the now worldwide epidemic of maternal obesity.

While the majority of SGA infants will have some degree
of IUGR, some are predestined to fall below the 10th percent-
ile on a genetic or racial basis. On the other hand, some infants
who have a birthweight that is appropriate for gestational
age (AGA, between the 10th and 90th percentiles) may be
suffering from the effects of IUGR. These infants will usually
display some evidence of wasting or appear scrawny. The
ponderal index or weight/length ratio helps to quantify the
degree of “wasting” or “scrawniness” that some of these
infants have. The ponderal index is derived as the weight (g)
divided by the length (cm) cubed times 100 [3,8,9]. Different
authors have used the ponderal index to classify infant growth,
mostly for research purposes [8,10]. Unfortunately, this may
lead to multiple subgroups within the total population of IUGR
infants [11]. While this may reflect the great heterogeneity
of this group of infants, it can also lead to confusion.

The simplest classification is to consider infants with
IUGR as either proportionally (symmetrically) or dispropor-
tionally (asymmetrically) grown. Most proportionally grown
infants will have a normal ponderal index, whereas the dispro-
portionally grown infants will have a decreased ponderal
index. However, such clear-cut distinctions are not always
possible [11]. Proportionally grown infants are likely to have
had a chronic insult (e.g., a chromosomal problem such as
trisomy 18), whereas the disproportionally grown infants are
likely to have suffered a subacute or acute insult (e.g.,
decreased uteroplacental blood flow with maternal pre-
eclampsia). For many years it was believed that a chronic
insult resulted in a decrease in cell number, but a subacute
or acute insult produced a decrease in cell size [12]. Both
proportional and disproportional growth patterns begin in
the second trimester [13]. The principal distinction of
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disproportionally or asymmetrically grown infants is their
apparently greater head/weight ratio but more normal head/
length ratio, implying greater reduction in growth of soft
tissue compared with brain growth, leading to the concept of
“brain sparing.” This is misleading, because the brain also is
growth-restricted in such infants, although not as much as the
soft tissues. Thus the head circumference may appear to be
relatively large, but it is frequently below the 10th percentile
for gestational age [14]. Furthermore, a study could not sup-
port evidence of “brain sparing”when asymmetric SGA infants
were compared to symmetric SGA infants [13]. Although
redistribution of blood flow may favor brain growth, this
“adaptation”may be incomplete and result in deficient growth
of the brain. Supporting evidence comes from studies using
magnetic resonance imaging that showed decreases in brain
volume, although this was less affected than body weight [15].
Although the overall growth of the brain in IUGR infants may
be deficient, there may be acceleration of brain maturation,
with neurobehavioral development at birth [16]. However,
this may not result in long-term benefit (see later).

In many instances of IUGR, decrease in size may represent
an appropriate adaptive response to the availability of nutri-
ents, but extreme IUGR may represent pathology [17]. This
adaptation to adverse nutrient transfer may also result in long-
term sequelae (see later) [18]. Mild IUGR may allow for
“catch-up growth,” whereas severe IUGR is more likely to
result in permanent growth restriction. Work by Sands et al.
indicated that cell size increased much earlier than originally
believed, and that cell multiplication continues unabated
throughout tissue growth [19]. They stated that “The hypothe-
sized early circumscribed phase of cell division, which is said
to be particularly vulnerable to permanent stunting, does not
appear to exist” [19]. This helps to explain the difficulty in
predicting subsequent growth based on birthweight [20].

Factors affecting fetal growth
The maternal phenotype exerts a major influence on fetal size
at birth, primarily by regulating the growth, size, and func-
tional capacity of the placenta, which is the primary determin-
ant of fetal growth [21]. The maternal influence on placental

and fetal size was demonstrated in the classic studies of
Walton and Hammond in 1938, when they bred the Shetland
pony with the Shire horse [22]. If the mother was the pony,
the offspring was smaller by far than if the mother was the
Shire. This discrepancy in size persisted for at least the first
3 years and probably throughout the lives of the animals. The
principle involved is known as maternal constraint, and it
represents the capacity of the uterus, particularly the endomet-
rial surface area, to support growth of the placenta and thus
the fetus. Nutritional deficiencies in the mother also reduce
fetal growth, but even severe maternal fasting to the point of
chronic starvation seldom reduces fetal weight at term by
more than 10%. Table 7.2 identifies a large variety of maternal
factors that affect the rate of fetal growth.

Placental growth factors
The primary regulator of fetal growth is the placenta, both its
size and its functional capacity to transport nutrients to the
fetus. Thus growth and maturation of the placenta are key to
determining growth of the fetus. Placental growth disorders
that can restrict fetal growth are noted in Table 7.3.

The placenta also elaborates various hormones that main-
tain the fetoplacental unit, including chorionic gonadotropins,
placental growth hormone, and placental somatotropins.
Placental growth hormone and placental lactogen are import-
ant in maintaining increased concentrations of glucose and
amino acids in the mother, which are then available for trans-
placental passage to the fetus [23]. The placenta also produces
leptin, although the contributions of the fetus and placenta
have not yet been clearly delineated. Leptin may also be linked
to the transfer of glucose and amino acids [24].

Fetal growth factors
The major growth factor elaborated by the fetus is insulin.
Overproduction of insulin leads to macrosomia [25], while

Table 7.1. Classification of fetal growth

Small for gestational age (SGA) Birthweight< 10th percentile for
gestational age

Appropriate for gestational age
(AGA)

Birthweight between 10th and
90th percentile for gestational age

Large for gestational age (LGA) Birthweight> 90th percentile for
gestational age

Intrauterine growth restriction
(IUGR)

Slower than normal rate of fetal
growth

Normal birthweight > 2500 g at term gestation

Low birthweight (LBW) < 2500 g

Very low birthweight (VLBW) < 1500 g

Extremely low birthweight (ELBW) < 1000 g

Table 7.2. Maternal conditions associated with intrauterine growth
restriction (IUGR)

Both very young and advanced maternal age

Maternal pre-pregnancy short stature and thinness

Poor maternal weight gain during the latter third of pregnancy

Maternal illness during pregnancy

Failure to obtain normal medical care during pregnancy

Lower socioeconomic status

African-American race (in the United States)

Multiple gestation

Uterine and placental anomalies

Polyhydramnios

Pre-eclampsia

Hypertension, both chronic and pregnancy-induced

Chronic, severe diabetes

Intrauterine infections

Cigarette smoking, cocaine use, and other substance abuse
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underproduction, as found in congenital agenesis of the pan-
creas [26], or in transient or persistent neonatal diabetes
mellitus, is associated with growth restriction [25]. All
growth-restricted fetuses, in animal models, naturally
growth-restricted animals, and humans, have low insulin con-
centrations. The principal disorder involves reduced pancre-
atic b-cell replication from cell-cycle arrest, although reduced
angiogenesis is seen commonly in such pancreases [27]. As a
result, the number of b cells is reduced, which limits overall
capacity to produce insulin.

Insulin-like growth factors, IGF-1 and IGF-2, especially
IGF-1, are also important growth factors in the fetus, and
circulating levels of IGF-1 in fetal and cord blood correlate
well with fetal size [28]. The mechanisms involved are begin-
ning to be better understood [29], and there is evidence for
genetic control, which may go awry [30]. Additionally, IGF-1
seems to play an important role in brain development [30].

Maternal IGF-1 and IGF-2 and insulin do not cross the
placenta and have little direct effect on the fetus. They interact
with the placenta and are instrumental in maintaining an
intact fetoplacental unit. Similarly, the IGF-binding proteins
and proteases that affect the binding proteins function to
modulate the delivery of IGF to the placenta.

For years it was thought that fetal growth hormone (GH)
had little effect on the intrauterine growth of the fetus, but
recent data demonstrate that fetuses with GH deficiency tend
to be short at birth [31]. Some infants with IUGR have hyper-
secretion of GH, but there may be a reduction or delayed
development of receptor sites for GH or in the amount of
GH-binding protein [32]. Most infants with IUGR will not
respond to GH soon after birth [33], although some children
demonstrate linear growth in response to GH at a later age
[34]. Thyroid hormones have little effect on fetal growth, and
the absence or abundance of the various sex hormones also

does not affect fetal growth. However, the male fetus is usually
100–150 g heavier than the female.

Recently there has been considerable interest in the hor-
mone leptin, which has been linked to fetal growth. Although
early results were somewhat confusing, it appears that leptin
concentrations are significantly lower in IUGR than in AGA
fetuses after 34 weeks' gestation [24,35]. However, significantly
higher levels of leptin per kilogram fetal weight were found in
IUGR fetuses with more severe signs of fetal distress [24].

Incidence of IUGR
The true incidence of IUGR on a worldwide basis is difficult
to ascertain. While a close approximation can be made in
developed countries, it is not known in many developing
nations because many women in these countries give birth at
home and often the weight, gestational age, and follow-up
evaluations of the infants are not known. Using the World
Health Organization classification of low birthweight as new-
borns weighing less than 2500 g, 16% of the infants born
worldwide in 1982 were of low birthweight [36]. Many of these
infants were most likely growth-retarded. These data were
similar to those reported by Villar and Belizan for 1979 [37].

Chiswick noted that up to 10% of all live-born infants and
at least 30% of low-birthweight (LBW) infants suffered from
IUGR [38]. He also noted that the perinatal mortality rate in
these infants was 4–10 times that of appropriately grown
infants.

Villar and Belizan noted that 90% of LBW infants were
born in developing countries, where the incidence of LBW
infants could be as great as 45%. They also stated that when
the incidence of low birthweight exceeds 10%, it is almost
always due to the increase in the number of infants with IUGR,
since the rate of preterm births tends to remain between
5% and 7% [37]. It has been proposed that chest circumference
could be used as a proxy for birthweight in developing
countries. At term gestation, a chest circumference � 29 cm
indicates IUGR [39].

Etiology of IUGR
Gluckman and Harding stated that IUGR is a result of one of
three general mechanisms: (1) chromosomal/genetic abnor-
malities, (2) fetal infection/toxicity, or (3) compromised sub-
strate delivery to the fetus [21]. The last group accounts for the
majority of infants with IUGR. However, the etiology is clearly
multifactorial [40], and in this section factors are classified as
fetal, placental, maternal, and environmental.

Fetal factors
Fetal factors leading to low birthweight include genetic errors,
chromosomal abnormalities, non-chromosomal syndromes,
congenital malformations, and intrauterine infections.

Infectious agents causing or associated with IUGR are
listed in Table 7.4. Klein et al. state that there is evidence to
establish a causal relationship with IUGR only for rubella,
cytomegaloviral infection, and toxoplasmosis [41]. These

Table 7.3. Placental growth disorders that lead to or are associated
with IUGR

Abnormal umbilical vascular insertions (circumvallate, velamentous)

Abruption (chronic, partial)

Avascular villi

Decidual arteritis

Fibrinosis, atheromatous changes

Cytotrophoblast hyperplasia, basement membrane thickening

Infectious villitis

Ischemic villous necrosis and umbilical vascular thromboses; multiple
infarcts

Multiple gestation (limited endometrial surface area, vascular anastomoses)

Partial molar pregnancy

Placenta previa

Single umbilical artery

Spiral artery vasculitis, failed or limited erosion into intervillous space

Syncytial knots

Tumors, including chorioangioma and hemangiomas
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agents directly inhibit cell division, which may lead to cellular
death and a decreased number of fetal cells. However, intra-
uterine infections with other organisms, including syphilis,
varicella-zoster, human immunodeficiency virus (HIV), Try-
panosoma, and malaria have also been associated with IUGR.
It has been difficult in most of these cases to differentiate
between infection-specific causes and those related to poor
maternal health and nutrition. Placental infection without
affecting the neonate directly has been demonstrated in tuber-
culosis, syphilis, malaria, and coccidiomycosis. Congenital
infection is implicated in less than 10% of patients with IUGR,
and the incidence may be as low as 3%.

Chromosomal abnormalities include infants with trisomy
21, 13, and 18. In addition, infants with triploidy, various
deletion syndromes, and super X syndromes (XXY, XXXY,
XXXX) tend to be of low birthweight [42]. Another associ-
ation with IUGR is maternal uniparental disomy 7 (where
both chromosomes come from the same parent – in this case,
the mother) [43]. Only 2–5% of infants with IUGR have
chromosomal abnormalities, but the incidence may be much
greater if both IUGR and mental retardation are present [44].

As many as 5–15% of fetuses with growth restriction have
congenital malformation and/or dysmorphic syndromes such
as thanatophoric dwarfing, leprechaunism, or Potter's, Cornelia
de Lange, Smith–Lemli–Opitz, Seckel, Silver, or Williams
syndromes, and VATER or VACTERL (vertebral, anal, car-
diovascular, tracheoesophageal, renal, radial, and limb) asso-
ciations [45].

Infants with varying types of congenital heart disease,
those with single umbilical arteries, and monozygotic twins
also frequently suffer from IUGR. Donors of twin-to-twin
transfusions tend to be growth-restricted, while the recipient
twin is often normally grown. These factors account for less
than 2% of infants with IUGR [38].

Certain metabolic and endocrine disorders are associated
with low birthweight and growth restriction. These include
infants with transient neonatal diabetes mellitus, neonatal
thyrotoxicosis, Menkes syndrome, hypophosphatasia, and
I-cell disease [44]. Recently, a form of iron-overload disease
associated with fetal growth restriction has been reported [46].

The role of race also cannot be ignored, with consistent
increases in the number of LBW infants born to African-
American women in the USA, which is not all explained by

increased rates of preterm delivery [47]. However, environ-
mental factors (see later) may be more important than genetic
factors in this regard [47]. “Race very often serves as a proxy
for poverty,” so that undernutrition, malnutrition, poor
prenatal care, and other factors may be important etiologic
considerations [47].

Placental factors
Abnormalities of placental function leading to IUGR are listed
in Table 7.5 [48]. The placenta has a great reserve capacity and
may lose up to 30% of its function without affecting fetal
growth [38]. Placental abnormalities such as hemangiomas,
circumvallate placentas, or infarctions account for less than
1% of infants with IUGR [38]. It has also been stated that no
single lesion of the placenta accounts for IUGR, but rather that
it is an accumulation (or total burden) of placental injury and
secondary growth failure that produces growth restriction
[48]. The most common maternal condition that reduces
placental growth, pre-eclampsia, involves decreased growth
of terminal villi in the placenta, which will primarily reduce
oxygen and glucose transport to the fetus. Reduced glucose
supply alone decreases fetal growth rate and oxygen consump-
tion rate (metabolic rate) proportionally, showing the tight
linkage of energy supply and growth during periods of rapid
growth such as occurs in the fetus [49].

With multiple gestation, there is an increased incidence of
IUGR due to the inability of the placentas to grow large
enough to meet the growth needs of the fetuses. As many as
15–25% of twins suffer from IUGR, and the incidence increases
with triplets and quadruplets. Monochorionic twinning con-
tributes disproportionately to IUGR [50]. Increasing discord-
ance in size also contributes to an increase in preterm delivery
before 32 weeks' gestation, with the discordance attributable
to IUGR (most often in the second-born twin) [51].

Table 7.4. Infectious agents causing or associated with IUGR

Viral Cytomegalovirus

Rubella

Varicella-zoster

Human immunodeficiency virus

Bacterial Syphilis

Protozoal Toxoplasma gondii

Plasmodium malariae

Trypanosoma cruzi

Table 7.5. Placental factors associated with IUGR

Decreased placental mass

Absorption

Infarction

Partial separation

Multiple gestation

Intrinsic placental disorders

Poor implantation

Placental malformation

Vascular disease

Villitis

Decreased placental blood flow

Maternal vascular disease

Hypertension

Hyperviscosity

Source: Modified from Gabbe [48].
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Maternal factors
Maternal factors are the most common causes of IUGR, and
many of them are listed in Table 7.6. The state of maternal
nutrition is a major factor in determining fetal growth and size
at birth. Significant maternal malnutrition will make concep-
tion less likely, as demonstrated in the siege of Leningrad
during World War II [52]. If the malnourished woman does
conceive, the adequacy of maternal nutrition tends to affect
the fetus primarily during the last trimester of pregnancy. This
was clearly delineated in the studies of women during the
Dutch famine in 1944–5, when food intake was severely cur-
tailed. This reduction resulted in a 10% decrease in birthweights
of their infants and a 15% reduction in the weights of the
placentas [53,54]. Interestingly, data from the Netherlands
also demonstrate that female fetuses exposed to starvation in
the first trimester of pregnancy subsequently gave birth to
growth-restricted infants themselves [55].

Dietary supplementation of malnourished pregnant
women, especially if the supplementation is provided for more
than 13 weeks during gestation, can increase the birthweight
of their infants significantly [56], but Prentice and coworkers,
working with Gambian women, reported that this only occurs
when women were in negative energy balance before the
supplements and also had a high energy workload. In these
women, dietary supplementation reduced the incidence of
LBW infants from 28.2% to 4.7% [57]. However, when the
women were in positive energy balance, dietary supplemen-
tation had little effect on birthweight. There also are conflict-
ing data regarding the effect of supplemental nutrition in
various populations, and not all have shown beneficial effects.
In fact, most studies have shown worse IUGR and increased
fetal and neonatal morbidity and even mortality, particularly
with protein supplementation [56]. To date, there has been no
research that defines why in such cases supplementation has
produced such adverse effects. This is a major limitation to
any potential for prenatal prevention or amelioration of IUGR
and all of its many adverse outcomes.

Specific deficiencies of micronutrients also can contribute
to reduced fetal growth even if the mother's diet appears to be

adequate as far as caloric and protein intake is concerned.
Deficiency of zinc in pregnant women has been associated
with increased rates of prematurity, perinatal death, and
growth retardation of the fetus [58]. Zinc supplementation
in such women has improved perinatal outcome. Thiamine
deficiency in pregnancy has also been associated with the
growth-retarded newborn, and has been found in mothers
with inadequate nutritional intake, hyperemesis, alcohol
abuse, and various infections, including HIV [59].

Although severe maternal malnutrition is uncommon in
developed countries, it still exists in population areas where
appropriate nutrition, nutritional supplementation, or nutri-
tional consultation is lacking. It also is seen in pregnant
women with severe gastrointestinal disease, such as Crohn's
disease or ulcerative colitis, women with hyperemesis, or in
women who use excessive energy in labor-intensive occupations.
It has been documented that among women delivering SGA
infants at term, there was a much higher incidence (32%) of
disordered eating in the 3 months prior to pregnancy, compared
to controls (5%) or those delivering prematurely (9%) [60].

Maternal illness, especially pre-eclampsia, not only has an
adverse effect on the growth of the fetus, but it also predis-
poses the infant to preterm birth, especially if the mother's or
infant's condition necessitates early delivery. The presence of
IUGR adversely affects survival in these preterm infants [61].
It is of interest to note that multiparous women with pre-
eclampsia have a greater risk of having an infant with IUGR
than does a nulliparous mother [62]. During gestation, the
mother's plasma volume and cardiac output increase primarily
because of increased uterine blood flow. Studies by Rosso and
coworkers [63] showed that women who had infants with
IUGR had much lower plasma volumes and decreased cardiac
outputs compared to women who had normally grown fetuses.
Hypertensive women with growth-restricted fetuses have
decreased plasma volumes compared to hypertensive women
whose fetuses are normally grown [64].

Chronic illnesses in the mother, including those listed in
Table 7.7, are associated with the birth of growth-restricted
infants. The more common of these are women with chronic
hypertension and chronic anemias, such as sickle-cell disease,
sickle-C disease, and thalassemia. Women who have antiphos-
pholipid antibodies, even if they are not diagnosed as having
systemic lupus erythematosus (SLE), have an increased risk of
giving birth to infants with IUGR [44]. When studying
subgroups, it is important to evaluate carefully the total
population, because some controls will have high rates of
SGA infants. A recent study documented that 21% of infants
born to mothers with antiphospholipid antibodies were SGA,
while control mothers had an incidence of 13% SGA
infants [65].

Wolfe and coworkers have reported that women with a
history of poor outcome in pregnancy have an increased risk
of having a subsequent birth of a growth-restricted infant [66].
A woman who has had a growth-restricted infant doubles her
risk of having a second infant with IUGR. After two such
outcomes, the risk of having a fetus with IUGR is quadrupled.

Table 7.6. Maternal factors associated with IUGR

Maternal malnutrition

Disordered eating prior to pregnancy

Decreased maternal pre-pregnancy weight and height

Decreased weight gain during pregnancy

Labor-intensive occupation

Decreased plasma volume

Prior poor obstetrical history

Previous stillbirth

Previous infant with IUGR

Low socioeconomic status

Maternal illness

Maternal drug use and abuse
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These authors urged that women who have growth-restricted
infants should have a thorough search for an underlying
maternal disorder if the reason for the IUGR is otherwise
not apparent. Ounsted and Ounsted also noted that mothers
of infants with IUGR were often growth-restricted at birth
themselves [67].

Environmental factors
It is difficult to separate maternal factors from some factors
that might be considered to be environmental, such as tobacco
usage. Therefore, these are discussed together in the ensuing
section.

Medications and drugs taken by mothers can not only lead
to various congenital malformations, but can also be associ-
ated with the birth of growth-retarded newborns [68]. Mater-
nal smoking is one of the most prevalent causes of IUGR in
their offspring. Birthweight may be reduced by a significant
amount as compared to infants of non-smoking mothers [69].
Haddow and coworkers assayed serum cotinine, the major
metabolite of nicotine, in smoking and non-smoking women,
and correlated the concentration of the metabolite with the
birthweight of their offspring [70]. The infants of women with
the highest concentrations of serum cotinine were over 440 g
lighter at birth than the infants of women who did not smoke.
The mechanism by which smoking affects the fetus is not
completely understood, but factors such as decreased maternal
nutrition, decreased uterine blood flow, increased production
of carbon monoxide (CO), and impaired fetal oxygenation
have all been implicated. If the mother stops smoking before
she enters the second trimester of pregnancy, her fetus
tends to have normal intrauterine growth [69]. Of particular
concern is a report from Sweden which showed a highly
significant association between smoking and a small head
circumference (and thus brain size) for gestational age [71].

Other drugs taken by the mother that have been implicated
in causing growth retardation are shown in Table 7.8. Alcohol
not only causes fetal growth impairment, but may lead to
permanent damage to the fetus and newborn. The quantity of
alcohol ingested, maternal size, and the ability of the mother to
metabolize alcohol all determine how much alcohol is trans-
ported to the fetus [72]. Although the incidence of fetal alcohol
effects is not known in the USA, the incidence in Sweden is 1 in
300 births, and 1 in 600 have recognizable features of the fetal
alcohol syndrome [73]. (See also Chapter 10).

The incidence of illicit drug use by pregnant women in the
USA can only be surmised, and accurate follow-up data are
not available for the infants delivered from such women. The
consensus is that 15–40% of infants of drug-abusing mothers
are growth-restricted, and in some infants of cocaine-abusing
mothers, the decrease in head circumference (and thus brain
size) is more pronounced than is the decrease in length and
weight [74]. Similar data indicate that the same outcome occurs
in pregnant women who regularly smoke marijuana [75].

Caffeine, especially if taken in quantities greater than
300mg/day, has been associated with decreased fetal growth
[76]. Lesser intakes of caffeine do not seem to have an adverse
effect on fetal growth, but high caffeine intake may be related
to smoking, and this has not always been considered [77].
Specific syndromes such as fetal hydantoin, fetal warfarin,
and fetal trimethadione syndromes are associated with an
increased incidence of growth retardation [68].

Maternal hypoxia that produces fetal hypoxia also signifi-
cantly reduces fetal growth [78]. Infants born to mothers who
live at 10 000 ft (3000m) or more above sea level weigh
approximately 250 g less at birth than infants born to mothers
who live at sea level [4]. Kruger and Arias-Stella reported that
women who live in the Peruvian Andes at levels of over
15 000 ft (4500m) had infants whose birthweights were 15%
less than those who live in Lima, Peru (elevation 500 ft or
150m), but the placentas of these infants weighed 15% more
than those near sea level [79]. This would suggest that the
placentas were consuming relatively large amounts of oxygen
and nutrients in order to provide adequate nutrients and
oxygen to the fetus. More recently, Moore's group has shown
that long-term adaptation to higher altitude has led to

Table 7.7. Maternal illness associated with IUGR

Acute illness

Pre-eclampsia

Eclampsia

HELLP syndrome

Chronic illness

Chronic hypertension

Chronic renal disease

Collagen vascular disease

Cyanotic heart disease

Chronic pulmonary disease

Diabetes mellitus (classes B–F)

Thyrotoxicosis

Chronic anemia

Maternal phenylketonuria

Note:
HELLP, hemolysis, elevated liver enzymes, and low
platelet count.

Table 7.8. Drugs taken by mothers that are associated with IUGR

Tobacco

Alcohol

Marijuana

Heroin

Methadone

Cocaine

LSD

Coumadin

Hydantoin

Trimethadone
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improved birthweight relative to recent immigrants to high-
altitude regions, who more commonly produce smaller
infants. A principal multigenerational adaptation that has
improved fetal growth involves relatively increased uteropla-
cental blood flow [80]. Indigenous high-altitude ancestry also
protects against hypoxia-associated fetal growth reduction in a
dose-dependent fashion consistent with the involvement of
genetic factors. Further, some of the genes involved appear
to be influenced by parent-of-origin effects, given that mater-
nal transmission restricts and paternal transmission enhances
fetal growth [81].

Maternal stress from excessive workload also may restrict
fetal growth. In a recent study from Thailand, the risk of
delivering an SGA infant was increased for women working
more than 50 hours per week, for those whose work involved
protracted squatting, and for those having high psychological
job demands [82].

Mercury toxicity in pregnant women and their fetuses was
highlighted during the 1950s to 1970s when three separate
epidemics of mercury poisoning occurred in Minamoto and
Niigata, Japan, and in Iraq. Koos and Longo reviewed the
problem in depth and noted that, while all mercury com-
pounds can cause harm to the fetus, methyl mercury has the
greatest toxicity [83]. These compounds cross the placenta
readily and have teratogenic and adverse growth effects in
the fetus.

Mothers exposed to radiation, other pollutants, and con-
taminated food or water over a period of time appear to be at
risk for delivery of infants with IUGR. The incidence of these
factors, and the severity of their possible effects, are not known
at present.

Detection of the fetus with IUGR
Currently, ultrasound is the preferred method of evaluating
fetal growth and, in many instances, fetal well-being as well
[84,85]. In populations where routine ultrasound is not avail-
able, careful review of risk factors, physical examination, and
measurements of symphysis–fundus height (SFH) must be
used to screen for IUGR. In populations where ultrasound is
readily available, initial studies are often performed at 8–10
weeks' gestation. This examination documents fetal viability,
the presence of multiple gestation, and gross fetal malforma-
tion, and confirms the gestational age of the fetus. This early
examination is not used to determine abnormalities of intra-
uterine growth [85]. The biparietal diameter (BPD), the
abdominal circumference (AC), and the femur length (FL)
are the usual biometric measurements taken during the ultra-
sonographic examination [84]. Measurements of the BPD
between 12 and 18 weeks' gestation are accurate in detecting
gestational age within 5–6 days. However, measurements of
individual parameters are not very good predictors of IUGR.
To predict appropriateness of intrauterine growth more accur-
ately, the ultrasound examination should be performed serially
in the second and third trimester, but at least early in the third
trimester. The estimated fetal weight (EFW) at such times
relies on multiple measurements, including the abdominal

circumference and ratios of head circumference (HC)/AC or
FL/AC. The optimal time to perform the examination is not
clear, but it is estimated that over 50% of infants with IUGR
will be detected by 32 weeks' gestation. Thus, several ultra-
sounds may have to be performed in order to monitor the
growth of the fetus and to determine the optimal time of
delivery of these infants. In pregnancies with multiple gesta-
tions, more frequent serial ultrasonographic examinations
should be carried out during the last trimester.

Other studies to evaluate fetal well-being, especially in
growth-restricted infants, are shown in Table 7.9. Few, if
any, centers are currently using endocrine measurements of
estrogens, pregnanediol, or placental lactogen in maternal
serum or urine. Decreased amounts of amniotic fluid were
found to correlate well with IUGR, but subsequent studies
have not confirmed this observation [84].

Assessment of fetal well-being with the biophysical profile
(BPP), while not used to detect IUGR, has been found to be
more useful in predicting an abnormal fetal outcome than
either the contraction stress test (CST) or the non-stress test
(NST) alone [84,86,87]. Vibroacoustic stimulation may also
help in evaluation.

Doppler flow velocity waveforms of the fetal circulation
have also been used as adjuncts in evaluating fetal well-being
and appropriate growth. The fetal umbilical artery, aorta, and
cerebral arteries have been studied, and varying indices have
been evaluated, including the resistance index (RI), the pulsa-
tility index (PI), and the systolic/diastolic ratio (S/D) of these
vessels. Abnormalities of these indices have been evaluated as
to their capabilities in detecting the growth-retarded fetus and
in evaluating the state of well-being of the fetus. The most
accurate predictor of poor neonatal outcome was shown to be
umbilical-cord Doppler waveform abnormalities [88], which
have been associated with abnormal blood flow in the fetal
middle cerebral artery in IUGR [89]. However, Doppler
assessment of the middle cerebral artery may reveal blood flow
redistribution even when umbilical-artery Doppler is normal,
especially when the HC/AC ratio is elevated [90]. Lastly,
cordocentesis, which has an increased risk-to-benefit ratio,
can be utilized to document hypoxemia, lactic acidemia, and
increased numbers of nucleated red blood cells (NRBCs) in

Table 7.9. Techniques to evaluate fetal growth and well-being

Measurements of symphysis-to-fundus height

Ultrasound examination

Endocrine measurements of maternal serum or urine

Estriol

Placental lactogen

Pregnanediol

Biophysical profile (including measurements of amniotic fluid index)

Contraction and non-contraction stress tests

Vibroacoustic stimulation

Doppler flow velocity waveforms

Cordocentesis
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the fetal circulation, and to identify those infants who are in
need of immediate delivery [91].

These improved techniques of diagnosing and evaluating
the status of the infant with IUGRhave also resulted in improved
management of the fetus and newborn [92]. Specific interven-
tions, such asmaternal hyperoxygenation [93], have been under-
taken on a more rational basis, and decisions about delivery are
based on what is optimal for the fetus. At times it is difficult to
decide on what the best management may be; in many cases it
may be “better out than in” for the fetus [86]. These decisions
should involve a combined obstetrical–pediatric approach.

Associated problems and complications
(Table 7.10)

Fetal and neonatal asphyxia
The infant with IUGR is much more likely to experience
difficulties during labor and delivery, although this is primar-
ily related to the etiology of IUGR. Since many cases result
from uteroplacental insufficiency, it is hardly surprising that a
partially compromised fetus becomes a severely compromised
fetus during labor. Recent experiments in pregnant sheep with
IUGR placenta and fetus suggest that the association of severe
IUGR with hypoxia is related to an imbalance in the develop-
ment of placental structure and oxidative metabolism, which
leads to a progressive decrease in oxygen transfer to the fetus
and a reduction in net umbilical O2 uptake (fetal oxygen
consumption rate) [94]. Whatever the cause of the fetal hyp-
oxia in IUGR, understanding its consequences for the fetus as
labor approaches is useful. For example, Salihagić-Kadić et al.
have suggested that a parameter that could take into account
the degree and duration of hypoxia might be predictive of
neurological outcome [95]. The Doppler cerebral/umbilical
ratio (cerebral resistance index/umbilical resistance index) is
a way of assessing adaptive response of the fetus to the hypoxic
stress. As variability (vasoconstriction and vasodilation) is lost
over time, reflected in the daily % ratio reduction from the
cutoff value of one over time, the vulnerability of the fetus is
exposed. Such a fetus facing labor and delivery is at high risk.
A study by Figueras et al. has questioned the reliability of
Doppler measurements to distinguish between SGA fetuses
who are normal and those who have IUGR and are comprom-
ised metabolically [96]. Particularly as labor progresses, the
frequency and strength of contractions increase, minimizing
blood flow to the fetus and not allowing the fetus to recover
between contractions. Lack of blood flow leads to decreased
oxygen delivery and development of metabolic acidosis. The
ability to remove carbon dioxide is also compromised, and the
combination results in fetal hypoxia–ischemia, frequently
manifest by late decelerations on fetal heart-rate monitoring.
In addition, there may be variable decelerations (or cord-
compression patterns) because decreased blood flow to the
fetus may have produced a decrease in the quantity of amni-
otic fluid surrounding the fetus. This increases the probability
that uterine contractions will be transmitted to the umbilical
cord (especially the umbilical vein), further compromising

blood flow to the fetus. An additional factor that may contrib-
ute to compromise is that, in fetuses with IUGR, the umbilical
cord is frequently very thin, so that the umbilical vessels lack
the protection of Wharton's jelly.

At the time of delivery, the hypoxic–ischemic, acidotic
fetus becomes a hypoxic–ischemic, acidotic neonate, and
prompt attention is required in the delivery room and early
neonatal period to prevent further compromise. Those infants
with a low ponderal index are more likely to have such prob-
lems [97]. If the fetus has been subjected to chronic intrauter-
ine hypoxia there is the potential for change in the pulmonary
vasculature, with changes in vascular tone that reduce vascular
compliance and elasticity [98]. In most milder cases, nitric
oxide and oxygen can reduce the contractile portion of the
pulmonary vascular resistance, but when the fetal hypoxia is
chronic and more severe, structural overgrowth of myocytes
and other perivascular adventitial cells of arterioles and capillar-
ies occurs, leading to irreversible narrowing of the vessel lumen
and persistently increased and nitric-oxide non-responsive
pulmonary vascular resistance. Particularly when combined
with neonatal hypoxia, the potential for developing persistent
pulmonary hypertension is great.

Hypoglycemia and other metabolic disturbances
(see Chapter 26)
The majority of infants who are born with IUGR demonstrate
a lack of subcutaneous fat, and those with asymmetric IUGR
usually have a decreased abdominal circumference docu-
mented before and after delivery [99]. For many years it has
been recognized that preterm infants and SGA infants are
prone to develop hypoglycemia, with the highest risk occur-
ring in those infants born preterm and SGA with IUGR [25].

Table 7.10. Clinical problems commonly encountered with IUGR

Fetal and neonatal asphyxia

Fetal heart-rate abnormalities

Require resuscitation in delivery room

Persistent pulmonary hypertension

Glucose disorders

Hypoglycemia

Hyperglycemia

Hypocalcemia

Hypothermia

Hematologic problems

Neutropenia

Thrombocytopenia

Increased nucleated red blood cells

High hematocrit/hyperviscosity

Susceptibility to infection

Necrotizing enterocolitis

Pulmonary hemorrhage

Large anterior fontanel
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It is generally believed that the predisposition to develop
hypoglycemia results from depletion of the glycogen stores;
however, infants with IUGR and hypoglycemia are able to
respond to the administration of glucagon and increase their
concentrations of glucose in serum [100]. Infants with IUGR
also have limited capabilities to utilize 3-carbon precursors to
make glucose via the gluconeogenic pathways [25]. Addition-
ally, hyperinsulinemia has been documented in some infants
with IUGR, with hypoglycemia developing after 48 hours or so
[101]. Moreover, increased insulin action, glucose production,
shunting of glucose utilization to glycogen production, and
maintenance of glucose transporter concentrations all contrib-
ute to the likelihood of hypoglycemia after birth [102]. In such
cases, it appears that an increase in peripheral-tissue glucose
transporter abundance allows increased glucose uptake at
normal to low glucose and insulin concentrations, which
could aggravate the relative hypoglycemia [102,103].

Since the supply of nutrients to IUGR infants has been less
than optimal prior to delivery, their glucose levels at delivery
are comparatively low [104] and may not be maintained
because of the altered homeostatic mechanisms noted above.
The brain is relatively large in many infants with IUGR (espe-
cially when it is asymmetric) and since the brain relies heavily
on glucose metabolism, it is necessary to calculate glucose
requirements (oral or intravenous) based on what the weight
should have been (e.g., choose a weight consistent with the size
of the head rather than the actual weight).

Somewhat paradoxically, treatment of hypoglycemia with
“normal” amounts of glucose may lead to hyperglycemia in
some infants [105]. This may be because the IUGR fetus is
exposed to relative hypoglycemia in utero, which suppresses
the production of insulin (the major hormone involved in
growth) before delivery [106], and this cannot be “turned
on” after delivery. Such infants have reduced maximal capacity
for glucose utilization at high glucose and insulin concentra-
tions. This may help to explain how hyperglycemia occurs
when glucose delivery from aggressive intravenous infusions
(above 7–8mg/min/kg) is provided.

Further support for this idea comes from the condition of
transient diabetes mellitus of the newborn, which seems to be
the result of hypoinsulinism, or insulin dependence. Although
this is a relatively uncommon condition, neonates with this
problem may have hyperglycemia lasting from days to weeks,
or even months [25]. Almost always, infants with this condi-
tion are born SGA [25], as they are with congenital agenesis of
the pancreas [26,107]. On the other hand, as previously men-
tioned, some infants with IUGR have been shown to have
hyperinsulinism and to develop later-onset (at approximately
48 hours) hypoglycemia [101].

Many infants prone to develop hypoglycemia are also
prone to develop hypocalcemia. This is certainly true for those
infants with IUGR [108]. Hypocalcemia may be due to transi-
ent hypoparathyroidism or possibly to an overproduction of
calcitonin, which is increased in stressed neonates. With
modern-day neonatal intensive care, it would be unusual to
encounter the more severe clinical manifestations of

hypocalcemia such as seizure activity. The problem is antici-
pated, evaluated, and treated [109].

Another problem of IUGR SGA infants is hypothermia.
The increased surface-area-to-body-weight ratio of the IUGR
infant promotes heat loss more rapidly than in the appropri-
ately grown infant [110]. The ability to produce heat may be
compromised in IUGR infants [110] for three reasons:
(1) there is decreased insulation from adipose tissue (white
fat); (2) the stores of brown fat, used for non-shivering thermo-
genesis, are markedly depleted; and (3) the tendency to develop
hypoglycemia means that oxidative metabolism of glucose to
produce heat is deficient. For all these reasons, it is more likely
that IUGR infants will not be able to maintain their body
temperature and will develop hypothermia [110]. In the most
extreme cases, when appropriate management is not provided,
one may encounter neonatal cold injury syndrome [111].

The end result of cooling is metabolic acidosis, because
peripheral vasoconstriction decreases the delivery of oxygen to
the tissues and increases anaerobic metabolism, with the accu-
mulation of lactic acid. In extreme circumstances, the resultant
decrease in pH may have wide-reaching effects, including
altered metabolism of the brain.

Hematologic problems
Infants with IUGR are more likely to be born with a high
hematocrit, an erythropoietic response to hypoxia from pla-
cental insufficiency. More recently, particularly in infants born
to hypertensive mothers, thrombocytopenia and neutropenia
have been observed [112]. It is believed that the pluripotent
stem cell is stimulated to produce the erythroid series at the
expense of neutrophils and platelets [112]. These same authors
have demonstrated that there is an inhibitor of neutrophil
production which is elaborated by the placenta and which is
present in the infant's serum [113]. Such conditions are noted
particularly in IUGR infants born to mothers with HELLP
syndrome secondary to advanced pre-eclampsia.

Overproduction of erythropoietin has been noted in both
term and preterm SGA infants [114,115], and studies in the
fetus using cordocentesis have documented hypoxic–ischemic
conditions and lactic acidemia [116]. The number of erythro-
blasts (NRBCs) is markedly increased in some of these fetuses
[116]. Cordocentesis also has demonstrated that levels of ery-
thropoietin are increased in those IUGR fetuses displaying
erythroblastosis [117], and it may be possible to distinguish
IUGR from the small but healthy fetus on this basis [118].
Thus, in the neonate with a marked increase in the number of
NRBCs and a normal to high hematocrit, the most likely
explanation is chronic intrauterine hypoxemia (although
infection may also stimulate NRBC production). It is not clear
what the duration of the hypoxemic insult needs to be to
produce a significant elevation of NRBCs [119], although the
duration of insult can be estimated based on numbers of
NRBCs, which are more elevated with persistent fetal heart-
rate abnormalities [120].

High hematocrits, especially a venous hematocrit over 65%,
may lead to hyperviscosity syndrome [121], which includes
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several clinical manifestations involving the central nervous
system, including lethargy alternating with jitteriness or even
seizures. While partial exchange transfusion with saline has
been used to lower the hematocrit to prevent sequelae of the
hyperviscosity syndrome, this intervention does not prevent
such sequelae, and exchange with protein-containing solu-
tions actually can produce worse outcomes, probably due to
clumping of red blood cells with the added protein [121].

At the opposite end of the spectrum, some infants with
IUGR are anemic. This occurs most notably in the twin-to-
twin transfusion syndrome, where the donor twin is inad-
equately perfused and has compromise of intrauterine growth
in association with anemia [50,122]. The combination of
anemia and reduced circulation may decrease oxygen supply
to the brain and cause brain injury [50].

Susceptibility to infection
IUGR fetuses and newborns are more likely to develop
hypoxic–ischemic conditions, which may predispose to bac-
terial infection [123]. Total T cells, helper and inducer T
lymphocytes, and B cells all are deficient in number in infants
who are SGA [124]. Such immunologic handicap seems to
predispose to severe infection, including meningitis. This
problem may be more severe in SGA infants who were
stressed with recent nutritional deficiency as indicated by a
low ponderal index. In one study [125], infection was four
times more common in IUGR infants with low ponderal index
than in those with appropriate ponderal index. Hypothermia
(see earlier) also has been associated with a predisposition to
develop bacterial infection, as SGA infants may not respond to
infectious agents as do normally grown infants [112,113].

Necrotizing enterocolitis (NEC)
Because IUGR infants often have increased incidence of hyp-
oxia–ischemia, acidosis, and hyperviscosity, their intestinal
blood flow might be compromised. The increased suscepti-
bility to infection adds an additional risk. It is therefore not
surprising that an increased incidence of NEC has been seen in
IUGR infants [126], which may be predictable based on absent
end-diastolic frequencies in fetal Doppler studies [127].

Neurobehavioral abnormalities
Accelerated neurological development
Historically, it was considered that preterm infants with docu-
mented IUGR or who were born SGA were more likely to have
accelerated lung maturity, and that some of these infants
might have accelerated neurological development as well.
The link between these developmental changes was first
described in 25 infants by Gould et al. [128]. However, the
concept of accelerated lung maturation has been challenged by
Tyson et al. [129], who carefully compared infants who were
SGA and those who were AGA and evaluated the outcome of
the infants of similar gestational ages, race, and sex. Their
studies documented that the SGA infants actually had
increased rates of respiratory distress syndrome, respiratory
failure, and death compared to the AGA preterm infants.

Acceleration of neurological maturation was confirmed by
Amiel-Tison [130] in other high-risk pregnancies, some of
which (but not all) resulted in infants with growth restriction.
This acceleration of maturation was at least 4 weeks in 16
infants, and may relate to the severity of placental insuffi-
ciency, with the benefits being lost in the most severe cases.
Maternal hypertension was implicated in approximately half
of the cases.

Further observations have confirmed the acceleration of
neurological maturation in stressed pregnancies. Although
many of these infants are born SGA, this is not always the
case, suggesting that the effects on the nervous system may
precede the effects on overall growth [16]. The exact mechan-
ism for accelerated maturation remains to be elucidated. Addi-
tional support comes from neurophysiological studies in
which brainstem auditory evoked responses were more rapid
in SGA infants than in AGA infants [131]. Further documen-
tation has been provided in growth-restricted fetal lambs
[132]. In contrast, development of visual evoked potentials in
IUGR and SGA infants may be delayed [133]. Whether the
accelerated maturational effects are documented when infants
are evaluated by methods similar to those used by Tyson et al.
[129] remains to be seen.

Furthermore, although accelerated neurological matur-
ation would seem to provide an unanticipated benefit, when
infants with IUGR are followed for longer periods of time they
do not sustain this advantage. Indeed, by school age, they may
be at a disadvantage [134].

Altered behavior
Despite accelerated neurological development in some IUGR/
SGA infants, this is not always the case. With increasing
severity of insult, it is likely that the behavior of the infant
will be compromised by more injurious conditions, such as
hypoxia. Data from the 1980s indicated that fetal behavioral
states may be delayed in IUGR fetuses, with fetal movements
being particularly involved [135], but, with increasing experi-
ence, the assessment of fetal behavioral organization is not
considered to be of great clinical value [136].

Increasing severity of fetal hypoxia and ischemia will
have a marked effect on the biophysical profile [137], one
aspect of which is fetal movement. In uncomplicated IUGR
cases, there is no clear effect on the quality of general move-
ments [136]. However, it is commonly observed that infants
with IUGR behave differently soon after delivery. In parti-
cular, they may feed poorly. Inevitably, this will affect paren-
tal perceptions of the baby. Low et al. [138] documented
lower activity scores in IUGR infants compared to controls,
with a trend to less visual fixation and visual pursuit. Studies
using the Brazelton Behavioral Assessment Scale have doc-
umented less muscle tone, decreased activity, less respon-
siveness, and more difficulty in modulating state [139].
A high-pitched cry tends to take longer to be stimulated
[140]. Most behavioral studies have been performed in term
IUGR infants. Little is known about differences in preterm
IUGR infants.
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Parental interaction
Many infants with IUGR appear scrawny (especially those
with low ponderal index) and are less attractive to parents
than the expectation of what their baby “should” look like
[139]. In addition, as noted above, the infant's behavior may
be distorted and provide less interaction between infant and
parents. The cry may be particularly aversive to adults [140].
This lack of “positive reinforcement” was believed to place
these infants at particular risk for child abuse or neglect, but
more recently this idea seems to have been disproved [141].

There are quite limited data available on subsequent
parent–infant interaction. Although there may be some differ-
ences early in the first year [142] these differences in inter-
action seem to resolve by 6 months [143].

Outcome
Historical perspective
After the recognition that not all small infants were born
preterm, but could be growth-restricted [144], interest shifted
to focus on the etiologic heterogeneity of IUGR and more
appropriate definitions and standards [10]. Improved study
designs eliminated infants with chronic intrauterine infection
and congenital abnormalities, which probably skewed the
follow-up in one study [145].

One group of infants that could be evaluated was twins
with markedly discordant birthweights. These follow-up stud-
ies (few in number) were largely performed on preterm twin
infants, but continued growth restriction was usually the case
in the smaller of discordant twins [146]. This was accompan-
ied by a disadvantage in intellect, persisting into adulthood
[147]. However, it was observed that head circumference was
less affected than other measures [146]. Some years later, in a
small sample of discordant twins, continued weight deficit in
the smaller twin was noted, but without height or IQ deficit at
6 years of age [148].

The ability to have “catch-up” growth in the smaller twin
also was reported [149]. In a remarkable report, Buckler and
Robinson described a female twin pair withmarked disparity in
birthweights (2.99 vs. 1.35 kg), where the smaller twin had very
rapid “catch-up” after birth. By 1 year of age there was essentially
no difference in physical measurements, and evaluation at 10
years of age showed no difference in intelligence quotients [150].

In contrast to the twin studies, singleton IUGR infants
show considerable variability in catch-up growth [11], leading
to the conclusion that appropriate classification at birth is
needed, together with categorization by etiology of IUGR.
Some of the older studies may have been complicated by
problems such as hypoglycemia. Nevertheless, despite the
tendency to remain smaller than average in physical dimen-
sions, the intellectual deficits of infants with IUGR described
in the 1970s were not always striking, and major neurological
deficits were considered to be uncommon. For example,
Fitzhardinge and Steven followed 95 full-term SGA infants and
noted cerebral palsy (CP) in only 1% and seizures in 6% [151].
However, although the average IQwas normal, a large percentage

(50% of boys and 36% of girls) had poor school performance
[151]. In other studies, the IQ did not seem to be impaired,
although it was somewhat higher in those with normal head
circumference, as described by Babson and Henderson, who
concluded that “severe fetal undergrowth, not complicated by
severe asphyxia at birth, or congenital disease, may not severely
impair later mental development, even in those whose head size
remained at the 3rd percentile” [152].

Although it is now less common to see infants with IUGR
born at term, Strauss has provided follow-up on two large
national cohorts born many years ago [153,154]. The first
group were those followed in the US National Collaborative
Perinatal Project (1959–76), with a 7-year follow-up. IUGR
had little impact on intelligence and motor development,
except when associated with large deficits in head circumfer-
ence at birth [154]. The second group included those enrolled
in the 1970 British Birth Cohort Study, where follow-up was
available until 1996 [153]. Although 93% had been followed at
5 years of age, only 53% were seen at 26 years of age. Among
489 SGA infants (of the original 1064) born at term and
assessed as adults, academic achievement and professional
attainment were significantly lower than among the adults
who had normal birthweight (n¼ 6981). However, there
appeared to be no long-term social or emotional consequences
of being born SGA [153].

One study of preterm SGA infants indicated that approxi-
mately 50% had a developmental handicap, with 20% having
major neurologic sequelae [155]. Handicap could not be related
to the degree of IUGR or the rate of postnatal head or linear
growth. However, it did seem to be related to perinatal
“asphyxia.” These infants all were born in outlying hospitals
and referred to a center [155]. When more aggressive obstetrical
intervention was undertaken, the outlook appeared to improve
(in a different setting). Cesarean section at 28–33 weeks' gesta-
tion for suspected growth restriction and abnormal unstressed
cardiotocograms resulted in 17 survivors among 25 infants. Only
two survivors were neurologically abnormal [156].

As obstetrical evaluation and intervention changed, more
infants with IUGR were delivered at earlier stages of gestation.
The Oxford group demonstrated that attempting to prolong
gestation beyond about 36 weeks may not benefit the fetus, but
earlier delivery seemed to enhance the chances of comprom-
ised fetuses, with IUGR infants achieving their full develop-
mental potential later [157]. More recently, IUGR fetuses are
delivered at even earlier gestations. It seems likely that some of
these fetuses would have died in utero and others might have
suffered severe neurological injury. Several recent studies have
provided reasonably encouraging data about long-term out-
come (see section on follow-up of VLBW infants born SGA).

Mortality and morbidity
Short-term outcome involves both mortality and morbidity.
The morbidity in these infants has been described in the
section on associated problems and complications. The fre-
quency of problems is in large measure dependent upon the
etiology. The same holds true for mortality. It is clear that if
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there are many infants with chromosomal abnormalities (e.g.,
trisomy 18) or chronic intrauterine infections (e.g., congenital
rubella syndrome) in the population being evaluated, mortal-
ity rates are likely to be high. Classically, Lubchenco et al.
showed that the more severe the degree of growth restriction,
the higher the mortality risk [158]. In a separate analysis,
morbidity was found to increase progressively as birthweight
fell below the 10th percentile at each gestational age [159].

In contrast, more recent studies have found that SGA
infants have a lower risk for neonatal death than AGA infants,
but have a higher risk of problems manifest during the first
year after birth [160]. Other studies confirm the original
findings that both mortality and morbidity are increased in
term infants born SGA (< 3rd percentile) [161].

Physical growth
The literature shows considerable variability and many con-
tradictions regarding physical growth of IUGR infants. Prob-
ably this reflects variable inclusion of confounders such as
preterm birth, variability in anthropometric measurements,
postnatal nutrition, and inclusion of infants with different
underlying disorders. Most studies have shown considerable
catch-up growth in some infants, with significantly lower
weights, heights, and head circumferences at 3 years compared
to control infants [162]. Large variations in measurements of
SGA infants at follow-up are common when parents make the
measurements [163]. Also, some reports of the subsequent
growth of infants with IUGR have included modifiers that
might influence the outcome, such as asymmetric IUGR (with
a low ponderal index), which seems to persist as underweight-
for-length at 3 years of age despite catch-up growth in the first
6 months [164]. Furthermore, term infants with a low pond-
eral index were taller than those with adequate ponderal index
when evaluated at age 24 months in one study [165], while in
another study of preterm infants there appeared to be no effect
of the degree of IUGR on later growth [165]. Decreased
ossification also may predispose to catch-up in linear growth
[11], although most studies have shown that SGA infants are
shorter even into adolescence [166]. Catch-up growth in the
first 6 months has been noted by others [167], and adequate
ponderal index at birth predicts reduced size at 12 months of
age compared with those with low ponderal index [168]. SGA
infants with high head-to-chest ratios at birth appear to grow
faster during the first 6 months, with a sustained effect to
7 years in girls [169]. Another factor that likely produces
variation in growth outcomes in IUGR infants is the variabil-
ity of response to insulin [170]. At 6 months of age, those SGA
infants that had increased incremental linear growth demon-
strated greater insulin secretion [170]. Growth variation also
might be linked to later evidence of glucose intolerance [18].
Given the variability of insulin levels in IUGR infants noted
earlier, this is an area that deserves further study.

Development and intelligence quotient
While limited physical growth may have some practical impli-
cations, and many parents are concerned about short stature,

neurobehavioral and intellectual development are of more
concern. Allen noted that prior to 1984 most term SGA infants
developed normal IQs [171]. Another study documented that
in non-“asphyxiated” SGA newborns, despite residual physical
deficits at age 13–19 years, neurologic and cognitive testing
demonstrated scores well within the normal range, although
somewhat lower than controls [172]. Additional studies also
show variation in neurodevelopmental outcomes. SGA infants
born to hypertensive mothers performed better on develop-
mental tests at 4–7 years of age, but had more major neuro-
logical problems compared with those whose mothers were
normotensive [173]. In another 7-year follow-up study, neuro-
logical problems were detected in 9.5% of growth-restricted
infants and in 8.5% of control infants [174]. Others have
described surprisingly little difference in developmental status
at 4 years of age between small- and average-for-dates infants
[157]. More recent evidence tends to confirm these findings,
although lower IQ scores and poorer neurodevelopmental
outcome were noted in IUGR infants with neonatal compli-
cations [162]. Nevertheless, these neurodevelopmental prob-
lems might be characterized as minor, with no CP and no
severe hearing or visual impairment [162].

Using a slightly different approach, when ponderal index
at birth was taken into consideration, one study showed that
term IUGR infants with adequate ponderal index (symmetric
IUGR) had lower developmental scores than those with low
ponderal index (asymmetric IUGR), which in turn were lower
than those with normal birthweight [175]. Preterm infants with
asymmetric or symmetric IUGR also have been compared to
AGA infants. In the asymmetric SGA group there were more
children with low visuoauditory perception scores and social
abilities scores at 18 months than in the control group. The
symmetric SGA group had deficits in all developmental areas
except visuoauditory perception [176]. There also were more
neurological abnormalities in both SGA groups [176].

Follow-up of VLBW infants born SGA
When VLBW (< 1500 g) infants were initially evaluated, SGA
infants had significantly lower developmental performance at
9 months through 3 years of age, but differences were not
observed at 4 and 5 years [177]. A decade later, results from
the same authors showed similar outcomes among VLBW and
SGA infants [178]. At 3 years of age, development of SGA
infants was significantly less than that of gestation-matched
controls, but did not differ from that of weight-matched
controls [178].

Amin et al. evaluated 52 IUGR infants (with birthweight
< 1250 g) at 3 years of age. They were compared with groups
of birthweight and gestational age-matched controls and had
no significant differences in neurodevelopmental outcome,
although all three groups had major disabilities of approxi-
mately 15%. Head sparing correlated with a good outcome
(35 of 37 were normal) [1]. Similarly, in a large cohort of even
smaller infants followed for 4–18 years, the majority of SGA
infants with birthweight < 1000 g had catch-up of head cir-
cumference, although this was more likely in the asymmetric
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SGA group (85%) than in the symmetric group (73%) [179].
Although developmental outcome was not completely
addressed in this report, normal head circumference was
usually associated with a good outcome.

It is important to note that there are difficulties in extrap-
olating results of follow-up to current VLBW populations,
since management of such neonates continues to change and
improve. Exogenous surfactant has only been commercially
available since 1990, and prenatal use of corticosteroids to
accelerate fetal lung maturity increased considerably after
the National Institutes of Health consensus conference in
1994. As a result, certain complications of the VLBW infant
(e.g., pneumothorax and intraventricular hemorrhage) have
decreased, which could influence neurodevelopmental out-
come. Finally, neonatal death or CP has decreased more in
IUGR infants than in VLBW infants, and there is less neuro-
developmental impairment among the survivors [180].

Cerebral palsy (CP)
Most of the early follow-up studies of IUGR/SGA infants did
not specifically address the issue of CP, although a low inci-
dence was mentioned earlier [151]. However, in Sweden,
trends in the incidence of CP have been followed over several
years. Uvebrant and Hagberg followed numerous infants with
CP, and noted that the rate of CP in SGA infants was increased
significantly compared to control infants born during the
same years [181]. Similar data have been reported from West-
ern Australia by Blair and Stanley in growth-retarded infants
of � 34 weeks' gestation [182].

In a large cohort of preterm singletons with CP born in
1971–82 (n¼ 191) in Denmark, the association of SGA with
CP was observed only in preterm infants born at more than
33 weeks' gestation [183]. The comparison group consisted of
all preterm live-born singletons born in 1982 (n¼ 2203).
Cerebral palsy risk was highest at 28–30 weeks' gestation, but
lower in the SGA group at this gestation [183].

Learning deficits
As with CP, until recently most follow-up studies of IUGR
infants did not extend into the school years. In 1984, however,
a study of term infants with intrauterine malnutrition (not all
were SGA) followed from birth to 12–14 years reported lower
IQ scores and a greater need for special education in malnour-
ished infants compared to well-nourished infants [184].
A study from England showed no differences in IQ or school
achievement between boys weighing below the 2nd percentile
at birth and controls at age 10–11 years [185]. In another study,
from Canada, outcome at 9–11 years of age was measured
[186]. A wide range of learning deficits was evaluated in
216 high-risk newborns, 77 of whom had IUGR. Learning
deficits were encountered in 35% of the total, but 50% of
preterm SGA and 46% of term SGA infants were affected [186].

Another study from England evaluated infants born in
1980–81 with a gestational age of less than 32 weeks or
birthweight < 2 kg, at 8–9 years of age [187]. The authors

concluded that those with fetal growth restriction in the first
two trimesters did less well than normally grown infants. Both
cognitive ability (measured by IQ testing and reading compre-
hension) and motor ability were negatively associated with the
degree of fetal growth restriction.

Still another study from the Netherlands looked at a 1983
cohort born with gestational age < 32 weeks or birthweight
< 1500 g, at both 5 and 9 years of age [188]. Of an original
cohort of 134 SGA infants, 85 were seen at 5 years and 73 at 9
years, compared to 410 AGA infants of whom 274 and 249
were seen at 5 and 9 years respectively. Cognitive outcome was
worse in the SGA group. When neurological disorders were
excluded, 16.4% of the SGA children needed special education
at 9 years, compared to 11.9% of AGA. When no exclusions
were made, only 31.5% of SGA children were in mainstream
education, compared to 43.2% of AGA [188].

On a more encouraging note, data from the Jerusalem
Perinatal Study showed that long-term follow-up (at age 17)
produced minimal differences in IQ tests and no differences in
academic achievement, when term SGA and AGA were evalu-
ated [189]. Longer-term studies, however, affirm the associ-
ation between IUGR and worse neurodevelopmental outcome.
Using a comprehensive neuropsychological evaluation at 9
years of age, Geva et al. reported a lower IQ and relatively
greater difficulties in creative problem solving, attention, and
executive functions, as well as visuomotor organization and
higher-order verbal skills in children with a history of IUGR
[190]. They further suggest that restricted head circumference
was a harbinger of frontal-lobe-related suboptimal develop-
ment. A 10-year population cohort of children in Western
Australia affirmed the association of IUGR and poor head
growth with severe intellectual disability [191]. Another
10-year prospective study by Leitner et al. pointed out the
importance of perinatal complications as contributors to the
worse neurocognitive outcome among IUGR children [192].
The association of severe IUGR and reduced head circumfer-
ence with poor neurodevelopmental outcomes, long-term
neuropsychological problems, and difficulties in school is
better understood in the context of severe reduction in cortical
growth and a significant decrease in cell number in the future
cortex of affected individuals, as well as discrete injuries to
particular regions of the brain, such as the hippocampus.

Some of these studies are summarized in Table 7.11.

Effect of fetal malnutrition on disease
in adult life
Several studies in the past two decades have alluded to the
relationship of IUGR with the subsequent increased incidence
of cardiovascular disease when these patients reach adult life
[18,193,194]. Both hypertension [195] and ischemic heart
disease are increased in IUGR infants [18], and the risk of
stroke is also increased [195]. Such infants also grow up to
have increased incidence of obesity and diabetes. Barker and
coworkers [194] suggested that undernutrition during fetal
life alters the relationships between nutrient substrates and
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hormones, such as between glucose and insulin and between
growth hormone and IGF. Since IGF-1 is decreased in many
growth-restricted fetuses, and since fetal undernutrition may
predispose to insulin resistance in various tissues and organs
later in life, these infants also appear to become insulin-resistant,
glucose-intolerant, and diabetic as adults [196]. Reduced
concentrations of IGF also have been associated with arterial
wall thickening, in particular abdominal aortic intima-media
thickness, a marker for atherosclerosis [35,197]. While the
fetus may adapt to nutritional deprivation in utero, such
adaptation may lead to an increased incidence of cardiovascu-
lar disease and related metabolic problems in adulthood [198].

Prevention
Although outcome in the non-“asphyxiated”, normally grown
fetus appears to be good, the potential for developing fetal
hypoxia–ischemia in the growth-restricted fetus is high [116].
Indeed, the risk of intrauterine demise drives many obstetrical
decisions. For this reason, a number of techniques have been
used with the intent to improve placental perfusion.

The first of these, which was originally reported from
South Africa to produce “superbabies,” was intermittent
abdominal decompression. The technique was evaluated in a
controlled trial reported in 1973 [199]. Negative pressure is
applied to the abdomen to encourage blood flow in the uterus

Table 7.11. Neurodevelopmental and cognitive outcome in infants with IUGR

Authors Category Age at
evaluation

Method of evaluation Number evaluated Outcome

Impaired Disabled

Roth et al. 1999
[210]

Term infants 1 year Neurological exam 49 SGA 37% 6%

Fetal abdominal
circumference

Developmental assessment 18 IUGR 33% 6%

CP Major disability

Amin et al. 1997 [1] BW< 1250 g 3 years Neurodevelopmental assessment 52 IUGR 7.7% 15.4%

55 BW-matched 9.1% 16.4%

56 GA-matched 12.5% 16.1%

Neuro-
developmental

IQ

Fattal-Valevski et al.
1999 [162]

< 34 weeks GA
U/C ratio

3 years Neurodevelopmental assessment
and IQ test

85 IUGR 89.0 94.9

42 Controls 93.2 94.9

Scherjon et al. 2000
[134]

< 34 weeks GA
U/C ratio

5 years IQ test 73 IUGR Lower IQ with raised U/C ratio
(87 vs. 96)

Special
education

CP Normal
development

Kok et al. 1998 [188] < 32 weeks GA
and BW < 1500 g

9 years Speech-language development
Need for special education

73 SGA 16.4% 7% 48%

149 AGA 11.9% 15% 63%

Neurological exam Cognitive outcome worse in SGA

Males IQ

Paz et al. 2001 [189] Term 17 years IQ test, academic achievement 154 severe SGA 100.7

431 moderate
SGA

102.8

5928 AGA 105.1

Females

86 severe SGA 102.6

273 moderate
SGA

102.4

3664 AGA 103.9

No difference in academic
achievements

Notes:
U/C ratio, umbilical artery to middle cerebral artery pulsatility index ratio; GA, gestational age; BW, birthweight; CP, cerebral palsy; SGA, small for gestational age;
AGA, appropriate for gestational age; IUGR, intrauterine growth restriction; IQ, intelligence quotient.
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and hence the placenta. In 70 treated versus 70 controls there
were some striking differences, with improved growth of fetal
biparietal diameter in the treated group and only 26% “light-
for-dates” babies in the treated group compared to 83% in the
controls [199]. Rates of fetal distress, low 1-minute Apgar
scores, and perinatal deaths also were lower in the treated
group [199]. Further support for the technique was provided
in 64 pregnant women with identified placental insufficiency
[200]. Abdominal decompression applied over 4 weeks or so
improved placental perfusion measurements and serum
unconjugated estriol and human placental lactogen levels
[200]. To date, this approach has not gained widespread sup-
port, although a review provided considerable support for the
method [201].

As mentioned earlier, another approach to the fetus with
IUGR is to evaluate fetal oxygenation using cordocentesis.
Several attempts have been made in situations where fetal
hypoxia has been documented to use maternal oxygen therapy
to produce maternal hyperoxygenation and secondarily
improved fetal oxygenation [93]. However, a recent meta-
analysis revealed only two studies using randomized controls,
which involved only 62 women and did not provide enough
evidence to evaluate adequately the benefits and risks of
maternal oxygen therapy [202].

Another approach, which has been tested in a randomized,
placebo-controlled, double-blind trial, is the use of low-dose
aspirin [203]. Women were chosen on the basis of previous
fetal growth restriction and/or fetal death or abruptio placen-
tae. The frequency of fetal growth restriction in the placebo
group was twice (26% vs. 13%) that in the treated group [203].
The benefits of low-dose aspirin were greater in patients with
two or more previous poor outcomes. More recent evaluation
of low-dose aspirin showed no evidence of improved utero-
placental or fetoplacental hemodynamics [203], although
another study supported the use of a combination of aspirin
and glyceryl trinitrate [204]. This too has not been adequately
evaluated.

A specific cause of IUGR is severe maternal nutritional
deprivation. The role of dietary supplementation and specific
deficiencies has been discussed previously [56–59,205]. It is
possible, under certain adverse circumstances, to support
adequate fetal growth using maternal intravenous nutrition
[206]. Extending this approach to other situations of less severe
nutritional deprivation might allow supplemental parenteral
nutrition to prevent fetal growth restriction [206]. However, a
recent meta-analysis revealed only three studies involving 121

women, which did not provide enough evidence to allow an
adequate evaluation of nutrient supplementation [207].

Two other analyses from the Cochrane Database of Sys-
tematic Reviews also showed insufficient evidence to demon-
strate a conclusive effect of either plasma volume expansion
[208] or bed rest in hospital on fetal growth [209].

Prevention remains an area for careful evaluation with
randomized trials, and it is hoped that many cases of IUGR
will be prevented in the future [210]. Determining the cause of
IUGR is difficult, but, if possible, is important in assessing the
risk for IUGR in future pregnancies [211]. A good example in
this regard would be the identification of thrombophilia,
which may occur in 15–25% of Caucasian populations.
Thrombophilia is exacerbated by pregnancy (an acquired
hypercoagulable state) and can lead to vascular complications
associated with IUGR [212].

Conclusion
Major advances have been made in our understanding of
infants who are growth-restricted in utero. Many of the factors
that lead to IUGR have been recognized, and many of the
women who are at risk of giving birth to such infants can be
identified. In many cases, problems can be avoided by improv-
ing the intrauterine environment, maternal nutrition, care of
chronic illness in the mother, maternal immunization, and
improved counseling of pregnant women regarding smoking,
alcohol, and drug abuse.

Infants also can be classified according to the types of
growth restriction that are present, and it is recognized that
many of these infants do not thrive in a hostile intrauterine
environment, do not tolerate the stresses of labor well, and do
not have an appropriate transitional period from the fetal to
the newborn state.

These infants also have markedly different problems in the
neonatal period than do prematurely born infants of the same
size or normally grown infants of the same gestational age.
Unfortunately, many of these IUGR fetuses are not being
identified early enough to alter these environments, and we
are still late in responding to their problems in the neonatal
period rather than anticipating and preventing them from
developing.

Although significant strides have been made in our under-
standing of the problems of IUGR infants, we need to focus
attention on prevention, early detection, and appropriate
management of their problems in order to produce the best
outcome possible.
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Chapter

8 Maternal diseases that affect fetal
development
Bonnie Dwyer and Maurice L. Druzin

Introduction
Most maternal diseases that affect fetal development probably
do so by multiple mechanisms. However, for the purpose of
study, it is useful to categorize diseases by mechanism of
teratogenesis. Maternal disease can effect fetal development
in the following ways: (1) specific effects of metabolic end
products or antibodies, (2) placental insufficiency, (3) maternal
medications or toxic exposures, (4) infection, and (5) genetic
disease. The main focus of this chapter is to discuss maternal
disease that has primary effects on fetal development. Placental
insufficiency, medication/toxic exposures, infection, and gen-
etic disease are mentioned for the sake of completeness and
will be discussed briefly. All maternal illnesses, whether they
directly affect the fetus or not, can cause iatrogenic premature
delivery in the case of an unstable mother.

Specific fetaleffectsofover-orunderproduced
metabolic end products or antibodies
Maternal diseases that cause specific fetal disease can do so
by transplacental passage of a toxic maternal metabolic end
product (e.g., high glucose or high androgen), by lack of
transplacental passage of an essential maternal metabolic end
product (e.g., thyroxine), or by transplacental passage of a
maternal antibody. Well-studied maternal diseases that are
prototypes for the above-described mechanisms of fetal dis-
ease include (1) diabetes mellitus, congenital adrenal hyper-
plasia, and phenylketonuria (toxic metabolic end product),
(2) hypothyroidism (maternal underproduction of an essential
metabolic end product), and (3) Grave's disease, systemic
lupus erythematosus, and rhesus alloimmunization (maternal
antibody transfer). There are many other examples of mater-
nal diseases which affect fetal development. However, the
above-mentioned prototypic diseases will be discussed below.

Toxic metabolic end product
Maternal disease can cause overproduction of normal meta-
bolic end products. High levels of these are toxic to both the
mother and the fetus. Well-studied examples include hyper-
glycemia in diabetes mellitus, high levels of androgens in

congenital adrenal hyperplasia, and high levels of phenylalanine
in phenylketonuria.

Diabetes Mellitus
In maternal diabetes mellitus, hyperglycemia has been shown
to be the primary teratogen with regard to congenital malfor-
mation, pregnancy loss, and macrosomia. This is supported by
studies showing that these risks are minimized with good
glucose control before and during pregnancy [1–5]. However,
attributing all embryopathy and fetopathy to high maternal
glucose levels may be an oversimplification. Some studies have
also linked the high levels of maternal ketonemia, specifically
high levels of b-hydroxybutyrate, to lower scores on neuro-
developmental and behavioral tests in offspring [1,5–7].
Placental insufficiency in patients with long-standing diabetes
and vascular disease likely also plays a role.

Distinguishing pregestational diabetes from gestational
diabetes is important. Pregestational diabetes is associated
with more preconceptual hyperglycemia, more placental vas-
cular disease, and more difficulty controlling hyperglycemia
and hypoglycemia in pregnancy. An early elevated hemo-
globin A1c is highly associated with congenital malformations
and early miscarriage. Gestational diabetes, on the other hand,
usually starts in the third trimester and is not associated
with an elevated hemoglobin A1c, congenital malformations,
or early miscarriage [2]. Fetal consequences common to pre-
gestational diabetes and gestational diabetes are macrosomia,
birth trauma, and neonatal metabolic complications.

Management of diabetes in pregnancy includes diet and
medical therapy (insulin or oral hypoglycemic) in order to
approximate euglycemia [1,8]. Fetal ultrasound, antepartum
testing, intrapartum glucosemonitoring, and appropriate timing
and mode of delivery make contemporary morbidity and
mortality rates similar to those of the normal population [1].

Embryonic effects
Infants of insulin-dependent diabetic mothers have a two- to
eightfold increased risk of congenital malformations [1,5]. The
most common malformations are in the central nervous
system (spina bifida/anencephaly), heart, kidney, and skeleton
(caudal regression) [1,2,5]. Pregestational diabetics also have
an increased risk of spontaneous miscarriage, likely related to
lethal malformations or direct glucose toxicity [1].

The higher the extent of the hyperglycemia and hemo-
globin A1c, the higher the risk of major malformation and
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early miscarriage [1,5]. A classic study by Miller et al. in 1981
showed that in patients with a hemoglobin A1c of < 8.5%, the
malformation rate was 3.4%, similar to the normal population.
However, when the hemoglobin A1c was > 8.5%, the malfor-
mation rate was 22.4%. Lucas et al. in 1989 demonstrated a
linear correlation between hemoglobin A1c and malformation
rate [1,5,9,10].

Fetal effects
The most common effect of diabetes is fetal macrosomia. Fetal
macrosomia, that is birthweight above the 90th percentile, is
present in 25–42% of diabetic pregnancies [1,3]. It is directly
correlated to postprandial glucose control. The fetal skeleton is
not affected, and macrosomia is largely a result of increased
adipose deposition in the shoulder and abdominal regions [5].
Macrosomia is related to an increased rate of cesarean delivery
and an increased rate of birth injury due to shoulder dystocia
and fetal compromise [1,5]. The risk of birth injury is also
directly related to glucose control [5]. Insulin therapy
decreases the rate of macrosomia, birth injury, and perinatal
morbidity [4].

In addition to macrosomia, pregestational diabetes can be
associated with intrauterine growth restriction. This may be
due to maternal hypoglycemia and/or vascular abnormalities
in the placenta [2,5,8].

Neonatal effects
In addition to macrosomia at birth, neonatal complications
include metabolic derangements such as hypoglycemia, poly-
cythemia, hypocalcemia, and hyperbilirubinemia. The inci-
dence and severity of neonatal hypoglycemia is directly
correlated with the extent of maternal hyperglycemia immedi-
ately antepartum and during labor. Polycythemia is also a
direct consequence of hyperglycemia, as hyperglycemia is a
stimulus for erythropoietin production [5]. Other complica-
tions such as delayed lung maturation and hypertrophic cardio-
myopathy have been associated with chronically poor glycemic
control [1,3,5].

Childhood/adulthood effects
An infant born to a diabetic mother has a higher risk of
developing obesity, impaired glucose intolerance, and diabetes
at an early age [3,5]. These infants are at higher risk for
diabetes than infants born to diabetic fathers. This implies
that the intrauterine environment, in addition to genetics,
plays a role in childhood and adult disease. Whether childhood
and adulthood obesity and glucose intolerance are directly
associated with maternal and fetal hyperglycemia remains to
be seen [3,5].

Maternal congenital adrenal hyperplasia (CAH)
Congenital adrenal hyperplasia is another example of a mater-
nal disease in which a toxic maternal metabolite is teratogenic.
Congenital adrenal hyperplasia is a group of inherited enzyme
deficiencies in the adrenal steroid biosynthesis pathway, which
result in elevated levels of maternal androgens [1,11].

21-hydroxylase deficiency is the most common enzyme
deficiency. It causes a bottleneck, resulting in low levels of
glucocorticoids and elevated levels of steroid precursors,
which are shunted to the androgen pathway. Low levels of
glucocorticoids stimulate elevated levels of ACTH, further
stimulating production of steroid precursors and further
stimulating androgen production. In an affected mother, high
levels of maternal androgens can cross the placenta, virilize a
female fetus, and cause ambiguous genitalia [1,11,12].

In non-pregnant states, exogenous glucocorticoids, like
dexamethasone, are used to suppress steroid precursor
production and decrease androgen production in order to
decrease maternal virilization and allow menstruation. The
steroid precursor 17-hydroxyprogesterone, androstenedione,
and free testosterone are followed to adjust glucocorticoid
dosing. Treatment with dexamethasone is also effective to
avoid virilization of a female fetus. In pregnancy, free testoster-
one may be the most reliable marker for glucocorticoid dose
adjustment, because 17-hydroxyprogesterone and androstene-
dione levels can be altered. Stress-dose steroids should be given
at delivery [11,12]. Excessive glucocorticoid treatment can cause
transient adrenal suppression in the neonate, so the neonate
should be evaluated and monitored [12].

Congenital adrenal hyperplasia is autosomal recessive in
inheritance, and therefore the disease can be present in the
fetus of an unaffected mother. High androgen production by
the fetus herself can also virilize a female fetus. In cases of an
affected female fetus, high-dose dexamethasone can be given
to the mother to suppress the fetal pituitary–adrenal axis.
Prenatal diagnosis for the most common forms of CAH is
available [12].

Phenylketonuria (PKU)
Phenylketonuria (PKU) is another example of a maternal
disease in which toxic maternal metabolic products are terato-
genic. It is an autosomal recessive disorder that is caused by a
defect in phenylalanine metabolism. Elevated levels of phenyl-
alanine cause mental retardation in the affected individual and
also in a fetus of an affected mother. A diet low in phenylalan-
ine will prevent mental retardation in both individuals [1,13].

In an affected mother, high levels of phenylalanine in
maternal blood cross the placenta, causing high levels in the
fetal blood. High levels of phenylalanine are teratogenic to the
fetus [14]. With untreated maternal PKU, children have a 92%
risk of mental retardation, a 73% risk of microcephaly, a 40%
risk of low birthweight, and a 12% risk of congenital heart
disease. The extent of fetal damage correlates with maternal
blood levels of phenylalanine [1,13,14]. The Maternal PKU
Collaborative Study in 1984–2002 reported on 572 children of
382 affected women. Mothers with metabolic control (120–360
mmol/L) prior to conception or up to 10 weeks' gestation had
children who scored the highest on cognitive function and
behavioral tests [1,13]. In fact, these infants had normal cogni-
tive function and only 1/109 had congenital heart disease. Even
late treatment (after 20 weeks) showed better cognitive function
in offspring compared with untreated pregnancies [1,13].
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Breastfeeding should be avoided due to high levels of phenyl-
alanine in the breast milk [14]. Because women who are
affected by PKU are often themselves cognitively impaired,
metabolic control during pregnancy often requires intensive
medical support.

PKU is autosomal recessive in inheritance, so the neonate
of an affected mother should be screened for the disease. In
fact, PKU screening is routine in all neonates. Affected infants
should have diets low in phenylalanine to avoid cognitive
impairment [1,14].

Underproduction of essential
metabolic product
A maternal disease that underproduces a maternal metabolic
product that is essential for fetal development can also cause
abnormal development in a fetus. Hypothyroidism is likely
one of these diseases, as low maternal thyroxine and related
low fetal thyroxine early in pregnancy are associated with poor
neurologic outcome. More data are needed to clarify if low
maternal thyroxine early in pregnancy is truly the only terato-
genic mechanism in this disease.

Hypothyroidism
Maternal hypothyroidism is common, present in 1–3/1000
pregnancies. It has long been associated with decreased intellec-
tual functioning in offspring, independent of etiology (primary
hypothyroidism related to iodine deficiency or Hashimoto's
thyroiditis) [15,16].

Human and animal studies support the hypothesis that
maternal hypothyroidism causes abnormal fetal brain devel-
opment by lack of maternal T4 and thus subsequent lack of
fetal T4 [15–21]. Pop and coworkers directly associated low
maternal T4 levels in early pregnancy (12 weeks' gestation)
with neurologic impairment in offspring at 3 weeks, 1 year,
and 2 years of age [17,18]. Even before fetal thyroid hormone
is produced, T3 receptors, with local conversion of T4 to T3, are
found in early fetal brain tissue, suggesting a role for maternal
T4 in early fetal neurologic development [19]. Thyroid hor-
mone is also likely important later in fetal life when neuronal
organization associated with higher cognitive functioning
occurs [1].

A landmark study by Haddow et al. in 1999 demonstrated
that compared to women without hypothyroidism, women
with hypothyroidism had offspring who scored less well on
neuropsychological tests between ages 7 and 9 years. Among
the offspring of women with hypothyroidism, offspring of
untreated mothers had larger deficits. Furthermore, offspring
of treated mothers did not have deficits compared to controls
[15]. This study suggests that treatment of hypothyroidism
with levothyroxine may prevent intellectual deficits in off-
spring [15–17].

Maternal hypothyroidism is also associated with early
pregnancy loss, pre-eclampsia, placental abruption, poor fetal
growth, and stillbirth. Treatment of overt hypothyroidism has
been associated with improved perinatal outcomes [16,20].

In pregnancy, maternal hypothyroidism should be managed
early and aggressively with levothyroxine, with the goal of
normalizing TSH and free T4. An empiric increase by one-third
of the pre-pregnancy dose is recommended upon confirmation
of pregnancy. On average a woman will need a 50% increase in
levothyroxine dose by 20 weeks' gestation. Frequent testing to
guide levothyroxine dosing should be instituted throughout
pregnancy [22].

Antibody-related fetal disease
Transplacental passage of maternal antibodies can cause fetal
disease. Although there are many examples of this type of
teratogenesis, Grave's disease, systemic lupus erythematosus,
and rhesus alloimmunization with hemolytic disease of the
newborn will be discussed below.

Grave's disease
Grave's disease is the most common form of hyperthyroidism,
and it is an example of a maternal disease that can cause fetal
disease via transplacental passage of maternal autoantibodies.
Grave's disease is an autoimmune disorder that is mediated by
antibodies that bind to the TSH receptor called thyroid-stimu-
lating immunoglobulins (TSI). TSI can be present in women
with Grave's disease even after thyroid ablation, or in patients
with Hashimoto's thyroiditis. TSI, which can be stimulating
or blocking, can cross the placenta, bind to fetal thyroid
receptors, and cause fetal hyper- or hypothyroidism. The fetal
thyroid becomes sensitive to these antibodies around 20–24
weeks [1,19].

One percent of pregnancies with elevated TSI levels are
affected by fetal/neonatal hyperthyroidism. Typically, TSI
levels > 300% of control values are predictive of fetal disease
[1,19]. Fetal hyperthyroidism is associated with fetal tachycardia,
growth restriction, advanced bone age, and craniosynostosis.
Hydrops fetalis and fetal death can occur. It can be treated with
maternal administration of propylthiouracil (PTU). Neonatal
thyrotoxicosis is associated with poor weight gain, hyperkinesis,
ophthalmopathy, arrhythmias, heart failure, pulmonary and
systemic hypertension, hepatosplenomegaly, thrombocytopenia,
and craniosynostosis [1,19].

Less commonly, placental transfer of maternal TSI can
block fetal thyroid activity (thyroid-stimulating blocking
antibodies) and cause transient fetal or neonatal congenital
hypothyroidism [19]. Transient hypothyroidism can also be
due to maternal medications or high levels of maternal thyrox-
ine in the fetus suppressing the fetal hypothalamic–pituitary
axis. Untreated congenital hypothyroidism, even if transient,
can lead to irreversible neurologic damage. Newborn thyroid
screening is, therefore, routine [1,19,23].

Systemic lupus erythematosus (SLE)
Systemic lupus erythematosus (SLE) is a common auto-
immune disease seen in pregnancy. Fetal effects of SLE can
be secondary to maternal autoantibody transfer, placental
insufficiency, prematurity, or maternal drug therapy. How-
ever, the purpose of this discussion is to highlight a unique
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fetal and neonatal syndrome associated with lupus, which is
caused by transplacental passage of maternal autoantibodies.
This syndrome is called “neonatal lupus syndrome” [24,25].
Neonatal lupus syndrome can also be associated with other
autoimmune diseases such as rheumatoid arthritis, undiffer-
entiated connective tissue disease, mixed connective tissue
disease, Sjögren's syndrome, juvenile rheumatoid arthritis,
and systemic sclerosis [1,24].

Neonatal lupus syndrome is a rare, passively acquired
autoimmune disorder that affects offspring of women with
SSA (anti-Ro) or SSB (anti-La) antibodies. Antibodies against
U1 RNP are also associated with the cutaneous manifestations
of the illness [24]. Fetal and neonatal manifestations include
congenital heart block, which may be complete or incomplete,
myocarditis, cutaneous rash, hepatitis, thrombocytopenia, leu-
kopenia and hemolytic anemia [24,26]. Of women with SSA or
SSB antibodies, approximately 2% have fetuses with congenital
heart block and 1% have fetuses with cutaneous manifestations
[24,25,27]. The incidence of the other manifestations is
unknown. Of 360 children in a neonatal lupus registry, 50%
had congenital heart block, 26% had rash, 8% had both cardiac
disease and rash, and 2% had hematologic disease. These pro-
portions, however, may reflect reporting bias [25]. Mothers
with an infant previously affected by any neonatal lupus
manifestation have a 25% risk of recurrence in a subsequent
pregnancy [24,25,27]. It is not clear why there is only a 25%
recurrence rate, or why only 2% of fetuses of antibody-positive
mothers are affected. Individual fetuses may have more or less
vulnerability [24,25].

Fetal and neonatal heart block/myocarditis is the most
serious manifestation of neonatal lupus syndrome, associated
with a 20–30% mortality rate. Sixty-seven percent of surviving
children require pacemaker placement. Incomplete heart
block that occurs prenatally can progress postnatally to com-
plete heart block. Congenital heart block is thought to occur
due to time-limited expression of SSA and SSB antigens in the
fetal myocardium. Maternal SSA or SSB antibodies attack
these fetal antigens, causing transient myocarditis and subse-
quent AV-node fibrosis [24,25].

Dexamethasone suppression of maternal autoimmune
activity has been used to treat affected fetuses. A retrospective
study showed that steroid treatment improved incomplete
heart block and hydropic changes associated with heart
block, but did not reverse complete heart block [24]. Fetal
echocardiography with measurement of prolonged PR inter-
vals, myocardial dysfunction, or effusion may provide an
opportunity for early intervention with steroid treatment.
However, therapy has not been proven. Many experts recom-
mend serial fetal echocardiography in pregnancies compli-
cated by the presence of maternal SSA or SSB antibodies,
with maternal steroid treatment if abnormalities are identified.
Prophylactic steroid treatment in high-risk pregnancies is not
warranted [24–27]. The cutaneous rash, mild hepatitis, and
hematologic manifestations of the disease are transient. The
rash is an erythematous skin rash that often involves the scalp
and periorbital region and can be exacerbated by ultraviolet

light exposure. It often occurs several weeks after birth and can
last until 6–8 months of life. Resolution of the skin rash is
coincident with clearance of maternal antibodies from the
infant's circulation. There is no long-term morbidity for
infants with cutaneous disease. However, a mother with a
previously affected infant should have careful fetal cardiac
screening in a subsequent pregnancy [24–27].

Rhesus (Rh) alloimmunization
Rhesus (Rh) alloimmunization with hemolytic disease of the
fetus/neonate, although not technically a maternal disease, is
another example of transplacental passage of maternal anti-
bodies that causes fetal/neonatal disease. The pathophysiology
of this disease has been well characterized. Maternal alloimmu-
nization occurs when maternal B cells from an RhD-negative
(D-antigen-negative) woman are sensitized to D-antigen on
fetal red blood cells after a significant fetomaternal hemorrhage.
The fetomaternal hemorrhage usually occurs at the delivery of
a previous pregnancy, but can occur in an affected pregnancy.
Spontaneous fetomaternal hemorrhage occurs with increasing
frequency and increasing volume as pregnancy progresses.
Once a significant hemorrhage occurs, maternal anti-D anti-
body is produced quickly. IgM production quickly changes to
IgG production [28]. Anti-D IgG can then cross the placenta,
bind to D-antigen on fetal red cells, and cause hemolysis of
the fetal red blood cells. In subsequent pregnancies, repeat
maternal exposure to D-antigen generates quick production
of higher titer anti-D IgG antibodies. Depending on the degree
of the fetal anemia, hepatosplenomegaly, hydrops fetalis, and
fetal death can occur.

Administration of Rh immune globulin (anti-D antibody)
to RhD-negative, anti-D antibody-negative women at 28 weeks
and after delivery decreases the incidence of maternal sensi-
tization from 2% to 0.1% [28]. Currently, only 1–6/1000
newborns are affected [28]. However, administration of Rh
immune globulin after a woman has been sensitized is not
effective for preventing fetal/neonatal disease.

A mother with anti-D antibody should have serial titers
every 4 weeks until 24 weeks and then every 2 weeks. If the
mother has an anti-D titer � 1/16 or has had a prior affected
infant, an attempt should be made to determine if the fetus is
RhD-positive and therefore at risk for hemolytic disease. First,
the RhD phenotype and genotype of the father should be
determined. Paternal zygosity can now be determined by
quantitative PCR. If the father is RhD-negative, the fetus will
not be affected. If the father is RhD-positive, but found to be a
heterozygote, there is a 50% chance the fetus will be affected.
Chorionic villi sampling or amniocentesis can be done to deter-
mine the fetal genotype [28]. Increasingly, a newer technology,
cell-free fetal DNA extraction, can determine fetal genotype
from maternal blood. The fetus is at risk for hemolysis if it is
RhD-positive [28,29].

The fetus at risk should have serial monitoring. Fetal
anemia can be detected by serial amniocentesis measuring
the amount of bilirubin (a red-cell breakdown product) or
by serial Doppler ultrasound of the middle cerebral artery.
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Doppler ultrasound of the middle cerebral artery is a relatively
new technology, which is based on the fact that a fetus with
anemia has a higher cardiac output and lower blood viscosity
than a fetus without anemia. This results in a higher middle
cerebral artery peak systolic blood-flow velocity. In a recent
prospective international study [30], Doppler ultrasound
of the middle cerebral artery was found to be more accurate
than serial amniocentesis for diagnosis of severe fetal anemia
[28–31].

If a fetus is determined to have significant anemia based on
antenatal testing, anemia can be confirmed by percutaneous
umbilical blood sampling (PUBS). Intrauterine transfusion
can be performed at the same time. Often, serial intrauterine
transfusion with neonatal exchange transfusion is needed to
protect the fetus/neonate from life-threatening complications
of anemia [28–31].

Other fetal red-cell antigens such as Kell, Duffy, c, and E,
in the case of maternal–fetal incompatibility, can cause mater-
nal alloimmunization and fetal/neonatal anemia as described
above. Management of these diseases is similar to that of Rh
alloimmunization [1].

Neonatal alloimmune thrombocytopenia (NAIT) is a
platelet analog for Rh alloimmunization. In this disease,
maternal platelet alloimmunization to fetal platelet antigens
can cause fetal thrombocytopenia and in utero intracranial
hemorrhage. The maternal antibody is directed against the
HPA-1a fetal platelet antigen 80% of the time in Caucasians.
Unlike red-cell alloimmunization, a first pregnancy is com-
monly affected [31–33].

Placental insufficiency
Placental insufficiency is probably the most common way that
maternal disease affects fetal development. It is a general effect
associated with any disease that causes uteroplacental hypo-
perfusion (due to macrovascular or microvascular disease)
or hypoxemia. Placental insufficiency syndromes include
intrauterine growth restriction, oligohydramnios, placental
abruption, and pre-eclampsia. Any manifestation of placental
insufficiency can cause iatrogenic premature delivery in the
setting of an unstable mother or fetus. Diseases commonly
associated with placental insufficiency include chronic hyper-
tension, cardiac disease associated with low cardiac output or
hypoxemia, respiratory disease, renal disease, autoimmune
disease, and thrombophilias.

In general, management of pregnancies at risk for placental
insufficiency includes treating maternal disease to minimize
the effect of the disease on the pregnancy, i.e., increased
cardiac output/oxygen delivery in a cardiac patient, frequent
dialysis in a renal patient, suppression of autoimmune flares in
a lupus patient, or anticoagulation in a thrombophilic patient.
Many of these therapies, while proven to help the mother, are
not necessarily proven to decrease the incidence or extent of
placental insufficiency. The mother should also have frequent
blood-pressure monitoring in the third trimester to screen for
pre-eclampsia. Fetal monitoring includes monthly ultrasounds

to monitor fetal growth after 28 weeks and early weekly/twice-
weekly antenatal testing. Timing of delivery is also important
to minimize maternal and perinatal morbidity. Placental
insufficiency is discussed more thoroughly in Chapter 11.

Medications and toxins
Maternal medications and toxins can affect fetal development,
usually by crossing into the placental circulation. Although
the effects of most medications and toxins have not been well
studied, specific medications such as antiepileptics are well
known to specifically affect fetal development and are associ-
ated with malformations. Other medications, including che-
motherapeutic agents, can directly affect the functioning of
fetal organ systems such as bone marrow. Toxic exposures,
like illicit drugs, are also known to affect fetal development
and can cause withdrawal syndromes. Such toxic exposures
will be discu ssed elsewher e (Chapter 10), and a full discu ssion
of the teratogenic effects of medications and toxins is beyond
the scope of this chapter. However, as an example, we will
highlight teratogenic effects of antiepileptic medications.

Antiepileptic medications
Maternal seizure disorders affect 2–7/1000 pregnant women.
An increased rate of fetal malformation is found in the off-
spring of women with seizure disorders. It is felt, based on
observational studies, that antiepileptic medications are the
primary teratogens. In addition to the treatment of seizure
disorders, many antiepileptic medications are now being used
to treat psychiatric illness and neuropathic pain. Thus this
discussion relates to all women being treated with these medi-
cations, not only to women with seizure disorders [34].

The risk of congenital malformation is increased threefold
in women taking older-generation epileptic drugs such as
phenytoin, phenobarbital, carbamazepine, and valproic acid.
The risk is dose-dependent and also increases with the number
of antiepileptic drugs. Risk of fetal malformation is 3% with
one drug, 5% with two drugs, 10% with three drugs, and 20%
with four drugs. The most common fetal malformations asso-
ciated with antiepileptic drugs are neural tube defects, cardiac
malformations, and urogenital malformations. A syndrome
initially ascribed to phenytoin – fetal hydantoin syndrome,
consisting of dysmorphic facial features, cleft lip and palate,
digital hypoplasia, and nail dysplasia – has now been associ-
ated with phenytoin, carbamazepine, and valproic acid. Up to
10% of exposed fetuses may have some features of this syn-
drome. Newer antiepileptic drugs have been less well studied.
There has been one report associating lamotrigine with
an increased risk of cleft palate. Other studies show similar
malformation rates in offspring of patients on lamotrigine
monotherapy to that in controls [34,35].

Specific fetal syndromes have been associated with specific
drugs. With monotherapy, observational studies have demon-
strated that valproic acid is associated with the highest rate of
fetal malformation, 6–11% [34,35]. Valproic acid has a specif-
ically increased risk of neural tube defects, 1–2% of those
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exposed. It has also been associated with impaired cognitive
function. One study has shown dose-dependent cognitive
impairment in offspring of mothers treated with valproic acid
compared to offspring of mothers treated with carbamazepine
or phenytoin, and to unexposed controls [34]. Carbamazepine
is also specifically associated with an increased risk of neural
tube defects [14,34]. Folate supplementation pre-pregnancy
and during pregnancy with 4–5mg a day is recommended
for all women taking antiepileptic medications to avoid neural
tube defects. However, the efficacy of this has not been proven
[14,34].

In general, monotherapy with the lowest effective dose
is recommended for pregnant women with epilepsy. The
medication should be tailored to the specific type of seizure
disorder. However, if valproic acid can be avoided, it should
be. Ideally, any changes in drug therapy should occur prior
to conception. In patients whose last seizure was remote,
preconception discontinuation of antiepileptic medication
may be appropriate, and should be carefully considered by a
neurologist. Drug levels during pregnancy should be moni-
tored. Screening for fetal malformations with ultrasound and
fetal echocardiography is appropriate [14,34,35].

Infection
Fetal effects of maternal infection are beyond the scope of this
chapter, but are mentioned as a category for completeness.

Genetic disease
Maternal genetic disease that can affect fetal development
deserves attention for completeness and because of our increas-
ing ability to provide prenatal diagnosis for couples who are
affected by or are carriers of a genetic disease. Maternal genetic
disease can be passed to the fetus in an autosomal dominant,

autosomal recessive, X-linked, or polygenetic fashion. The list
of disorders for which prenatal diagnosis is available by chori-
onic villi sampling or amniocentesis is rapidly expanding.
Preimplantation genetic diagnosis, a technique in which one
or two cells from an embryo at the 6–8-cell stage are tested
for genetic disease prior to intrauterine implantation, is also
available for some genetic diseases. The practical and ethical
issues surrounding prenatal diagnosis of genetic disease is
complex. A full discussion of genetic disease is beyond the
scope of this chapter [1,36].

Summary
Maternal disease and treatment of maternal disease can
profoundly alter embryonic and fetal development and cause
neonatal disease. This chapter has highlighted well-studied
maternal illness which due to alterations in maternal metabo-
lism or the maternal immune system cause specific fetal disease.
For women with chronic diseases, preconception counseling is
crucial. Goals of preconception counseling include (1) maxi-
mizing medical control of chronic disease pre-pregnancy,
(2) avoiding medications associated with teratogenesis when
appropriate, (3) offering preimplantation genetic diagnosis
when available in the case of known parental genetic disease,
and (4) controlling maternal expectations with regard to
pregnancy outcome. Most medical disease can be managed
in pregnancy. Rarely, women should be counseled to avoid
pregnancy, if the physiologic changes in pregnancy could
threaten their life or organ function. In this setting alternatives
to pregnancy, such as surrogacy or adoption, should be
discussed. Communication between the obstetrician and the
pediatrician at the time of delivery is important, so that
the neonate can be screened for expected sequelae of maternal
illness or medications.
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Chapter

9 Obstetrical conditions and practices
that affect the fetus and newborn
Justin Collingham, Jane Chueh, and Reinaldo Acosta

Placenta previa
The implantation of the placenta over the cervical os or very
near to it is known as placenta previa. It may be total, when the
internal cervical os is completely covered by placenta; partial,
when the internal os is partially covered by placenta; marginal,
when the edge of the placenta is at the margin of the internal
os; or low-lying, when the placental edge does not reach the
internal os but is in close proximity to it [1].

Incidence
The incidence of placenta previa is about 3–6/1000 singleton
pregnancies [2,3]. In an unscarred uterus it has been reported
to be 0.26%, and it increases almost linearly with the number
of prior cesarean deliveries, up to 10% in patients with four or
more prior cesareans [4]. In a study from the state of New
Jersey evaluating almost 550 000 deliveries where the diagnosis
of placenta previa was confirmed only in pregnancies
delivered by cesarean, the incidence was 5/1000 births [5].

Etiology and risk factors
The likelihood of placenta previa rises with multiparity [6],
advancing maternal age, especially in women older than
35 years old [7], and a history of prior cesarean deliveries [8].
Smoking during pregnancy can double the risk of this condition
[9,10], and women of Asian origin have been reported to have
an increased risk of a delivery complicated by placenta previa
compared to Caucasian women [11].

Clinical presentation and diagnosis
The classic symptom of placenta previa is painless bright red
vaginal bleeding in the second or third trimester. In fact,
almost three-quarters of all women with placenta previa
experience at least one episode of painless antepartum bleeding,
which usually presents without warning. In most situations,
the initial episode resolves spontaneously [12]. The antepartum
diagnosis of placenta previa is primarily based on the ultra-
sonographic visualization of the placental location and its
relationship to the internal cervical os. Transvaginal sonogra-
phy is more accurate than transabdominal sonography in
making the diagnosis [13,14]. Transperineal [15] and translabial

ultrasonography [16] may also provide good resolution of the
internal os. Placenta previa has been diagnosed in 5% of
patients undergoing ultrasound examination between 16 and
18 weeks; 90% of these placentas are no longer identified as
previas in the third trimester, however. This phenomenon has
been called placental migration. In these patients extra care is
not required unless the diagnosis persists beyond 30 weeks of
gestation or if the patient becomes symptomatic before that
time. In general, the earlier in pregnancy the initial episode of
bleeding occurs, the worse the outcome of the pregnancy [17].

Management
Management of placenta previa varies according to the clinical
situation. In preterm pregnancies with no active bleeding,
expectant management is the general rule. Strict bed rest,
blood transfusions as required, administration of corticoster-
oids to reduce the rate and severity of fetal respiratory distress
syndrome, as well as the occasional use of tocolytic agents
for inhibition of premature labor in the presence of vaginal
bleeding are appropriate in the conservative aggressive man-
agement of this condition [18–20]. One of the most contro-
versial issues is whether the mother should be kept
hospitalized after she has been stabilized. D'Angelo and Irwin
reported an improved outcome in neonatal morbidity in these
patients maintained in hospital [21], but Wing and coworkers
noted that, in selected patients, outpatient management may
be safe and appropriate [22]. Anti-D immunoglobulin should
be given after a bleeding episode if the patient is Rh-negative.
It is advisable to perform a scheduled cesarean delivery after
determination of fetal pulmonary maturity: this approach
significantly reduces overall neonatal morbidity and mortality
[18]. Emergent and expeditious cesarean delivery, however,
may be warranted in cases of persistent hemorrhage, failed
tocolysis, fetal distress, or coagulopathy.

Complications
Major maternal complications of placenta previa are related to
massive bleeding leading to hemorrhagic shock. Following
placental removal, hemorrhage at the site of implantation
may occur. Almost 7% of placenta previas have an abnormal
placental attachment to the myometrium (see section below
on placenta accreta) [3]. If uterotonic medication, hemostatic
sutures, and other conservative methods fail to control the
hemorrhage, hysterectomy may be necessary.
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Some investigators have reported a high incidence of fetal
growth restriction with previa [23]. Others have not found
this association after controlling for gestational age [2,5,24].
Despite tocolysis and transfusions to delay delivery, nearly
two-thirds of the patients are delivered before 36 weeks, and
they account for at least 10–15% of all premature births [5].
The perinatal mortality due to placenta previa decreased sig-
nificantly from 37% in the early 1970s [25] to as low as 4–8%
in the 1980s [26]. Crane et al., in a population-based retro-
spective cohort study of over 92 000 births in Nova Scotia,
Canada, identified 305 cases of placenta previa [2]. The peri-
natal mortality rate in their patients was 2.3%, compared to
0.78% in controls. These investigators also noted no differ-
ences in birthweights after controlling for gestational age in
the patients and controls. After controlling for potential
confounders, neonatal complications associated with placenta
previa included major congenital anomalies, respiratory dis-
tress syndrome, and anemia [2]. There is a significant correl-
ation between antepartum maternal hemorrhage and the need
for neonatal transfusion, and between neonatal anemia and
the amount of intrapartum maternal blood loss [17].

Summary
Placenta previa is a life-threatening condition for the mother
and the fetus. Prompt diagnosis by ultrasound, and treatment
with strict bed rest, tocolysis, and blood transfusions are
mainstays of care. A planned cesarean delivery as close to term
as feasible and with documented fetal maturity is optimal.
Emergent preterm delivery is frequently necessary, however.

Placental abruption
The premature separation of the normally implanted placenta
is known as placental abruption. Usually this phenomenon is
accompanied by painful uterine contractions and a variable
amount of vaginal bleeding. Bleeding may also be concealed
behind the detached placenta.

Incidence
The incidence of placental abruption is between 5 and 7/1000
births [27,28]. Ananth and Wilcox, evaluating 7 508 655
singleton births in the USA in the years 1995 and 1996, found
that abruption was encountered in 6.5/1000 live births [29].
A perinatal mortality rate of 119/1000 live births has been
reported [29], and up to 14% of the fetuses that survive may
have significant neurological deficits [30].

Etiology and risk factors
Although the precise cause of placental abruption remains
unknown, various risk factors have been identified. Many
reports suggest that the incidence increases with advancing
maternal age and parity [31,32], although other studies have
been unable to confirm this association [33,34]. It has also
been reported to be more common in African-American
women than Caucasians and less frequent in Hispanic women
[31]. There is a strong association of this condition with
hypertension, either pre-existing or pregnancy-associated

[28,35–37], with a threefold increased incidence of abruption
with chronic hypertension and a fourfold increase with severe
pre-eclampsia [38]. Women who smoke during their pregnan-
cies also have an increased risk of abruption [39]. If one adds
the effects of smoking and hypertension during pregnancy, the
risk is increased even greater [28]. There is also an increased
incidence of abruption with premature rupture of membranes
[36], especially in patients who have recurrent bleeding epi-
sodes during the period of expectant management [40,41].
Studies have consistently documented placental abruption
as a maternal reproductive risk associated with cocaine use
[42–44]. Recent reports have also found an increased
frequency of genetic thrombophilias in patients with placental
abruption [45,46]. Placental abruption may also be present
even in cases of minor trauma, and may not be a clinically
immediately evident condition [47,48]. Uterine leiomyomas
may predispose to abruption, especially if they are located
behind the placental implantation site [49]. A history of
placental abruption may increase the risk of occurrence up
to 10-fold in subsequent pregnancies [27]. Other risk factors
that have been associated with this condition include severe
fetal growth restriction, chorioamnionitis, polyhydramnios,
a short umbilical cord, sudden uterine decompression, external
version and diabetes [32,33,50].

Clinical presentation and diagnosis
Because of the wide variety of signs and symptoms associated
with placental abruption, it is necessary to have a high index of
suspicion in order to make an accurate diagnosis. The clinical
spectrum ranges from asymptomatic states in which the diag-
nosis is made only after delivery upon the evaluation of the
placenta, to cases with fetal demise, maternal hypovolemic
shock, and severe coagulopathy. The most common presenta-
tion, however, is an acute onset of vaginal bleeding accompan-
ied by intermittent cramping or constant abdominal pain.
Other findings that may be present are non-reassuring fetal
status, frequent and intense contractions, preterm labor, and
intrauterine fetal demise [51]. Ultrasound visualization of a
clot occurs in only about 25% of the cases and appears to have
little or no impact on course or management. The absence of
these findings should not preclude the diagnosis. Ultrasound
assessment and clinical inspection are both essential in order
to rule out placenta previa and other causes of bleeding,
however. In assessing a woman with placental abruption, the
possibility of physical abuse or the use of cocaine must not
be disregarded. Unless specific questions about these issues
are asked, the precipitating cause of the abruption may not be
identified [50].

Management
Once the diagnosis of placental abruption has been made,
intravenous access, blood-product availability, and maternal
hemodynamic stability must be secured. The next step in
management will depend upon gestational age and maternal
and fetal statuses.
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In preterm pregnancies without evidence of maternal or
fetal compromise, expectant management may be considered.
Tocolysis in this clinical situation is a matter of controversy
[51–53]. Administration of steroids should be considered, in
the hope of reducing the risk of fetal respiratory distress
syndrome.

Expectant management generally is not a choice for the
majority of patients, and delivery is indicated because of mater-
nal or fetal deterioration or both. Delivery is also indicated in
viable, mature fetuses. If vaginal delivery is not imminent,
cesarean section is the best approach. However, if the fetus
has died or if the mother is anticipated to deliver vaginally in
the immediate future, labor can be pursued provided that the
mother does not continue to have deterioration of her clinical
status. Cesarean delivery in the case of fetal demise should
be reserved for maternal indications alone [20]. Rh-negative
mothers with placental abruption require anti-D immuno-
globulin to avoid Rh isoimmunization.

Complications
Most of the serious maternal complications of placental
abruption are related to hypovolemia secondary to maternal
hemorrhage, which may lead to acute renal and other organ
failure. Almost 40% of cases of renal failure in pregnancy are
secondary to placental abruption [54]. Abruption is also the
most frequent cause of disseminated intravascular coagulation
(DIC) in pregnancy. DIC may aggravate hemorrhagic prob-
lems, is found in about 30% of women with abruption, and
may be severe enough to cause fetal demise [55]. With respect
to the fetus, most of the complications result from prematurity
and hypoxia. Low-birthweight infants delivered after placental
abruption tend to have low Apgar scores and are at increased
risk of neonatal death and the development of intraventricular
hemorrhage and cerebral palsy [56].

Summary
Placental abruption is an extremely dangerous condition for
both the mother and the fetus, carrying significant morbidity
and mortality for both. The diagnosis requires a high index
of suspicion as well as prompt assessment of the fetal and
maternal statuses. Whether expectant management or exped-
itious delivery is warranted depends upon the severity of the
condition and the gestational age at the time of diagnosis. The
route of delivery is dictated by the severity of the condition
and the viability of the fetus.

Vasa previa
Vasa previa is a rare condition in which the fetal blood vessels,
unsupported by either the umbilical cord or placental tissue,
traverse the fetal membranes of the lower segment of the
uterus below the presenting part and directly over the cervix.
This condition typically arises when the umbilical cord inserts
into the placental membranes (velamentous cord insertion)
near the cervix. It can also arise when a placenta previa or
low-lying placenta “migrates” away from the lower uterine
segment, leaving the cord insertion behind, attached only to

membranes (velamentous insertion). If the fetal vessels
between the umbilical cord and the main placental disc
happen to traverse close to the cervix, a vasa previa would
result. A vasa previa can also result from fetal vessels travers-
ing over the cervix in their journey from the succenturiate lobe
of a placenta to the main placenta disc, or between two lobes of
a bilobed placenta.

Incidence
It is difficult to estimate the true incidence of this condition,
as vasa previa is likely to be under-reported. It has been
estimated to occur in about 1/2000 to 1/3000 deliveries. Thus,
a relatively active obstetric service may expect one case per
year [57].

Etiology and risk factors
Vasa previa has been associated with in vitro fertilization,
multiple pregnancies, low-lying placentas, and multilobed
or succenturiate placentas [58–60]. It is not clear why IVF
appears to be associated with vasa previa [11,14,18]. A study of
100 placentas from IVF pregnancies revealed 14 cases of
velamentous insertion among them [18]. This prevalence was
higher than the prevalence of velamentous cord insertion in
the general population, even after correcting for the higher
prevalence of velamentous insertion in multiple pregnancies
[18]. Similarly, in a recent study, Schachter and colleagues [11]
found an incidence of vasa previa at their institution of 1 in
293 IVF deliveries compared with a vasa previa rate of 1 in 6068
total deliveries.

Clinical presentation and diagnosis
The usual clinical presentation of this condition is vaginal
bleeding after either spontaneous or artificial rupture of mem-
branes, leading to the rupture of the velamentous vessels, and
fetal death from exsanguination. However, vessel rupture may
occur independently of membrane rupture; therefore, this
condition should be suspected in any patient with antepartum
or intrapartum hemorrhage [61]. Occasionally, fetal heart-rate
abnormalities such as progressive severe variable deceler-
ations, fetal bradycardia, or a sinusoidal pattern due to fetal
anemia may be the only manifestations of vasa previa [62,63].

Transabdominal and transvaginal ultrasound with color
Doppler is the current method used for the antenatal diagnosis
of vasa previa [64–68]. Pulsed wave Doppler placed directly
over vessels can help distinguish between maternal and fetal
pulsations. Three-dimensional ultrasound has also been
reported as a useful diagnostic tool for this condition [69].
In situations where the source of vaginal bleeding is uncertain
and maternal and fetal status are stable, hemoglobin denatur-
ing tests such as the bedside Apt test may help distinguish
between fetal and maternal blood, thereby establishing the
origin, and therefore the acuity, of the bleed.

Management
If the diagnosis of vasa previa has been made antenatally, and
there is no evidence of fetal compromise, the safest form of
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delivery would be by planned cesarean at around 35 weeks'
gestation, or earlier if fetal lung maturity is documented. This
is earlier than the 39 weeks that is generally recommended for
elective cesarean delivery, but it mitigates the risk of mem-
brane rupture and fetal exsanguination prior to delivery. One
study showed a perinatal mortality rate of 56% for neonates
delivered at 38 weeks without prenatal diagnosis.

Immediate delivery is mandatory in a viable pregnancy in
the setting of bleeding from a vasa previa. The infant has a
total blood volume of approximately 250 ml at term and is
therefore very intolerant to blood loss. If the cervix is fully
dilated and vaginal delivery can be accomplished rapidly, this
becomes the route of choice [57]. Vaginal delivery is also
indicated when the fetus is too immature to survive or when
fetal demise has already occurred. An emergency cesarean
delivery provides the most favorable outcome if performed
immediately upon recognition of the condition. Optimizing
neonatal outcome requires rapid and aggressive neonatal
resuscitative techniques. These include immediate basic and
advanced life support measures, and establishment of vascular
access for fluids, blood, and blood-component therapy [70].
Rh-negative patients should receive anti-D immunoglobulin
when indicated. Because of the risk of unexpected and cata-
strophic hemorrhage from fetal vessels, admission to the
hospital early in the third trimester may be reasonable. An
alternative approach is to follow the pregnancies with serial
transvaginal cervical length determinations, along with hospi-
talization should the patient experience contractions or spot-
ting. It is unknown whether either plan would be successful in
averting bad outcomes associated with unexpected premature
rupture of membranes or preterm labor, but hospitalized
patients might theoretically have a better chance. Elective
cesarean delivery at about 35 weeks of gestation is reasonable
when considering benefits and risks. Because of the potential
for emergency preterm delivery, consideration should be given
to administering steroids to promote fetal lung maturation.

Complications
Vasa previa is mainly a risk to the fetus. The fetal mortality
rate ranges from 33% to 100% [64]. Complications are associ-
ated with bleeding from fetal vessels prior to and during labor,
and after rupture of membranes. In a recent review of 155
cases of vasa previa [57], the overall perinatal mortality was
36%. The only significant predictors of neonatal survival were
prenatal diagnosis and gestational age at delivery. Of the
patients who did not have prenatal diagnosis, intrapartum
bleeding occurred in 41 of 94 (44%) [57]. The most striking
finding was that, when the diagnosis was made prenatally,
more than 96% of infants survived, whereas more than half
of all fetuses/infants died when there was no prenatal diagno-
sis. Among survivors when the diagnosis had not been made
prenatally, 1- and 5-minute Apgar scores were very low
(median 1 and 4, respectively). In addition, more than half
of surviving neonates required blood transfusions when the
diagnosis was not made prenatally.

Summary
Vasa previa is an obstetric condition that may have cata-
strophic consequences for the fetus. If unsuspected hemor-
rhage occurs from a vasa previa, immediate delivery and
aggressive resuscitation of the newborn are mandatory, but
this carries a high neonatal morbidity and mortality. Prenatal
diagnosis by transabdominal and transvaginal ultrasound,
with cesarean delivery before rupture of membranes, appears
to dramatically improve the neonatal outcome. In women at
increased risk (those with second-trimester low-lying placen-
tas, pregnancies resulting from IVF, and accessory placental
lobes), transvaginal color Doppler sonography of the region
over the cervix should be considered if vasa previa cannot be
excluded by transabdominal sonography. Neonates delivered
after vasa previa diagnosed prenatally have a significantly
higher chance of survival, higher Apgar scores, and lower
incidence of blood transfusions, compared with cases not
diagnosed prenatally.

Placenta accreta
Placenta accreta is an abnormality in placental implantation
in which the placental chorionic villi are attached to the
myometrium instead of to the decidua basalis and the stratum
spongiosum. Placenta accreta can be further specified as
placenta increta, where the villi invade into the myometrium,
and placenta percreta, where the villi reach the uterine serosa
and may invade surrounding structures such as the bladder
or rectum.

Incidence
Once a rare occurrence in obstetrics with an incidence of less
than one in 30 000 deliveries in the 1930s to 1950s, placenta
accreta now occurs in approximately 1/500 deliveries, largely
as a result of an increase in rates of cesarean delivery [71].

Etiology and risk factors
The mechanism behind the abnormal placentation of placenta
accreta is hypothesized to be a dysfunctional or absent decidua
basalis, particularly in the scarred uterus. Risk factors identi-
fied for placenta accreta include advanced maternal age and
previous uterine surgery such as cesarean delivery, especially
when accompanied by a placenta previa. The risk of accreta
with prior cesarean delivery and the existence of a placenta
previa has been shown to be 3%, 11%, 40%, 61%, and 67% for
first, second, third, fourth, and fifth or more repeat cesarean
deliveries, respectively [72].

Clinical presentation and diagnosis
The first clinical sign of placenta accreta is often the failure of
placental separation to occur, usually at the time of repeat
cesarean delivery, with attendant profuse hemorrhage. The
intraoperative diagnosis of placenta percreta may be made by
visualization of placental invasion through the uterine wall
and/or into adjacent structures, with invasion of the bladder
the most common. Prenatal diagnosis of placenta accreta has
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gained much attention recently. Ultrasound with color
Doppler to assist in identifying abnormal placental vasculature,
either abdominally or transvaginally, has been determined to
be useful in identifying those patients with a high likelihood of
placenta accreta; magnetic resonance imaging (MRI) has also
proven useful. A recent cohort study reported a sensitivity of
0.77 and a specificity of 0.96 for ultrasound in detecting
placenta accreta in patients at risk for accreta, and a similar
sensitivity of 0.88 and specificity of 1.0 for MRI performed
in those patients with equivocal or inconclusive ultrasound
findings [73].

Management
The mainstays of management include a planned cesarean
delivery, usually at approximately 35–36 weeks of gestation,
or earlier if fetal lung maturity is established. A lower thresh-
old for delivery is often employed, as specialty anesthesia and
surgery teams, as well as blood products, may be required for
intraoperative management of expected hemorrhage. Hysterec-
tomy is the definitive treatment, although uterine preservation
in rare circumstances has been described [74].

Complications
Fetal and neonatal effects of placenta accreta have not been
well documented, but as most cases of placenta accreta occur
in the setting of placenta previa, the attendant perinatal risks
of placenta previa can be presumed to occur with placenta
accreta. Although limited by its format as a questionnaire of
practicing perinatologists, one review showed a 9% perinatal
mortality rate, largely due to previable iatrogenic deliveries.
The rising rate of cesarean delivery has prompted investigators
to examine the potential increased maternal and fetal risks of
repeat cesarean delivery, particularly in the setting of placenta
previa. A recent large study of patients undergoing cesarean
delivery for placenta previa showed an increase in adverse
maternal outcome as the number of prior cesarean deliveries
rose; adverse perinatal outcomes and gestational age at delivery,
however, remained unrelated to the number of prior cesarean
deliveries [75].

Summary
Placenta accreta is a maternally life-threatening condition of
abnormal placentation growing in incidence, largely related to

an increased rate of cesarean delivery. Although prenatal
imaging techniques such as ultrasound and MRI do not have
perfect sensitivity and specificity for predicting placenta
accreta, these tests, when coupled with a high index of suspi-
cion in those patients most at risk, can provide invaluable
information and therefore allow the practitioner to prepare
adequately for massive hemorrhage and surgical intervention
at the time of delivery.

Miscellaneous cord
and placental abnormalities
The presence of a short umbilical cord at delivery has histor-
ically been associated with increasing the predictive value of
low Apgar scores for subsequent low IQ scores and neurologic
abnormalities [76]. A recent large retrospective review of short
cord diagnosed after delivery showed an association between
short cord in non-anomalous singleton pregnancies and
maternal labor and delivery complications, as well as death
within the first year among term infants [77]. Variation exists,
however, in the reference standards for diagnosis of short
cord, and the inability to reliably diagnose the entity in the
antenatal period limits the utility of the predictive power of
the diagnosis. The diagnosis has utility mainly in postnatal life,
where there is a suggestion that neonates born with short
umbilical cords may benefit from increased monitoring.

Postnatally diagnosed marginal cord insertion, often
defined as a placental cord insertion within 1–2 cm from the
placental edge, has classically been associated with reduced
birthweight [78]. Recent advances in Doppler ultrasound have
allowed the diagnosis to be made in the antenatal period; a
recent retrospective review, however, failed to show an associ-
ation between marginal cord insertion and increased risks of
growth restriction or preterm delivery [79].

Postnatally diagnosed velamentous cord insertion has also
been associated with low birthweight, preterm delivery, low
Apgar scores, and abnormal fetal heart rate patterns [80].
Doppler ultrasound has also allowed for the antenatal diagno-
sis of velamentous cord insertion, with recent data suggesting
an association between antenatally diagnosed velamentous
insertions into the lower third of the uterus and intrapartum
heart-rate abnormalities [81].
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Chapter

10 Fetal and neonatal injury
as a consequence of maternal substance abuse
H. Eugene Hoyme, Melanie A. Manning, and Louis P. Halamek

Introduction
Substance abuse is widely prevalent in our society, and women
in their child-bearing years are not immune to this epidemic.
In addition to the many problems substance abuse causes for
these women, it may also place the children they are carrying
at risk for lifelong sequelae. Despite the paucity of information
on the safety of drugs in pregnancy and lactation, virtually all
pregnant women are exposed to prescription and/or non-
prescription drugs in some form. The 1991 World Health
Organization (WHO) International Survey on Drug Utiliza-
tion in Pregnancy observed that 86% of women surveyed took
medication in pregnancy, with an average of 2.9 prescriptions
per woman, excluding over-the-counter and herbal prepar-
ations [1]. It is estimated that approximately 10% of pregnant
women are exposed to illicit substances [2]. The purpose
of this chapter is to describe the fetal and neonatal effects
of various legal and illegal sensorium-altering substances
ingested by pregnant women.

Drug distribution in pregnancy
It is important to first understand general principles of drug
distribution during pregnancy, including the roles of the
placenta and breast in biotransformation and secretion. The
characteristics that favor transport of a drug across the lipo-
protein barriers between the circulation and the central and
peripheral nervous systems include high lipid solubility, min-
imal ionization at physiologic pH, low protein-binding, and
low molecular weight. High lipid solubility may result in
storage of such substances in maternal body fat with subse-
quent release and transfer into fetal lipid stores during preg-
nancy. These same characteristics also enable drugs to cross
the placenta readily and enter the fetal circulation. Drugs with
a lower molecular weight (< 500 g/mol) cross the placenta
readily, while drugs with a molecular weight between 600
and 1000 cross at a slower rate. A few drugs with a high
molecular weight (> 1000 g/mol), such as heparin and insulin,
do not cross the placenta in any appreciable amount [3].
Deposition and retention of drugs in placental tissue, while
limiting acute fetal exposure during maternal binges, may

result in chronic long-term exposure to low levels of the same
substance or its metabolites. Because the activity levels of
certain fetal hepatic enzyme systems critical to drug metabol-
ism are suboptimal, concentrations of such substances may be
higher in the fetus than in the mother. Fetal organs such as the
kidney may also be relatively inefficient in drug excretion,
producing higher serum levels. Fetal swallowing of amniotic
fluid contaminated with active drugs and metabolites results
in continued exposure. The umbilical cord and its vessels,
along with the vessels present on the surface of the placenta,
provide yet another potential route of absorption of drugs and
metabolites present in amniotic fluid [4]. Cutting the umbil-
ical cord at birth does not fully protect the newborn from
maternal substance abuse. Drugs stored in fetal fat can be
released over time, resulting in continued exposure of the
neonate over the first hours, days, weeks, or months of life.
High lipophilicity enables these same substances to pass into
breast milk, resulting in continued neonatal exposure and
potential overdose.

General effects of substance
abuse during pregnancy
Substance-abusing women often do not seek access to prenatal
care, or lack access to health care, and are therefore at high
risk for serious adverse health effects, including withdrawal,
malnutrition, iron- and/or folate-deficiency anemia, and par-
enterally transmitted diseases such as bacterial endocarditis,
human immunodeficiency virus, and hepatitis B virus. Preg-
nancy further increases the health risks faced by these women.

Fetal effects of maternal substance abuse depend on many
variables. Most agents to which the mother and the fetus are
exposed during gestation are not harmful; however, many
substances are known human teratogens (drugs, chemicals,
infectious agents, and other physical and environmental
agents that cause structural and/or neurobehavioral disabil-
ities postnatally). The specific substance used by the mother
may have profound effects on the fetus that are readily appar-
ent during pregnancy or shortly after birth, subtle influences
manifested during school-age years, or no detectable conse-
quences. The dose of the substance ingested and the duration
of exposure during pregnancy also play an important role.
Heavy use of any drug over a long period of time places the
fetus at greater risk than light use over a similar time frame.
Binge use (high intake of a drug over a relatively short period
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of time) is also potentially toxic to the fetus. Similarly, the
timing of ingestion during pregnancy helps determine fetal
and neonatal effects (Fig. 10.1). Use during the first trimester,
a period critical for organogenesis, may result in malforma-
tions of organs rapidly undergoing morphogenesis. The
exception is the first 10–14 days of gestation, prior to implant-
ation of the embryo, during which no recognizable teratogenic
effects are observed. This is likely due to an “all or none”
phenomenon, in which if an embryo undergoes significant
damage implantation (and recognizable pregnancy) will not
occur; conversely, if implantation does occur following the
exposure, it implies absence of significant adverse effects.
Use in later trimesters may unduly influence processes such
as synapse formation in the central nervous system, which
may produce neurobehavioral abnormalities or result in the
neonatal abstinence syndrome. The genetic constitution of
both mother and fetus is likewise important, in that drug
metabolism by enzyme systems is under genetic control
and inherited enzymatic defects may greatly potentiate the
deleterious effects of various ingested substances [5].

Exposure to substances of abuse in utero may be associated
with lifelong consequences. The effects of fetal exposure to
human teratogens can present in the neonatal period and may
be incompatible with long-term survival. Other more subtle
alterations in morphogenesis may present months or even
years after birth, as neurodevelopmental delay or similar
abnormalities. Clamping of the umbilical cord produces an
abrupt cessation of drug administration, and may result in
withdrawal as newborn blood levels fall. Continuing exposure

of the neonate to substances of abuse, as through breastfeeding,
may produce a state of prolonged intoxication.

Methodological limitations
Many methodological problems exist with studies performed
on substance-abusing women and their children. Because
many women abuse more than a single substance during
pregnancy, identification of a population of women and neo-
nates exposed to a single substance is difficult at best. Small
selective sample sizes and the lack of suitable control groups
are problems which plague many clinical investigations; such
studies tend to focus on those with the most intense exposures,
who are most likely to exhibit detectable effects. Concomitant
use of multiple drugs may produce an additive harmful effect
when compared to use of a single substance. Investigators
are also faced with an inherent inability to document the
frequency and dose of drug exposure. Illicit drugs are not
regulated for purity and are often adulterated or “cut” with
other substances, making dose ascertainment problematic,
even in those who apparently have limited their exposure to
a single drug. While elicitation of a drug-use history is a vital
component of any obstetric or neonatal evaluation, it has been
shown in multiple studies that patient historical recall alone
grossly underestimates prenatal substance abuse. Therefore,
historical data must be accompanied by analysis of maternal
and neonatal body fluids or tissues. Analysis of urine is
capable of detecting only relatively recent (hours to days)
exposure. Neonatal meconium analysis, while more sensitive
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than urine analysis, is useless in the detection of drug exposure
very early in gestation, since meconium is formed beginning at
approximately 16 weeks' gestation. Maternal hair analysis may
provide the best information regarding timing of exposure,
dose ingested, and duration of exposure, but it requires the
cooperation of the mother. Neonatal hair may be lacking in
sufficient quantity to allow study, and also is not present early
in gestation (fetal hair begins to appear at approximately
9 weeks' gestation). Selection of only the most severely affected
cases for presentation in the literature and ignorance of
negative studies are common. The presence of numerous
confounding variables such as poor nutrition, poverty, previ-
ous obstetric history, and lack of access to prenatal and
pediatric care greatly complicates any study of the effects of
maternal substance abuse. In utero exposure and subsequent
biologic predisposition are complicated by environmental
influences, which is reflected in the multi-hit model of neuro-
logical handicap [6]. Follow-up studies are hampered by high
attrition rates and bias toward better-performing outcomes.
Thus, while many of these substances are associated with
adverse maternal, fetal, and neonatal outcome, it is impossible
to state that a cause-and-effect relationship exists for most of
the drugs ingested by pregnant women.

Substances of abuse
Ethanol
Of all the potential substances that women might abuse during
pregnancy, ethanol poses the greatest risk to the embryo and
fetus. Fetal alcohol syndrome is the most common identifiable
cause of mental retardation, affecting 0.1–0.5% of all live
births, and more subtle forms of teratogenic damage from
prenatal alcohol exposure may affect 1% of all children born
in the USA [7]. The societal burden of the teratogenic effects
of alcohol is immense, in terms of suffering, lost productivity,
and excess medical and educational expenses [8]. It was esti-
mated that the annual costs of the damage caused by maternal
alcohol abuse in the USA reached $4 billion by 1998 [9].

Ethanol consumption is common in the population at
large, and various studies indicate that approximately one-half
of women in their child-bearing years drink. The incidence
of ethanol ingestion by pregnant women steadily declines
as pregnancy advances: by the third month only 10–15% of
women continue to ingest alcohol [10]. Many women are
unaware they are pregnant until they reach the second or third
month; therefore their fetuses are exposed to ethanol and its
metabolites during the critical period of organogenesis.

The level of glucuronyl transferase and alcohol dehydro-
genase activity is decreased in the fetus as compared to mater-
nal levels [11]. Catabolism is delayed, resulting in higher fetal
than maternal ethanol concentrations, thereby potentiating
teratogenic risk.

It has long been recognized that maternal ethanol consump-
tion during pregnancy produces a range of adverse effects in the
fetus and neonate: such effects may be subtle, expressing them-
selves in mild neurodevelopmental abnormalities, or profound,

with characteristic phenotypic manifestations and mental
retardation [12]. This continuum of structural anomalies and
behavioral and neurocognitive disabilities is most accurately
termed fetal alcohol spectrum disorders (FASD) [13].

In 1996, the Institute of Medicine set forth four specific
diagnostic categories within FASD, thereby defining the clin-
ical spectrum: fetal alcohol syndrome (FAS), partial fetal alco-
hol syndrome (PFAS), alcohol-related birth defects (ARBD),
and alcohol-related neurodevelopmental disorder (ARND)
[14]. Fetal alcohol syndrome (FAS) denotes a specific pattern
of malformations, with a confirmed history of maternal
alcohol abuse during pregnancy, prenatal onset of growth
deficiency (length and/or weight) that persists postnatally, a
specific pattern of minor anomalies of the face, and neuro-
cognitive deficits. Children with PFAS display the facial
characteristics of FAS, but demonstrate only some of the
growth and/or neurocognitive deficits. ARBD represents a
specific pattern of structural birth defects in affected individ-
uals with the characteristic facies, but who demonstrate
normal behavior and cognitive development. Finally, ARND
represents a group of affected children with the typical neu-
rodevelopmental profile of FAS, but who exhibit normal
structural development and normal growth. It is perhaps this
last group of children who represent the most difficult diag-
nostic challenge. Specific diagnostic criteria within each of
these categories were published in 2005 (Table 10.1) [15].
A typically affected child with FAS is depicted in Figure 10.2.

Just as the intoxicating effects of ethanol on adults vary
directly with blood levels, the effects seen in the newborn
undoubtedly reflect the variability in dose, timing of exposure
during gestation, frequency of exposure, and the genotype of
mother and fetus.

Both ethanol and its primary metabolite acetaldehyde are
teratogenic to numerous organ systems; however, the primary
target of ethanol teratogenesis is the developing brain. Central
nervous system abnormalities, especially involving midline
structures, are a prominent component of fetal alcohol syn-
drome [16]. Structural malformations include microcephaly,
cerebellar dysplasia, heterotopias, agenesis of the corpus
callosum, and anomalies secondary to the interruption of
neuronal and glial migration [17]. Neuroimaging studies have
also documented that, in addition to an overall reduction of
brain size and specific structural malformations, prominent
brain shape abnormalities have been observed, with narrowing
in the parietal region and reduced brain growth in portions of
the frontal lobe [18].

Multiple mechanisms by which ethanol and its metabolites
impair normal development have been implicated. Events
such as neuronal migration depend upon the developmentally
regulated expression and function of cell adhesion molecules
(CAMs); CAMs are also expressed in osteoblasts, and appear
to play a role in bone formation. Ethanol has been shown to
alter the migration of neurons into the cortex in animal
models and suppress the expression of CAMs in tissue culture
in a dose-dependent fashion [19]. Ethanol also alters the levels
of endogenous retinoids and the expression of retinoic acid
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receptors in rats, producing cardiac anomalies similar to those
seen in vitamin A teratogenesis [20].

Some studies have revealed that ethanol inhibits cell
division and protein synthesis. Quantitative decreases in brain

DNA and delays in the appearance of messenger RNA
for various developmentally regulated central nervous system
proteins have been detected in rat pups [21]. Delayed neur-
onal migration and proliferation have been documented
in rats exposed to ethanol in utero [22]. The incidence of
germinal matrix and intraventricular hemorrhage is increased
in ethanol-exposed premature human neonates [23]. This
may be indicative of an ethanol-induced alteration in the
developmental biology of the germinal matrix, the site of both
neuroblastogenesis and glioblastogenesis. Ethanol may also
stimulate cell proliferation and thereby inhibit terminal
neuronal differentiation and synapse formation [24]. Studies
indicate that ethanol can impair gene expression at the tran-
scriptional level, disrupting the temporal and spatial patterns
of differential gene expression, potentially having a profound
impact on eventual structure and function. Recent studies
in experimental animals have also documented that alcohol
downregulates many early developmental genetic pathways
in the embryo (e.g., Shh, Pax6, and Fgf8), thus leading to
many of the observed changes in structure and function
[25–27].

Functional abnormalities such as mental retardation,
hypotonia, irritability, and poor coordination are observed in
patients with fetal alcohol syndrome. Exposure to ethanol in
utero has been shown quantitatively and temporally to alter
the development of numerous neurotransmitters, including
the serotonergic, cholinergic, dopaminergic, and glutamatergic

Table 10.1. Revised Institute of Medicine criteria for diagnoses within the fetal alcohol spectrum disorders (FASD) continuum [15]

(I) Diagnostic criteria for FAS or PFAS (with or without confirmed maternal alcohol exposure) (FAS requires all features A–C; PFAS requires A and: B or C or
evidence of a complex pattern of behavioral or cognitive abnormalities inconsistent with developmental level and that cannot be explained by genetic
predisposition, family background, or environment alone [see ARND])

(A) Evidence of a characteristic pattern of minor facial anomalies, including at least two of the following:

Short palpebral fissures (� 10th percentile)

Thin vermilion border of the upper lip (score 4 or 5 on the lip/philtrum guide)

Smooth philtrum (score 4 or 5 on the lip/philtrum guide)

(B) Evidence of prenatal and/or postnatal growth retardation: height or weight � 10th percentile

(C) Evidence of deficient brain growth or abnormal morphogenesis, including one or more of the following:

Structural brain abnormalities

Head circumference � 10th percentile

(II) Diagnostic criteria for alcohol-related effects (ARBD and ARND) (A diagnosis in these categories requires a confirmed history of prenatal alcohol exposure)

ARBD requires the characteristic facies as above plus specific congenital structural defects (including malformations and dysplasias) in at least one organ
system (if the patient displays minor anomalies only, at least two must be present). This category assumes the subject to have normal growth and intellectual/
behavioral characteristics

ARND assumes the subject to have normal growth and structure and at least one of the following (A or B):

(A) Evidence of deficient brain growth or abnormal morphogenesis, including one or more of the following:

Structural brain abnormalities

Head circumference � 10th percentile

(B) Evidence of a complex pattern of behavioral or cognitive abnormalities inconsistent with developmental level and that cannot be explained by genetic
predisposition, family background, or environment alone

This pattern includes: marked impairment in the performance of complex tasks (complex problem solving, planning, judgment, abstraction,
metacognition, and arithmetic tasks); higher-level receptive and expressive language deficits; and disordered behavior (difficulties in personal manner, emotional
lability, motor dysfunction, poor academic performance, and deficient social interaction)

Notes:
FAS, fetal alcohol syndrome; PFAS, partial fetal alcohol syndrome; ARBD, alcohol-related birth defects; ARND, alcohol-related neurodevelopmental disorder.

Fig. 10.2. Typically affected child with fetal alcohol syndrome. Short palpebral
fissures, a smooth philtrum and a thin vermilion border of the upper lip are
evident.
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systems, as well as to alter the activity of membrane-bound
receptors for various neurotransmitters [28].

Prenatal ethanol exposure is associated with amblyopia,
astigmatism, and other visual defects in humans. Animal stud-
ies in rats indicate that ethanol produces both macroscopic and
microscopic changes in the optic nerves, including a gross
decrease in cross-sectional diameter, cytostructural maldevelop-
ment of glial cells, neurons, and myelin, and abnormalities in
various organelles [29]. External ear anomalies and sensori-
neural hearing loss have also been described [30].

Associated cardiovascular abnormalities include atrial
septal defect, ventricular septal defect, and anomalies of the
great vessels. Myocardial ultrastructural changes, including
decreased myofibrillar density and dysplasia, have been produced
in rats exposed to ethanol prenatally [31]. The genitourinary
system may also be involved, and hydronephrosis is a
common finding. Murine embryos exposed to ethanol show
excessive cell death in the region of the mesonephric duct
proximal to the cloaca and in neural crest cells proximal to
the posterior neuropore [32]. This is followed by abnormalities
in the location of the ureterovesicle junction, leading to ureteral
obstruction and hydronephrosis. Other common anomalies
include hirsutism, cleft lip and palate, nail hypoplasia, pectus
excavatum, diastasis recti, hypospadius, and camptodactyly,
among other anomalies [33].

Prenatal and postnatal growth deficiency are manifested
as decreasedweight, length, and head circumference [34]. Animal
data indicate that prenatal ethanol exposure reduces fetal concen-
trations of insulin-like growth factor 1 (IGF-1) as well as the
concentration of IGF-binding proteins later in life [35]. Ethanol
has also been shown to reduce the secretion of IGF-2 from
explanted fetal rat organs [36]. Such studies indicate that this
may be but one mechanism by which prenatal ethanol exposure
results in both short- and long-term alterations in growth and
development. Lactase activity in the small intestine of rat pups
exposed to transplacental ethanol is decreased in comparison
to controls, and this may represent another factor contributing
to the growth retardation seen in this syndrome [37].

Women giving birth to infants with fetal alcohol syndrome
typically use more ethanol and use it earlier in gestation.
While it is clear that daily consumption of more than approxi-
mately 1.5 oz (42 g) of absolute ethanol (the equivalent of
three beers) greatly increases the risk of alcohol-induced ter-
atogenicity, there is no uniform fetal response to a particular
dose of ethanol: therefore there is no amount of alcohol that
can be considered entirely safe for the pregnant woman to
consume. The American Medical Association, the American
Academy of Pediatrics, the American College of Obstetricians
and Gynecologists, and the Surgeon General recommend that
women who are attempting to conceive or who are already
pregnant should not drink ethanol in any amount.

Ethanol withdrawal has been described in neonates born to
chronically intoxicated mothers. Given the potent teratogenic
effects of ethanol, it may be difficult to determine whether such
manifestations represent true withdrawal or are manifestations
of the central nervous system effects of fetal alcohol syndrome.

Maternal ethanol abuse complicates breastfeeding in
several ways [38]. Lactation is impaired and the let-down
reflex is inhibited by ethanol. Ethanol is readily secreted in
breast milk, and acute neonatal intoxication can result. The
motor capabilities of infants at 1 year of age regularly exposed
to ethanol in breast milk have been shown to be significantly
impaired [39]. Investigators have shown that the facial char-
acteristics and other stigmata of fetal alcohol syndrome persist
beyond the neonatal and infancy periods. It has also become
apparent that children with a history of prenatal exposure
but lacking the typical stigmata at birth may develop signs
and symptoms over time. Longitudinal follow-up of neonates
with prenatal ethanol exposure is necessary [40].

The neurodevelopmental deficits seen in the fetal alcohol
syndrome persist into adulthood. Affected individuals mani-
fest an inability to stay on task and poor memory, and they
are at increased risk for attention-deficit disorder with hyper-
activity [41]. Their comprehension, judgment, and reasoning
are also impaired, making it difficult for them to anticipate the
consequences of their actions. Because of mood lability, social
interaction is impaired; this may accentuate feelings of with-
drawal and depression [42].

Tobacco
Tobacco leaves when burned liberate thousands of compounds
including toxins (such as carbon monoxide and hydrogen
cyanide), trace elements (lead, nickel, and cadmium), and car-
cinogens. While the prevalence of smoking has declined in the
general population, it remains a significant problem among
women of child-bearing age. In fact, most smokers do not quit
when they become pregnant. A Canadian study reported
that 1/3 of women smoked before pregnancy, and, of those,
over 2/3 still smoked at the time of delivery [43]. Similarly, less
than 31% of women in the United States who smoke abstain
from smoking during pregnancy [44].

Carbon monoxide avidly binds to hemoglobin, competi-
tively inhibiting oxygen from being taken up in the pulmonary
capillaries. At atmospheric partial pressures this results in
essentially irreversible displacement of oxygen. Carboxyhemo-
globin levels in pregnant women who smoke are many times
those of non-smokers [45]. Increased maternal carboxyhemo-
globin implies increased fetal carboxyhemoglobin, impaired
oxygen content and delivery, and fetal hypoxemia [46].
Neonates born to mothers who smoke tobacco have elevated
levels of erythropoietin in umbilical cord blood and increased
numbers of nucleated red blood cells in peripheral circulation;
both of these results indicate a response to hypoxemia [47].
Cyanide acts in a similar manner by binding to the iron
moiety of both hemoglobin and mitochondrial cytochrome
oxidase, inhibiting oxygen uptake and delivery as well as
cellular respiration. Cyanide is also capable of inhibiting car-
bonic anhydrase, resulting in decreased carbon dioxide excre-
tion. Chronic fetal hypoxemia results in intrauterine growth
restriction and a small-for-gestational-age neonate. Newborns
so affected are at risk for sequelae such as hypoxic–ischemic
encephalopathy, polycythemia, and pulmonary hypertension.
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Nicotine is primarily excreted by the kidneys, although the
lungs and liver are also sites of metabolism. Nicotine crosses
the placenta and accumulates in the amniotic fluid and fetus to
the extent that fetal levels exceed those seen in the mother [48].

It is a common belief among pregnant adolescents that
smoking will allow for an easier (quicker and less painful)
vaginal delivery. Indeed, studies have shown that mothers
who smoke deliver neonates weighing 200–300 g less than
gestational-age-matched controls; this appears to be due to a
difference in fat-free mass [49]. Some studies have indicated a
dose–response relationship between weight and length at birth
and prenatal exposure to tobacco [50]. Another series revealed
less severe growth restriction in neonates born to mothers
who quit smoking during pregnancy compared with women
who continued to smoke [51]. The pathophysiology of the
intrauterine growth restriction seen in offspring of smoking
mothers is multifactorial. Uterine artery vasoconstriction and
decreased substrate delivery to the fetus may play a role [52].
Cigarette smoking may also alter the bioavailability of certain
nutrients such as folate, zinc, and vitamins, producing relative
maternal and fetal deficiencies. While gross placental size is
not affected by smoking, structural changes in the cytoarchi-
tecture at the placental–lacunar interface have been described
[53]. Epidermal growth factor plays an important role in
implantation, placental growth and endocrine function, and
other aspects of fetoplacental development. Alterations in
epidermal growth factor receptor autophosphorylation have
been described and may represent another mechanism by
which smoking may impair fetal growth [54]. It is also
possible that embryonic and fetal cell number and size are
diminished by premature termination of cell division, abnor-
mal differentiation, alterations in neuronal synapse formation,
or an as yet undetermined mechanism [55].

The existence of a tobacco embryopathy is unclear. The
association of smoking with cleft lip and cleft lip/palate
remains controversial [56].

Most of the studies assessing the risk of placenta previa
associated with maternal smoking have reported a positive
association, with odds ratios ranging from 1.28 to 7.42 [57].
The evidence for an association between smoking during
pregnancy and placental abruption is more compelling than
in the case of placenta previa. A consensus opinion now exists
that prenatal smoking is a major factor in the causation of
placental abruption. The odds ratios for the association between
prenatal smoking and placental abruption range from 1.4 to 4.0
[58]. A causal relationship between smoking and abruption
is also supported by the observed impact of interventions.
In the Collaborative Perinatal Project of the National Institute
of Neurological and Communicative Disorders and Stroke,
women who stopped smoking early in the pregnancy showed
a risk of abruption that was similar to that of those women who
never smoked [59]. The causative mechanism may involve a
chronic inflammatory process that triggers a chain of responses
(increased oxidative stress, vascular reactivity, etc.) leading
finally to increased necrosis, apoptosis, and destruction of the
extracellular matrix at the maternal–fetal interface [60].

Other adverse perinatal outcomes proven by epidemio-
logical studies to be associated with maternal smoking include
placenta accreta, preterm birth, and stillbirth [61–63].

Intrauterine exposure to tobacco may have serious conse-
quences for the fetus and neonate extending beyond the
immediate newborn period. Alterations in cerebral blood flow
have been documented in animal models [64]. Prenatal
tobacco exposure decreases arousal to auditory stimuli and
may increase the risk of obstructive sleep apnea [65]. Maternal
smoking during pregnancy is also a risk factor for sudden
infant death syndrome (SIDS) [66]. Brainstem gliosis has been
found in a number of autopsies of victims of SIDS; this
histologic finding is consistent with repetitive hypoxemia,
possibly secondary to abnormalities in the control of respir-
ation [67]. In addition, maternal smoking appears to have an
adverse effect on early intellectual function [68,69].

Nicotine, cotinine, and other substances found in tobacco
are secreted in breast milk. Levels in the neonate correlate with
those seen in the mother. Nicotine has been shown to impair
lactation and decrease the supply of breast milk. Nicotine has
been associated with neonatal emesis, respiratory problems
such as frequent upper respiratory tract infections, and react-
ive airway disease, and a potential increased risk of childhood
cancer [70]. The effects on the newborn of the many other
substances found in tobacco and secreted in breast milk are
currently unknown. This is especially concerning, as many
women who quit smoking during pregnancy are likely to start
again after delivery, feeling that the danger to their newborn
no longer exists. All mothers should be counseled as to the
potential risks presented by tobacco products secreted in
breast milk and those found in environmental smoke [71].

The consumption of smokeless tobacco (“chew,” “chaw,”
“dip”), while primarily a male activity in the population at
large, is more common in females in certain ethnic groups,
such as native Americans. Animal studies indicate that inges-
tion of this form of tobacco increases the risk of intrauterine
growth restriction, decreased bone ossification, and embryonic
demise [72].

The dangers of environmental tobacco smoke exposure
(“second-hand smoke,” “passive” or “involuntary” smoking)
are now also coming to light. As much as 50% of non-smoking
pregnant women may be exposed to “second-hand” smoke,
and fetal exposure to nicotine and its metabolites may remain
significant even in these cases [73]. Fetal exposure to environ-
mental smoke appears to increase the risk of poor develop-
mental outcome. In one study, children between the ages of 6
and 9 years exposed to environmental smoke in utero were
found to perform at a level inferior to those born to nonsmok-
ing mothers but superior to those born to smoking mothers
[74]. Paternal smoking with subsequent maternal passive
inhalation of “sidestream” smoke has also been associated with
intrauterine growth restriction [75,76]. An increased risk of
respiratory tract disease (recurrent infection, reactive airway
disease), impaired pulmonary development, otitis media, and
lung cancer in later life has been associated with the inhalation
of environmental tobacco smoke; however, most of these

Chapter 10: Maternal substance abuse

115



studies are retrospective in nature, and prospective, well-
controlled analyses are lacking. One of the most alarming
findings to date is that smoking in the same room as the infant
increases the risk of SIDS in a dose-dependent fashion [77].

Marijuana
D-9-tetrahydrocannabinol (D-9-THC) is the major active
metabolite derived from the plant Cannabis sativa (over 60
similar cannabinoid compounds are present). Marijuana is the
term applied to the dried leaves, stems, and seeds of this plant.
It is the most frequently abused of all illicit drugs in the USA,
and its use by women in their child-bearing years is extremely
common. Other derivatives of marijuana include hashish and
hashish oil. While oral consumption is possible, smoking is
the usual route of ingestion, and this results in the absorption
of a much greater proportion of active drug [78]. Burning or
heating marijuana, hashish, and hashish oil allows for the
inhalation of smoke containing D-9-THC and rapid absorp-
tion across the pulmonary epithelium. Marijuana smoke con-
tains more carcinogens, irritants, and particulates than
tobacco smoke [79]. Marijuana cigarettes (“joints”) may be
adulterated with other substances such as cocaine and phen-
cyclidine (PCP) to produce a more intense high. Intoxication
may also be seen in those exposed to second-hand smoke.

Prolonged, arrested labor has been reported with acute
marijuana intoxication. While no teratogenic effects have been
directly linked to prenatal marijuana, the adulteration of cig-
arettes with other drugs of abuse may raise the potential risk.
Frequent marijuana use during pregnancy has been shown to
be associated with a small decrease in birthweight, although
this decrease does not reach statistical significance in all stud-
ies and in and of itself probably carries little clinical signifi-
cance [80]. A 1997 meta-analysis of 10 studies concluded that
there was inadequate evidence to suggest that marijuana
reduces birthweight at the amount typically consumed by
pregnant women [81]. However, frequent use (> 4 times/
week) was associated with a 131 g decrease in birthweight.
The effect of prenatal marijuana exposure on long-term
growth remains unclear [82].

Reported effects on neonatal behavior of in utero mari-
juana exposure include prolongation of the startle response,
tremors, irritability, poor state regulation, and altered visual
and auditory responses [83]. Reports of the effects of prenatal
exposure to marijuana on neurobehavioral development
during childhood are contradictory [84–86]. Continued
exposure of the neonate to marijuana after birth is experienced
by breastfeeding newborns because D-9-THC is excreted in
breast milk.

Cocaine
Cocaine or benzoylmethylecgonine is one of several alkaloids
found in the leaves of Erythroxylon coca, which grows primarily
in Peru, Ecuador, and Bolivia; raw leaves contain approximately
0.5–2% cocaine [87]. The major metabolite of cocaine is
benzoylecgonine. In addition to its local anesthetic and vaso-
constrictor properties, it blocks presynaptic catecholamine

reuptake, resulting in catecholamine accumulation at postsy-
naptic receptors and pronounced central nervous system
stimulation. Benzoylmethylecgonine hydrochloride (“coke,”
“snow,” “lady,” “gold dust”) is produced in the form of
crystals, granules, and powder. Cocaine base (“freebase”) is
formed by the extraction of cocaine from the hydrochloride
salt with the use of alkaline solutions and subsequent recrys-
tallization employing highly flammable solvents. Cocaine
hydrochloride mixed with water and sodium bicarbonate, then
hardened in a microwave oven, results in a free alkaloid form
(“crack,” “rock”). Smoking crack allows for rapid diffusion
and entry into the blood and central nervous system, produ-
cing high serum levels and short, very intense highs. Because
cholinesterase activity is low in pregnancy as well as in the fetal
and neonatal periods, pregnant women who abuse cocaine and
their newborns may be exposed to high levels for protracted
periods of time. The placenta binds cocaine and its metabolites
and thus may effectively serve as a depot for drug release
during pregnancy [88].

The perinatal literature is replete with case reports of
fetal and neonatal problems attributed to prenatal cocaine
exposure. The biologically plausible pathogenetic mechanism
underlying these many and varied effects is suspected to be a
disruption of blood flow, either globally to the uteroplacental
unit or locally within specific fetal organs [89]. Thus cocaine
exerts its teratogenic potential primarily through its vasocon-
strictive effects, producing disruptions of normally formed
tissues, rather than inducing primary malformations.

Cocaine primarily exerts its negative effects on the fetopla-
cental unit by global rather than focal disruption of blood
flow. Uterine arterial vasospasm as a result of cocaine inges-
tion impairs fetal substrate delivery, predisposing the fetus to
intrauterine growth restriction [90]. Prostaglandin production
is altered in placental explants incubated in the presence of
cocaine: thromboxane A2 synthesis is increased and prostacy-
clin production decreased. Thromboxane A2 induces vasocon-
striction and platelet aggregation and may represent one
mechanism whereby uteroplacental blood flow is impaired
[91]. Although the duration of action of cocaine in producing
uterine arterial vasoconstriction is relatively short-lived, even
women who are relatively infrequent users of the drug remain
at risk for fetal growth abnormalities [92]. Therefore it is
probable that mechanisms other than vasoconstriction play a
role in the increased risk of intrauterine growth restriction
[93]. Even though vasoconstriction may be intermittent, other
processes such as inhibition of placental uptake of substrates
such as alanine may be altered in a more chronic fashion.

Several epidemiologic studies have confirmed the negative
effects of maternal cocaine use on birthweight, length, and
head circumference, even after adjustment for tobacco, alco-
hol, or other drug use, nutritional indicators, and various
sociodemographic factors [94,95]. Studies also have confirmed
dose–response effects of cocaine exposure on fetal growth. For
example, a retrospective cohort study in a New York City
hospital found a 27 g decrement in birthweight with each
log unit increase in cocaine concentration in maternal hair
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at delivery, adjusted for gestation, smoking, and alcohol
consumption [96].

Focal impairment of blood flow to specific organs in the
embryo and fetus accompanying maternal cocaine use has
been suggested to cause a myriad of disruptive events leading
to structural defects, including: limb–body wall complex [97],
limb reduction defects, intestinal atresia, cranial defects (e.g.,
encephalocele and exencephaly) [98,99], genitourinary tract
abnormalities [100], and congenital heart defects [101].
Despite the number of such case reports, a “fetal cocaine
syndrome” has not been delineated.

Cocaine use is associated with premature labor, premature
rupture of membranes, advanced cervical dilation at admis-
sion, and a shortened latency period to labor and delivery
[102,103]. In addition, maternal cocaine ingestion appears to
carry an increased risk of placenta previa, abruptio placentae,
uterine rupture, and precipitous delivery [104,105]. The inci-
dence of spontaneous abortion and fetal demise is also higher
in the cocaine-exposed population.

Neonatal effects of prenatal cocaine exposure primarily
reflect focal disruption of vascular flow. Prenatal cocaine
exposure is associated with an increased risk of necrotizing
enterocolitis in both premature and term newborns [106].
Pregnant rats injected with cocaine delivered newborns with
mesenteric vascular thrombosis and focal areas of inflammation,
hemorrhage, and necrosis in their gastrointestinal tract [107].

Various central nervous system manifestations have been
described in neonates, infants, and children born to cocaine-
abusing women. Discrete anatomic lesions such as cerebral
artery infarction have been detected in exposed neonates
[108]. An increased incidence of intracranial hemorrhage has
been described; this is felt to be due at least in part to an
increase in mean arterial blood pressure and cerebral blood
flow velocity [109]. Periventricular leukomalacia, thought to
be secondary to in utero cerebral ischemia, has also been
associated with prenatal cocaine exposure [110]. However,
not all studies reveal an association between prenatal cocaine
exposure and structural brain abnormalities [111]. Seizures
have also been described in neonates after receiving a trans-
placental cocaine bolus shortly before birth and after passive
inhalation of environmental “crack” smoke [112]. Alterations
in both respiratory control and sleep regulation in the fetus
and neonate have been described in human and animal stud-
ies. Cocaine-exposed term newborns have been shown to have
increased apnea and periodic breathing in comparison with
controls [113]. Abnormal sleep and awake state transition has
been found in infants exposed to cocaine [114]. Direct intra-
vascular administration of cocaine to fetal sheep suppresses
low-voltage electrocortical activity and increases catechol-
amine levels [115]. Fetal sleep state regulation is in part con-
trolled by norepinephrine, which normally decreases in active
fetal sleep. Transplacentally acquired cocaine elevates norepin-
ephrine levels and decreases active sleep. Tryptophan and
serotonin also function as regulators of the sleep–wake cycle;
cocaine has been found to interfere with tryptophan uptake
and serotonin biosynthesis [116]. The effects of these

alterations upon the developmental biology of the central
nervous system are unknown. Abnormalities in respiratory
control and sleep state regulation increase the risk of SIDS.
However, it is not clear that cocaine-exposed neonates are at
an increased risk of SIDS, as studies have produced conflicting
results [117,118].

Numerous developmental studies have been performed on
children exposed to cocaine prenatally. Studies have shown
poor on-task performance, fine motor deficits, impaired
habituation, low threshold for overstimulation, inability to
self-regulate, and cognitive and motor developmental delay
at 1.5–2 years [119,120]. Other studies indicate a dose–
response effect of prenatal cocaine exposure upon assessments
of growth and behavior [121,122].

The lay press was quick to sensationalize the cocaine
epidemic and the purported effects of this drug on the unborn.
Despite limited evidence generated by studies complicated
by all of the problems outlined earlier, “crack babies” were
labeled as irrevocably damaged and a burden to society.
A more scientific analysis of the available data fails to substan-
tiate the universality and inevitability of these early claims.
A meta-analysis published in 2001 stated that there was no
convincing evidence that in utero exposure to cocaine and its
metabolites results in developmental defects in children aged 6
and younger [123].

No definitive withdrawal syndrome from in utero cocaine
exposure has been described in neonates; it is uncertain
whether the signs observed in some neonates prenatally
exposed to cocaine represent true withdrawal or are secondary
to the direct effects of the drug still present in the newborn.
These signs typically appear in the first 24–48 hours after birth
and peak in intensity by 72 hours [124]. The most frequently
observed findings include tachycardia, tachypnea, hyperten-
sion, irritability, exaggerated Moro response, impaired visual
tracking, increased tremulousness, abnormal sleep patterns,
increased generalized motor tone, and feeding abnormalities,
including poor suck and emesis [125].

Cocaine is excreted in breast milk up to 36 hours after the
last dose, representing another potential route of neonatal
exposure. Cases of neonatal intoxication marked by irritabil-
ity, vomiting, diarrhea, tachycardia, tachypnea, hypertension,
and tremulousness in breastfed newborns have been described
[126]. One case described an 11-day-old breastfeeding neonate
who developed apnea and seizures after ingesting cocaine used
as a topical anesthetic for maternal nipple soreness [127].

Opioids
Opiate refers to a drug derived from opium, the dried milky
exudate of the opium poppy, Papaver somniferum. An opioid
is a natural or synthetic substance which produces opium-
or morphine-like effects when ingested. Narcotic is the non-
specific term applied to any drug derived from opium or
similar compounds capable of inducing analgesia, sedation,
and sleep, and which will cause dependence with repeated use.
Opioids may be ingested orally or inhaled; they may also be
injected intravenously, intramuscularly, and subcutaneously.
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One opioid is heroin; its lipid solubility is greater than that of
morphine, allowing it to enter the central nervous system
more rapidly and producing a quicker, more intense “high.”

Despite the frequency of fetal exposure to opioids, no
consistent teratogenic effects have been observed. Most studies
of prenatal opioid, heroin, or methadone use show higher
rates of low birthweight (LBW), preterm birth, and intrauter-
ine growth restriction, although few have controlled for asso-
ciated risk factors. A meta-analysis estimated a 483 g reduction
in birthweight and a relative risk for LBW of 3.81 associated
with any opiate use during pregnancy [128].

Endogenous opioid peptides and opioid receptors are
expressed transiently in the developing mammalian brain
[129]. The significance of this developmentally regulated pro-
cess and the effects that fetal opioid exposure have on this
phenomenon are unknown at this time. Methadone delays
pulmonary surfactant synthesis by an unknown mechanism
and places the newborn at higher risk of respiratory distress
syndrome and the need for assisted ventilation [130]. Unlike
methadone, heroin accelerates pulmonary surfactant synthe-
sis; exposed neonates have a decreased risk of respiratory
distress.

Maternal withdrawal implies fetal withdrawal. While the
addicted mother manifests the typical signs and symptoms of
opioid withdrawal, the fetus experiences hypoxia and in
response may pass meconium. Chronic fetal hypoxia produces
pulmonary vascular remodeling and increased vascular
reactivity, predisposing the newborn to pulmonary hyperten-
sion after birth. Both meconium aspiration and pulmonary
hypertension increase neonatal morbidity and mortality.
Chronic intrauterine hypoxia also increases the risk of hyp-
oxic–ischemic encephalopathy and fetal demise. Because
of the significant maternal, fetal, and neonatal sequelae, with-
drawal in pregnancy should be treated promptly and
appropriately.

A neonate exposed to opioids in utero is at risk of respira-
tory depression in the hours after birth. Naloxone (Narcan),
an opioid antagonist, may be used to reverse respiratory
depression in the newborn secondary to maternal opioid
administration within 4 hours of delivery in the absence of
a maternal history of opioid abuse. However, acute opioid
reversal in a newborn chronically exposed in utero may pro-
duce withdrawal, thus naloxone should be used very judi-
ciously on a case-by-case basis. It is preferable to support the
neonate's respirations with positive-pressure ventilation and
achieve a heart rate above 100 beats per minute prior to
establishing the need for and administration of naloxone.
Any neonate receiving naloxone should be monitored care-
fully in the hours to days after birth, as the duration of action
of many opioids is longer than that of naloxone.

Opioids appear to have effects that extend beyond the
immediate newborn period. Neonates born to methadone-
using mothers have been shown to have a decreased sensitivity
to carbon dioxide during the first days of life in comparison to
controls [131]. The risk of SIDS in babies born to opioid-
abusing mothers is 5–10 times that of unexposed newborns

(approximately 20–30/1000 live births versus 2–3/1000 in the
general population) [132].

Once the umbilical cord is clamped, the newborn is disen-
gaged from all that was once supplied by the mother and
placenta. Neonates born to opioid-addicted mothers are at
risk for withdrawal. Withdrawal in the newborn is character-
ized by central nervous system signs such as yawning, lacri-
mation, mydriasis, irritability, and seizures. While these effects
are transitory, some may produce permanent nervous system
injury if not treated appropriately (e.g., seizures). Heroin and
methadone are the most commonly used opioids by pregnant
women. Heroin has a relatively short half-life and exposed
newborns typically experience withdrawal soon after birth.
Methadone is a synthetic opioid used in the treatment of
maternal addiction and prevention of withdrawal signs and
symptoms. The majority of neonates exposed to methadone
in utero undergo withdrawal, usually showing signs within
1–2 days of birth. Withdrawal from methadone is typically
more severe and longer in duration in comparison with other
prenatally acquired opioids. Given the long half-life of this
drug and the fact that methadone is present in low concen-
trations in breast milk, some neonates may not experience
withdrawal until several weeks of age. While the presence of
methadone in breast milk in levels approximating those found
in serum may prevent or delay neonatal withdrawal, it may
also result in intoxication, respiratory depression, and death in
the breastfeeding newborn [133]. The American Academy of
Pediatrics states that breastfeeding is contraindicated if the
maternal dose of methadone exceeds 20 mg/day [134].

Sedative-hypnotics
The group of drugs known as the sedative-hypnotics includes
the benzodiazepines, barbiturates, and others, including
methaqualone, meprobamate, and ethchlorvynol. Ethanol
potentiates the absorption of these drugs and therefore may
lead to overdose if used simultaneously. Because they can be
ingested orally they are common substances of abuse; they can
also be administered intravenously or intramuscularly. As a
class of drugs, these substances typically have long half-lives,
and their effects may persist for days. They are metabolized by
hepatic glucuronidases and excreted by the kidneys.

Benzodiazepine levels in fetal blood exceed those in maternal
blood [135]. Fetal effects have included decreased beat-to-beat
variability in heart-rate pattern. Although minor facial anom-
alies and cleft lip and palate have been described in exposed
infants [136], no significant teratogenic effects have been
observed in benzodiazepine-exposed pregnancies in large
population-based studies [137]. Reduced head circumference
and cognitive deficits have been associated with in utero
exposure to anticonvulsant barbiturates [138]. However, no
definitive evidence of a “sedative-hypnotic syndrome” exists.

Withdrawal in the neonate is similar to that seen with
opioids: at its most severe, hypothermia, hypotonia, and
respiratory depression ensue [139]. Sedative-hypnotics are
secreted in breast milk, and this route affords another possible
route of intoxication.
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Sympathomimetics
Sympathomimetics produce physiologic responses similar to
endogenous catecholamines, stimulating neurotransmitter
release at alpha, beta, dopaminergic, and serotonergic recep-
tors [123]. Unlike catecholamines, these drugs retain their
efficacy when ingested orally, readily enter the central nervous
system, and are metabolized much more slowly than the
endogenous catecholamines, with large proportions excreted
unchanged in urine. Many sympathomimetics can be obtained
in over-the-counter medications, including phenylephrine,
ephedrine, pseudoephedrine, and phenylpropanolamine. The
most commonly abused sympathomimetics include amphet-
amine, methamphetamine (“crystal”), and methylphenidate.
The amphetamines are collectively known as “speed.” Some
users ingest “speedballs,” combinations of amphetamine with
barbiturates (to calm the agitated feelings associated with
amphetamine use) or heroin (to enhance the “rush” associated
with heroin). Routes of ingestion include oral consumption,
nasal insufflation, inhalation of smoke (smokablemethampheta-
mine hydrochloride is known as “ice”), as well as intravenous
and subcutaneous injection (“skin popping”). Metabolism
occurs in the liver, and excretion is via the kidney.

As with cocaine, the sympathomimetics may produce
potent vasoconstriction and limit blood flow to various
organs. Uterine artery constriction results in relative placental
insufficiency, decreased substrate delivery to the fetus, and risk
of intrauterine growth restriction [140]. A slight reduction in
birthweight but no differences in length or head circumference
have been reported in studies of antepartum methampheta-
mine use [141,142].

Animal studies reveal that prenatal amphetamine exposure
is associated with structural and functional alterations in brain
development [143–145]. In a study of CNS structure and
neurocognitive function, methamphetamine-exposed children
scored lower on measures of visual motor integration, atten-
tion, verbal memory, and long-term spatial memory. There
were no differences among the groups in motor skills, short-
delay spatial memory, or measures of non-verbal intelligence.
Despite comparable whole-brain volumes in each group, the
meth-exposed children had smaller putamen bilaterally,
smaller globus pallidus, smaller hippocampus, and a smaller
caudate bilaterally. The reduction in these brain structures
correlated with poorer performance on sustained attention
and delayed verbal memory. No group differences in volumes
were noted in the thalamus, midbrain, or cerebellum [146].
Methamphetamine use in late gestation has been associated
with neonatal intracranial lesions, including white-matter
cavitary lesions and intraventricular, subarachnoid, and sub-
ependymal hemorrhage [147]. Because the fetus has little
central nervous system blood-flow autoregulatory capacity, it
is possible that the sympathomimetic-induced alterations in
uterine and placental blood flow produce both uncompen-
sated hypertensive spikes and hypotensive nadirs in the fetal
circulation, predisposing the fetus to ischemic damage and
reperfusion injury.

Sympathomimetic use during pregnancy has also been
associated with premature labor, preterm delivery, abruptio
placentae, and postpartum hemorrhage [148].

Tremors, feeding difficulties, and irritability followed by
prolonged periods of lethargy have been described in the first
days of life in neonates exposed to methamphetamine in utero.
Since methamphetamine persists for days in the neonate after
clamping of the umbilical cord, it is possible that these signs
represent drug toxicity rather than withdrawal [149].

PCP
PCP (1-(1-phenylcyclohexyl)piperidene hydrochloride) was
formerly used as an anesthetic agent until a high incidence
of side effects, including hallucinations and violent behavior,
resulted in its removal from legal use in humans [150]. It exists
in a liquid and a powder form (PCP, “angel dust”) and can be
smoked as an additive to tobacco or marijuana cigarettes.
It may also be insufflated, injected intravenously, ingested
orally, or absorbed percutaneously. Hepatic metabolism and
renal excretion account for elimination of the drug.

PCP readily crosses the placenta and enters the fetal circu-
lation. While reports of microcephaly and dysmorphic facies
associated with maternal PCP ingestion are found in the
literature, no conclusive evidence of a PCP embryopathy exists
[151]. Studies using human cerebral cortical tissue culture
indicate that PCP has the potential to suppress axonal out-
growth and induce neuronal necrosis, possibly via an inhibi-
tory effect on potassium channels [152]. However, no in vivo
correlation of these findings has been made.

Neonates exposed to PCP in utero may display jitteriness,
irritability, and rapid swings in levels of consciousness [153].
As with many other substances of abuse, signs manifested
in the neonatal period most likely reflect continued exposure
to the active drug rather than true withdrawal [154]. PCP is
secreted in breast milk, and breastfeeding carries the potential
risk of neonatal chronic exposure and intoxication [155].

LSD
LSD (“acid”) is a synthetic diethylamide derivative of lysergic
acid. It is classified as a psychedelic (a substance capable
of producing a distorted perception of reality) rather than a
hallucinogen (a substance which produces a vision with no
basis in reality). While LSD may be insufflated, inhaled,
injected intravenously or subcutaneously, and instilled into
the conjunctival sac, it is most commonly taken orally. Metab-
olism is primarily hepatic, and excretion is both renal and
hepatic.

LSD has been associated with chromosomal breakage in
offspring of mothers abusing the drug; however, this finding
has no clinical correlate. While several case reports of cardiac,
ophthalmologic, and other malformations exist, no causal link
has been shown [156–159]. Withdrawal has not been reported.
The extent of excretion into breast milk is also unknown.
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Volatile substances of abuse
Volatile substances of abuse are primarily hydrocarbon
derivatives: aromatic and aliphatic hydrocarbons such as those
found in paint solvents, adhesives, and fuels; alkyl halides and
nitrites present in aerosol propellants, refrigerants, cleaning
fluids, and fuels; and ether and ketone components of fuels,
solvents, oils, sealants, and plastics. Such substances are ubi-
quitous in society, found in products such as lighter fluids,
nail-polish remover, and typewriter correction fluid. Because
they may be obtained so readily (and legally) they are common
substances of abuse, especially among those unable to afford
the more expensive illicit drugs [160].

Metabolism is primarily carried out in the liver, and
metabolites are excreted in bile, urine, and exhaled gas.

The teratogenic potential of many of these chemicals is
significant, especially in view of the fact that it is impossible
to control the amount ingested [161]. Teratogenicity is
dependent upon the particular substance abused. Toluene
embryopathy serves as an example. Toluene, an aromatic
hydrocarbon found in paints and adhesives, readily crosses
the placenta; however, the fetus appears unable to metabolize
toluene adequately [162]. Animal studies indicate that prenatal
exposure to toluene results in intrauterine growth restriction
and neurological, cardiovascular, skeletal, and craniofacial
abnormalities [163–165]. Reports in humans describe micro-
cephaly, narrow bifrontal diameter, midface hypoplasia, devel-
opmental delay, and craniofacial abnormalities, including
micrognathia, short palpebral fissures, ear anomalies, unusual
scalp hair patterning, smooth philtrum, and thin upper lip.
Much phenotypic similarity exists in patients exposed in utero
to toluene and those diagnosed with fetal alcohol spectrum
disorders [166]. This has raised the possibility of a common
mechanism of craniofacial teratogenesis.

Adulterants, substitutes, and contaminants
In order to increase the bulk quantity of illicit drug and
maximize profits, drugs are commonly diluted with other
substances before being sold [167]. Adulterants are substances
that appear similar to the illicit drug in color, structure, and
consistency. Common adulterants include talc, sugar, starch,
and cellulose. Adulterants are inert and do not possess psy-
chotropic potential; the major complication associated with
their incorporation into illicit drugs lies in their ability to
embolize. Substitutes, like adulterants, increase the apparent
volume of illicit drug by dilution. Substitutes, however, do
possess intrinsic psychotropic activity similar to that of the
illicit drug. Ephedrine, phenylpropanolamine, and caffeine
produce a stimulant effect when added to illicit drugs. Pro-
caine, lidocaine, and other local anesthetics are difficult to
distinguish from cocaine. Contaminants are substances used
in the preparation of illicit drugs that are not completely
removed in the production and purification processes and
therefore remain in the final formulation. Contaminants
may or may not possess psychotropic or other potentially
harmful effects in the user. The presence of adulterants,

substitutes, and contaminants in the manufacture of illicit
drugs adds further complexity to the determination of poten-
tial maternal, fetal, and neonatal toxicities.

Screening
A maternal drug history is a mandatory part of any obstetric
or neonatal history and physical. The history should be
obtained in a non-threatening manner and should review the
use of over-the-counter medications, prescription drugs,
tobacco, ethanol, and illicit drugs. When the concern of sub-
stance abuse is raised by the history or the examination of the
mother, fetus, or neonate, the mother should be informed in a
non-judgmental manner. The physician should always be cog-
nizant of the potential for spousal abuse when contemplating
the manner in which this information is communicated to the
father. Ideally this is accomplished after obtaining maternal
permission and with the support of social workers trained in
substance abuse. Maternal self-reporting of substance abuse
uniformly underestimates the actual frequency of in utero
exposure [168]. In addition, it is recognized that drug use cuts
across racial and socioeconomic boundaries [169]. Suspected
substance abuse should be confirmed not only by elicitation
on history but also by appropriate screening of selected mater-
nal, fetal, and neonatal body fluids or tissues. Hospital policies
vary, although permission of the mother is generally required
for maternal screening, whereas neonatal testing is often con-
sidered implied when general consent to treat is provided
upon newborn admission.

Urine is the body fluid most frequently tested for sub-
stances of abuse. The kidney acts to concentrate drugs and
their metabolites, producing higher concentrations in urine
than in serum. Because of the lack of proteins and other
cellular constituents which can interfere with the equipment
used in assays, urine is relatively easy to analyze. Finally, urine
offers the benefit of long-term stability if specimens are
frozen. Screening tests commonly used include the fluores-
cence polarization immunoassay and the enzyme multiplica-
tion immunoassay technique. False-positive results depend on
the extent of cross-reactivity with other substances. Positive
results should be confirmed by more definitive methods such
as gas chromatography/mass spectrometry. The most serious
drawback in using urine to screen for intrauterine substance
exposure lies in the fact that drugs and their metabolites are
excreted quite quickly, usually within hours to several days
after maternal ingestion. Therefore the ability of a urine drug
screen to detect any exposure occurring more than 48–72 hours
preceding sampling is minimal. Other reasons for false-negative
results include concentrations below the detectable limits
of the assay and alterations in urinary pH affecting drug
solubility [170].

Meconium is the first stool passed by the newborn. It is
composed of swallowed amniotic fluid and secretions such as
bile, vernix caseosa, epithelial cells, and other debris shed into
the lumen of the fetal gastrointestinal tract starting early in the
second trimester. Because of its appearance early in gestation,
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it functions as a reservoir for drugs delivered to the fetus via
the umbilical cord and amniotic fluid, and therefore provides
a much better chronologic record of intrauterine drug expos-
ure than does urine. Large quantities can easily be obtained
in a non-invasive manner. However, it is a tenaciously thick
fluid with abundant particulate matter that requires extensive
processing before conventional screening methods can be
employed. Whereas most hospitals in the USA offer urine
toxicological testing, fewer centers are currently testing meco-
nium on a routine basis. In addition, the number of drugs
capable of being detected in meconium is limited in compari-
son with urine. Nevertheless, its utility in increasing the yield
of positive exposures for cocaine and other selected drugs is
well documented [171].

Fetal hair appears at approximately 8–9 weeks of gestation.
As epidermal cells surrounding the dermal papillae divide, the
hair shaft grows, and drugs and metabolites in the intrauterine
environment are incorporated into the developing hair shafts.
Like meconium, hair acts as a depot for drugs of abuse and
provides a source for detection of drugs used early in gesta-
tion. The timing of exposure during gestation can be approxi-
mated by measuring the length of the hairs in the sample,
incorporating the average rate of hair growth and preserving
the proximal–distal orientation of the hair strands [172].
Obviously, the longer the strands of hair obtained, the better
the historical assessment of substance exposure will be: there-
fore it is best to obtain full-length hair. A core of hair approxi-
mately 5 mm in diameter is required. Because of the quantity
of hair required the mother is usually a much better source
than the neonate. The hair is then washed and any drugs
extracted [173]. Quantitative analysis is carried out by radio-
immunoassay with a specific antibody or gas chromatography/
mass spectrometry. While it is an extremely useful tool in the
determination of prenatal drug exposure, hair analysis is not
completely foolproof, as various hair treatments may limit the
amount of drug which can be extracted [174].

Serum may also be used for drug screening, although its
use entails all of the limitations of urine testing, including the
inability to establish distant or chronic exposures.

Summary
With the exception of ethanol (fetal alcohol spectrum dis-
orders), tobacco, and toluene (toluene embryopathy), little is
definitively known about the potential fetal and neonatal con-
sequences of intrauterine drug exposure. While the many
case reports and abundant anecdotal experience allow for the
listing of numerous associations of the substances of abuse
with various malformations, disruptions, and neurodevelop-
mental disabilities, few well-designed, controlled, prospective
clinical studies with appropriate follow-up have been carried
out. The further elucidation of embryopathic effects will
require expansion of the concept of teratogenesis beyond gross
morphologic abnormalities, to include postnatal development
(behavioral teratology). A lack of gross structural anomalies
implies neither normal molecular structure nor normal

physiologic function. Direct damage to DNA is but one
mechanism by which drugs may affect the fetus. The cyto-
plasm is truly “where the action is,” and it is in this dynamic
milieu that drugs may exert their effects on transcription,
mRNA stability, and other processes vital to normal cellular
function. This is an especially important concept in view of the
many neurobehavioral problems purportedly associated with
prenatal substance abuse that occur in the absence of gross
nervous system malformations. Further clinical studies,
coupled with bench research at the molecular level, should
provide a better understanding of the impact of prenatal drug
use on the fetus.

The fetal and neonatal brain exhibits remarkable resilience.
Although prenatal drug exposure may create vulnerability, it is
clear that the majority of children, given appropriate care,
stimulation, and follow-up can overcome such potential
insults. It is also clear that the quality of the postnatal environ-
ment may be just as important as, if not more important than,
the intrauterine environment in determining long-term out-
come. Although children with prenatal drug exposure have
been shown to attain a performance level equal to non-
exposed peer groups, it is also true that such peer groups
may function at levels below the national norm. This illus-
trates the profound effect other factors such as poverty and
malnutrition can have on child development. It also illustrates
how elimination of these other factors can positively impact
the development of our youth.

The transition to an extrauterine existence is a difficult
task. A baby must learn what actions elicit the desired
responses from its parents. Caring for a newborn is a tremen-
dous challenge, and parents must learn to interpret their
baby's wants and needs and be able to respond appropriately.
A neonate exposed to drugs in utero may be lethargic or
irritable and thus unable to process stimuli from the outside
world. Substance-abusing parents may be unable to care for
themselves adequately, let alone their newborn. The potential
for frustration, under- or overstimulation, neglect, and abuse
is great. The importance of family support, beyond that
provided by substance abuse programs, cannot be under-
estimated. Multidisciplinary assessment and intervention
programs must be easily accessible to those most in need
of their services. Intrauterine drug exposure, unlike many
other hazards faced by the fetus and neonate, is potentially a
preventable problem.

Finally, criminalization of drug use and legitimization of
the concept of “fetal abuse” in regard to prenatal drug use is
not the means to achieve adequate care for a mother and her
unborn child. For physicians who have not experienced, either
personally or professionally, a dependency disorder, it is diffi-
cult to understand how a woman can knowingly risk potential
harm to her unborn child. We can only understand when we
realize that these women, plagued by a society that not only
reinforces their feelings of inadequacy but also convinces them
that inadequacy is their fault, are ridden with guilt and self-
deprecation and therefore easily succumb to the temporary
but nevertheless real reprieve offered by illicit drugs.
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Chapter

11 Hypertensive disorders of pregnancy

Bonnie Dwyer and Deirdre J. Lyell

Introduction
Hypertensive disorders in pregnancy complicate up to 12–22%
of all pregnancies and are the second leading cause of maternal
deaths [1]. They also contribute significantly to neonatal mor-
bidity and mortality.

The National High Blood Pressure Education Program
Working Group on High Blood Pressure in Pregnancy sep-
arates hypertensive disease in pregnancy into four categories:
(1) chronic hypertension, (2) gestational hypertension, (3)
pre-eclampsia, and (4) superimposed pre-eclampsia [2]. This
classification is an effort to create uniformity in diagnosis for
diagnostic and research purposes. It is designed to describe
distinct diseases with distinct pathophysiologies, and therefore
distinct associated maternal and neonatal morbidity and
mortality. However, hypertensive disease in pregnancy may
represent a spectrum of disease, and thus the distinctions
between these classifications can be blurred. This chapter will
separately discuss chronic hypertension, gestational hyper-
tension, and pre-eclampsia/superimposed pre-eclampsia and
their known fetal effects. Treatment and intervention will also
be discussed.

Fetal andneonatal effects of hypertension andpre-eclampsia
are mainly due to alterations in placental perfusion, iatro-
genic prematurity, and effects of maternal medications. In
addition, there has been widespread interest in a controver-
sial theory called the “Barker hypothesis.” This postulates
that the intrauterine environment may program fetal physi-
ology to be predisposed to specific adult diseases. Data used
to support this theory include multiple retrospective studies
which have correlated low birthweight (intrauterine growth
restriction, IUGR) to multiple diverse adult diseases ranging
from hypertension, coronary artery disease, and type 2 dia-
betes to depression and schizophrenia [3]. Whether these
correlations imply that adult diseases are specifically a result
of intrauterine environment, or whether they rather reflect
the multiple causes of IUGR and are markers for genetic
heredity and/or childhood environment, is unclear.

Hypertension in pregnancy
Integral to understanding hypertension in pregnancy is the
fact that in normal pregnancy maternal blood pressure
decreases early and nadirs between 16 and 20 weeks. Sub-
sequently, blood pressure gradually increases, returning to
near baseline by the end of the third trimester [4]. Thus if a
patient presents with hypertension in the second or third
trimester without documented blood pressure measurements
from pre-pregnancy or the first trimester, it may be impossible
to know whether these elevated blood pressures represent a
chronic condition or a pregnancy-related one. Distinguishing
chronic hypertension, gestational hypertension, and pre-
eclampsia is important because the diagnosis correlates
strongly with the disease course and with maternal, fetal, and
neonatal outcomes. Diagnosis, therefore, informs clinical
management.

Chronic hypertension
Chronic hypertension is defined as hypertension (systolic
blood pressure � 140 mmHg or diastolic blood pressure
� 90) that is diagnosed pre-pregnancy or at < 20 weeks' gesta-
tion (Table 11.1). If hypertension is diagnosed after 20 weeks'
gestation, but does not resolve postpartum, it is also classified
as chronic hypertension [1,2].

Chronic hypertension affects bothmaternal and fetal physi-
ology. Ideally a woman with chronic hypertension should be
evaluated prior to pregnancy or early in pregnancy. First, she
should be classified as having primary or secondary hyperten-
sion. Secondary causes of hypertension should be suspected if
blood pressure is particularly high or particularly difficult to
control (high doses of a single antihypertensive or multiple
antihypertensives are needed). Secondary causes of hyperten-
sion include coarctation of the aorta, underlying renal disease,
renal artery stenosis, pheochromocytoma, Cushing's disease,
hyperthyroidism, malignant hypertension, and drug-induced
hypertension. They are important to identify because they
necessitate treatment of an underlying cause as well as control
of the blood pressure itself. Effects of maternal hypertension,
such as left ventricular hypertrophy or renal dysfunction, are
also important to identify in order to further risk-stratify the
pregnancy and to prevent further end-organ damage [2].
A baseline assessment of 24 hour urine proteinuria is key to
helping distinguish between worsening hypertension in the
third trimester and superimposed pre-eclampsia.

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
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Chronic hypertension affects the fetus primarily by
altering placental vessels and placental perfusion. Decidual
vessels of women with chronic hypertension demonstrate
microvascular changes similar to those seen in renal arterioles
in women with long-standing hypertension [4]. These changes
are thought to explain increased risks for placental abruption
(twofold increased risk) and IUGR (30–50%). Early abnormal
placental vasculature/implantation may also be related to the
pathogenesis of superimposed pre-eclampsia [1,4] (see section
on pre-eclampsia). Up to one-third of women with chronic
hypertension will have a small-for-gestational-age infant
(< 10th percentile) and two-thirds will have a preterm deliv-
ery. Approximately 20–25% of women with chronic hyper-
tension will develop superimposed pre-eclampsia [2,4].
Women with chronic hypertension are more likely to have
earlier and more severe pre-eclampsia. Most of the fetal mor-
bidity associated with chronic hypertension is probably due to
IUGR and superimposed pre-eclampsia [1,4].

In a pregnancy complicated by chronic hypertension, there
is no consensus on fetal monitoring. Most recommend a
baseline ultrasound at 18–20 weeks to confirm gestational
age, and subsequent growth scans thereafter. Some recom-
mend routine non-stress testing or biophysical profiles only
if growth restriction is detected, whereas others perform rou-
tine testing [2]. Early delivery due to chronic hypertension
alone is not indicated. Timing of delivery should be dictated
by the presence or absence of non-reassuring fetal status,
including intrauterine growth restriction, or the presence or
absence of superimposed pre-eclampsia. The route of delivery
should be decided by usual obstetric indications.

Treatment of chronic hypertension in pregnancy is con-
troversial. Women with blood pressure 140–179/90–109 and
normal renal function are generally considered to be at low
risk for maternal cardiovascular complications in the relatively
short time frame of pregnancy [2]. However, very little data
exist to support this. Furthermore, treatment of hypertension
in pregnancy may be beneficial to the mother in the long term,

especially when the patient has renal disease or left ventricular
hypertrophy. However, there are no data to show that treat-
ment of chronic hypertension improves fetal outcome or that
it prevents pre-eclampsia [1,2]. Further, there is theoretic
concern that decreasing the maternal blood pressure will
decrease uterine–placental perfusion and impair fetal
growth/development. Studies comparing neonatal outcomes
with and without treatment of chronic hypertension have
conflicting outcomes [1]. Thus the decision to treat chronic
hypertension in pregnancy should weigh the risks and benefits
to the mother and the fetus.

The Working Group recommends that hypertension be
treated to maintain systolic blood pressures < 150 and dia-
stolic blood pressures < 100 [2]. Many experts, however,
prefer keeping blood pressure < 140/90. In the presence of
end-organ dysfunction, such as left ventricular hypertrophy
or renal insufficiency, the treatment threshold should be
lower [4].

Antihypertensive medications used to treat chronic hyper-
tension in pregnancy generally include a-methyldopa, labeta-
lol, hydralazine, and long-acting calcium channel blockers,
such as nifedipine XL. None of these medications has been
associated with teratogenesis [4].

Gestational hypertension
Gestational hypertension is a less well-defined diagnosis and
likely represents a heterogeneous group which includes patients
with true transient hypertension, patients with undiagnosed
chronic hypertension, and patients with early/incompletely
manifested pre-eclampsia. Up to 25% of women with gesta-
tional hypertension will develop pre-eclampsia [5].

Gestational hypertension is defined as hypertension (sys-
tolic blood pressure � 140 or diastolic blood pressure � 90)
first diagnosed after 20 weeks' gestation that is not associated
with significant proteinuria (� 300mg/24 hour period). The
blood pressure must be elevated in at least two measurements,
taken 6 hours apart [2]. Severe gestational hypertension is
defined as systolic blood pressure � 160 or diastolic blood
pressure � 110 [6]. Gestational hypertension is a temporary
diagnosis. If hypertension does not resolve in the first 12 weeks
postpartum, then the diagnosis of chronic hypertension is
given. A woman with gestational hypertension who does not
become pre-eclamptic and whose hypertension resolves post-
partum is considered to have had “transient hypertension of
pregnancy” [2,7].

Because patients with gestational hypertension likely rep-
resent a heterogeneous group, it is hard to characterize gesta-
tional hypertension as a benign or malignant pregnancy
condition. The course of the disease likely reflects underlying
pathophysiology. That 15–25% of patients with gestational
hypertension will develop pre-eclampsia [5,8] suggests that a
significant subset of gestational hypertension represents
undiagnosed chronic hypertension or an early/incomplete
manifestation of pre-eclampsia. In fact, one study reports that
up to 19% of patients with eclampsia had gestational hyperten-
sion only, without proteinuria, at the time of the seizure [9].

Table 11.1. Definitions of chronic hypertension, gestational hypertension,
pre-eclampsia, and superimposed pre-eclampsia

Chronic hypertension
Systolic blood pressure� 140mmHg or diastolic blood pressure� 90 that is
diagnosed pre-pregnancy or at < 20 weeks' gestation, or hypertension
diagnosed after 20weeks' gestationwhich does not resolve postpartum [1,2]

Gestational hypertension
Systolic blood pressure � 140 or diastolic blood pressure � 90 that is
diagnosed after 20 weeks' gestation and is not associated with significant
proteinuria (� 300 mg/24 hours). The blood pressure must be elevated at
least two times, 6 hours apart [2]

Pre-eclampsia
Systolic blood pressure � 140 or diastolic blood pressure � 90 that
occurs after 20 weeks' gestation in a previously normotensive patient and
significant proteinuria (� 300 mg/24 hours). The blood pressure must be
elevated at least two times, 6 hours apart [5]

Superimposed pre-eclampsia
The development of pre-eclampsia in a woman with underlying chronic
hypertension. This is characterized by new-onset proteinuria, worsening
proteinuria in a woman with pre-existing proteinuria, or the
development of severe signs or symptoms of pre-eclampsia [5]
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Distinguishing which patients with gestational hyperten-
sion will have a benign or morbid clinical course is a significant
clinical problem. Because gestational hypertension is distin-
guished from pre-eclampsia based on the absence of protein-
uria, many incorrectly assume that the absence or presence
of proteinuria distinguishes perinatal risk. Some studies do
support the idea that the presence of proteinuria increases
perinatal risk. North et al. reported that compared
to women with gestational hypertension alone, women with
pre-eclampsia were more likely to develop severe maternal
hypertension (63.4% vs. 26.5%, p < 0.001), deliver small-
for-gestational-age infants < 10th percentile (25.4% vs.
20.5%, p < 0.01), and deliver at < 37 weeks (35.2% vs.
6%, p < 0.0001) [10]. However, it is clear from the above
study that gestational hypertension without proteinuria also
confers increased risk of maternal and perinatal complica-
tions compared to normotensive patients. Buchbinder et al.
showed that women with severe gestational hypertension
had higher rates of preterm delivery < 35 weeks (25%
vs. 8.4%) and small-for-gestational-age infants < 10th per-
centile (20.8% vs. 6.5%) compared to women who were
normotensive or had mild gestational hypertension. In this
study, multivariate analysis showed that severe hypertension
was strongly associated with poor perinatal outcome,
whereas proteinuria was not [6]. Thus both the degree of
proteinuria and the degree of hypertension likely confers
perinatal risk.

Until more is understood about the pathophysiology of
pre-eclampsia and superimposed pre-eclampsia, we are
unlikely to be able to better distinguish between gestational
hypertension which is benign and that which goes on to be
associated with maternal and perinatal morbidity. Gestational
hypertension should be viewed as a sign that identifies a hetero-
geneous group. It is possibly benign, but also possibly a
harbinger of severe maternal or perinatal disease. Patients with
earlier gestational age of onset of hypertension and patients
with severe hypertension are more likely to have poorer out-
comes [6,8]. Careful monitoring and evaluation of all women
with gestational hypertension should be performed. This
includes frequent evaluation of maternal blood pressure,
maternal symptoms, proteinuria, and fetal well-being. It may
also include assessment of maternal renal function, hepatic
function, and platelets. An evaluation of fetal well-being
should include an evaluation of growth, amniotic fluid, and
a non-stress test or biophysical profile.

Pre-eclampsia and superimposed
pre-eclampsia
Pre-eclampsia differs from chronic hypertension in that it is a
syndrome specific to pregnancy. Pre-eclampsia is defined as
hypertension (systolic blood pressure � 140 or diastolic blood
pressure � 90, two times 6 hours apart) occurring after
20 weeks in a previously normotensive patient and significant
proteinuria (� 300 mg/24 hour urine collection) [5]. Superim-
posed pre-eclampsia is the development of pre-eclampsia in a

woman with chronic hypertension. Superimposed pre-
eclampsia can be difficult to diagnose due to the similarity
of signs between chronic hypertension and pre-eclampsia,
but is characterized by new onset of proteinuria in a woman
with chronic hypertension, a sudden increase in pre-existing
proteinuria, or the development of severe signs/symptoms
of pre-eclampsia in a woman with chronic hypertension
(Table 11.1) [5].

The incidence of pre-eclampsia is approximately 5–8%
[5,11]. The incidence of severe pre-eclampsia is 0.9% [12].
Risk factors include nulliparity, African-American race,
chronic hypertension, renal disease, autoimmune disease,
pregestational diabetes, maternal age > 35, and obesity [5].

The clinical features of pre-eclampsia are caused by vaso-
spasm (increased systemic vascular resistance) and endothelial
cell dysfunction (increased vascular permeability and platelet
aggregation). Most often, the disease course is mild, with mild
hypertension and proteinuria. However, severe cases are
marked by uncontrollable hypertension, thrombotic microan-
giopathy (small-vessel thrombosis), and tissue edema, leading
to end-organ damage. End-organ damage can involve seizures
(< 1%), stroke (< 1%), pulmonary edema (2–5%), renal insuf-
ficiency, hepatic failure (< 1%), and thrombocytopenia/hemo-
lytic anemia (10–20%) [11]. The syndrome also can affect the
fetus, manifesting as intrauterine growth restriction (10–25%),
oligohydramnios, and/or abruption (1–4%) [11]. Table 11.2
lists criteria for the diagnosis of severe pre-eclampsia.

Women with underlying medical disease, such as chronic
hypertension, renal disease, or autoimmune disease, are at
increased risk to develop pre-eclampsia earlier and more
severely [11]. The severity of illness in the mother and fetus
are not always concordant.

Multiple theories for the pathogenesis of pre-eclampsia
exist. Historically the most prevalent theories have implicated
(1) abnormal placental implantation or (2) abnormal maternal
immunologic response to the placenta. A recent, literature-
substantiated hypothesis marries these theories and implicates
maternal–fetal immune maladaptation as causing superficial
placentation. Subsequent placental events may trigger a sys-
temic inflammatory response in the mother, which causes
endothelial cell dysfunction and vasospasm [11,13]. Key

Table 11.2. Criteria for severe pre-eclampsia [5]

(1) Systolic blood pressure � 160 on two occasions at least 6 hours apart

(2) Diastolic blood pressure � 110 on two occasions at least 6 hours apart

(3) Proteinuria of � 5000 mg/24 hours or � 3þ on two random protein
dipsticks at least 4 hours apart

(4) Oliguria (< 500 ml/24 hours) or acute renal failure

(5) Cerebral or visual disturbances including seizures (eclampsia)

(6) Pulmonary edema or cyanosis

(7) Epigastric or right upper quadrant pain

(8) Elevated liver enzymes

(9) Thrombocytopenia

(10) Fetal growth restriction
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players likely include the placental-derived antiangiogenic
proteins soluble fms-like tyrosine kinase 1 (sFlt1) and soluble
endoglin, which diffuse into the maternal sera. sFlt1 likely acts
by inhibiting placental growth factor (PlGF) and vascular
endothelial growth factor (VEGF), causing direct endothelial
cell dysfunction and inhibiting vasodilation. Soluble endoglin
likely acts as a soluble inhibitor of TGF-b1, blocking its
activation of endothelial nitric oxide synthase and increasing
local intravascular tone [11,13–18].

Why one pregnancy complicated by immune maladapta-
tion and poor placentation manifests as maternal disease,
another manifests as fetal disease, and still another manifests
as both is unclear. Placental pathology in pregnancies compli-
cated by pre-eclampsia reveals changes similar to those seen
with intrauterine growth restriction. The difference in clinical
presentation may result from the degree of placental damage,
the extent of inflammatory reaction, and/or the maternal
response to molecular mediators [13].

Treatment
The only known treatment for pre-eclampsia is delivery of the
placenta. Key elements of treatment involve timing of delivery,
seizure prophylaxis, treatment of stroke-level blood pressure,
and glucocorticoids for fetal maturation.

Timing of delivery
Controlling the timing of delivery is the best tool for limiting
maternal and perinatal mortality [2]. In cases of pre-eclampsia
at term (� 37 weeks), a decision for delivery is easy. A decision
to deliver a preterm infant is more difficult, and thus the
extent of disease in the mother and the degree of prematurity
of the fetus must be carefully weighed. Guidelines for timing
of delivery are based on observational studies, randomized
trials, and expert opinion [11,12].

In general, mild pre-eclampsia can be managed with close
observation as long as maternal disease remains mild and fetal
status remains reassuring. Delivery is indicated when neonatal
complications from prematurity are minimal. This gestational
age is generally 37–38 weeks [11].

Severe pre-eclampsia is characterized by progressive
deterioration in both the mother and fetus. Delivery should
always be considered. However, expectant management may
be considered in pregnancies � 32 weeks, as it can decrease
perinatal mortality and significantly increases gestational age
at delivery. Expectant management necessitates intensive
maternal and fetal monitoring [7,11,12].

Pre-eclampsia which develops prior to viability is most
often severe. Attempts to prolong gestation when pre-eclamp-
sia develops prior to viability risk severe maternal morbidity
and even mortality. Neonatal morbidity and mortality are also
high. Termination prior to viability is recommended.

Between 24 and 32 weeks, severe pre-eclampsia can be
managed expectantly with careful blood pressure control.
However, signs or symptoms of severe pre-eclampsia that
imply end-organ dysfunction are indications for delivery.
These include the inability to control blood pressure below

the stroke range despite maximal antihypertensive medica-
tions, headache, seizures/neurologic symptoms, right upper
quadrant/epigastric pain with elevated liver enzymes, signifi-
cantly elevated liver enzymes, pulmonary edema, acute renal
failure/oliguria, thrombocytopenia < 100 000, and/or a non-
reassuring fetal status. Patients with severe pre-eclampsia that
is stable are generally delivered by 32–34 weeks due to the
ongoing maternal and fetal risks. If severe pre-eclampsia
occurs with a non-reassuring fetal status such as growth
restriction or a non-reassuring fetal heart tracing, delivery is
almost always indicated [11,12].

Vaginal delivery is generally preferred. However, cesarean
delivery is appropriate for the usual obstetrical indications, in
cases of severe maternal disease where an expedient induction
and vaginal delivery appear unlikely, or when vaginal delivery
has not been achieved within 24 hours after initiating an
induction of labor.

Seizure prophylaxis
The incidence of seizures (eclampsia) with mild and severe
pre-eclampsia informs treatment patterns for seizure prophy-
laxis. Fewer than 1% of patients with mild pre-eclampsia
develop seizures, and approximately 2–3% of patients with
severe pre-eclampsia develop seizures [19].

Magnesium is the preferred antiepileptic, and is generally
recommended for severe pre-eclampsia at least during labor
and immediately postpartum. Randomized controlled trials
have demonstrated that magnesium is superior to phenytoin,
diazepam, and placebo for seizure prophylaxis in severe pre-
eclampsia [5]. There is no consensus on the use of magnesium
for mild pre-eclampsia [5,11,19].

Antihypertensive medications
Antihypertensive medication is used in patients with severe
hypertension to prevent cerebral vascular and cardiovascular
complications. However, antihypertensive therapy given to
patients with pre-eclampsia does not alter rates of maternal
disease progression, perinatal death, IUGR, or prematurity.
Controlling severe hypertension, however, may prolong gesta-
tion, providing time for fetal steroid effect and decreasing the
degree of prematurity. Treatment is usually recommended for
acute elevations in systolic blood pressure � 150–160 or dia-
stolic blood pressure � 105 [5,11]. The most commonly used
antihypertensive medications are parenteral hydralazine, par-
enteral labetalol, or short-acting oral nifedipine. Nitroprusside
is used when hypertension is otherwise refractory.

Glucocorticoids for fetal lung maturity
Administration of corticosteroids to women at risk for pre-
term delivery between 24 and 34 weeks has been shown to
reduce the incidence and severity of neonatal respiratory dis-
tress syndrome, intraventricular hemorrhage, and necrotizing
enterocolitis. It has also been shown to decrease perinatal
mortality [20]. Glucocorticoids in the form of betamethasone
or dexamethasone should be given to a woman with pre-
eclampsia at less than 34 weeks, as preterm delivery is likely.
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Fetal and neonatal effects of hypertensive
disease in pregnancy
Neonatal effects of hypertensive disease in pregnancy are due
primarily to placental insufficiency, iatrogenic prematurity,
and drug effects of medications.

Placental insufficiency
Hypertension and pre-eclampsia are associated with a vasculo-
pathy in the placenta, which may or may not be the same.
Similar features of the vasculopathy include shallow placental
implantation and maternal spiral arteries which fail to become
low-resistance [13]. Cytotrophoblastic hyperplasia, thickening
of the basement membrane, placental infarction, and chorionic
villitis are also seen. These changes are associated with increased
vascular resistance and decreased diffusion capacity in the pla-
centa [21]. Fetal consequences of placental vasculopathy include
increased placental vascular resistance, IUGR (< 10th percent-
ile), increased cerebral blood flow (centralization), oligohydram-
nios, and placental abruption. Approximately 1/3 of IUGR is
caused by uteroplacental insufficiency [21].

IUGR is associated with neonatal polycythemia, hyper-
bilirubinemia, hypoglycemia, hypothermia, and apneic episodes.
Long-term follow-up suggests that small-for-gestational-age
infants may have increased risks of adult hypertension and
cardiovascular complications (Barker hypothesis) [22].

Iatrogenic prematurity
Anywhere from 15% to 67% of pregnancies complicated by
hypertensive diseases of pregnancy result in preterm delivery
[11]. Most poor perinatal outcome is related to the usual com-
plications of prematurity, including neonatal death, respiratory
distress syndrome, intraventricular hemorrhage, necrotizing
enterocolitis, and sepsis. Although there is a common belief
that in utero “stress” associated with pre-eclampsia causes
accelerated fetal maturation, this was not supported in a study
by Freidman et al. The authors found no difference in the
incidence of the above complications of prematurity at � 32
weeks and at � 35 weeks when infants born to pre-eclamptic
mothers were compared to infants born to normotensive con-
trols. This was also true when infants of mothers with severe
pre-eclampsia or severe pre-eclampsia with IUGR were com-
pared to infants of normotensive controls [23].

Fetal effects of maternal medications
Magnesium
Magnesium sulfate crosses the placenta, enters the fetal circu-
lation, and may cause neonatal respiratory depression before
toxicity is seen in the mother. It may also decrease neonatal
intestinal motility, resulting in early feeding problems [7].
There are conflicting reports regarding the effect of magne-
sium on neonatal neurologic outcome. One randomized con-
trolled trial of 194 women using magnesium for tocolysis
versus “other tocolytic” demonstrated a trend toward more
intraventricular hemorrhage, cerebral palsy, and neonatal
death in the magnesium-treated group (combined adverse

outcome, 32% vs. 19%, p ¼ 0.07). In this study, infants who
had adverse outcomes had 25% higher levels of umbilical cord
magnesium (p ¼ 0.03) [24]. However, another randomized
controlled trial of 1062 women comparing magnesium versus
placebo for neonatal neuroprotection showed magnesium had
no deleterious effect on the neonate and possibly reduced the
incidence of gross motor dysfunction at 2-year follow-up [25].
Most recently, outcomes of 6922 children at 18 months of age
whose mothers had been randomized to magnesium versus
placebo for pre-eclampsia were published. There was no dif-
ference between groups with regard to death or neurosensory
disability [26]. Taken together, it is unlikely that magnesium
given for seizure prophylaxis will adversely affect the fetus/
neonate in the long term.

Antihypertensive medications
Antihypertensive medications used to treat chronic hypertension
or to treat severe hypertension in expectantly managed severe
pre-eclampsia (chronic management) include a-methyldopa,
labetalol, hydralazine, and long-acting calcium channel
blockers such as nifedipine. Antihypertensive medications used
to treat acute hypertension related to severe gestational hyper-
tension, pre-eclampsia, or superimposed pre-eclampsia include
parenteral hydralazine, parenteral labetalol, and short-acting
nifedipine. A complete discussion regarding indications for
treatment is found above.

Chronic management
Oral a-methyldopa, labetolol, and long-acting calcium chan-
nel blockers are used for chronic management of hypertension
in pregnancy. a-Methyldopa was historically the drug of
choice. Longitudinal data show no decrease in uteroplacental
blood flow and no adverse neonatal effects in the long term
with its use. However, because a-methyldopa can cause mater-
nal lethargy and elevated liver enzymes, many practitioners
favor other classes of drugs. Labetalol is commonly used,
despite concerns regarding associated growth restriction.
Although beta-blockers have been associated with growth
restriction in meta-analysis, one study comparing a-methyldopa
to labetalol showed no difference in fetal outcome [1]. Hydra-
lazine is also commonly used, but can be limited by maternal
rebound tachycardia. Long-acting calcium channel blockers,
such as nifedipine, are used with minimal side effects [1,2].
Diuretics are controversial in pregnancy because of concerns
that reduction in maternal blood volume will reduce uterine
blood flow. However, a meta-analysis revealed no detrimental
effects [1,2]. Angiotensin-converting enzyme inhibitors (ACE
inhibitors) and angiotensin II receptor blockers (ARBs) are
contraindicated in pregnancy because of teratogenic concerns.
Although ACE inhibitors have traditionally been thought to
be teratogenic only in the second and third trimesters, recent
data suggest that even first-trimester exposure to ACE inhibi-
tors can cause teratogenesis. Specific related anomalies are
cardiac anomalies (risk ratio 3.72, 95% CI 1.89–7.30) and
central nervous system anomalies (risk ratio 4.39, 95% CI
1.37–14.02) [27].
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Acute management
Parenteral hydralazine and labetalol are the most commonly
use antihypertensive agents. Short-acting oral nifedipine is less
commonly used [5]. There has been some concern in meta-
analysis that hydralazine may be more associated with fetal
distress and lower Apgar scores than other antihypertensive
agents. However, major perinatal morbidity, including admis-
sion to intensive care, neonatal hypotension, and complications
from prematurity has not been shown to be different between
hydralazine and other antihypertensive agents [11,28]. Oral
short-acting nifedipine, though commonly used and accepted
by experts, has never been FDA approved for the treatment of
hypertension or hypertensive emergencies in pregnant or non-
pregnant patients. Specific concern exists because it has been
associated with untoward fatal and non-fatal cardiovascular
events in non-pregnant patients [2,12]. No randomized trials
have been done comparing neonatal effects of antihyperten-
sives used for acute management of severe hypertension.

Summary
Hypertensive disease in pregnancy is common, and it is
responsible for significant maternal and neonatal morbidity.
Distinguishing between chronic hypertension, gestational

hypertension, and pre-eclampsia/superimposed pre-eclampsia
is important, because the diagnosis predicts associated mor-
bidity and directs care. However, at times, distinguishing
between these entities is impossible.

Management of all hypertensive disease in pregnancy
includes close surveillance of both maternal and fetal health.
Once pre-eclampsia develops, particularly in the preterm set-
ting, its course is usually progressive and can accelerate.
Appropriate timing of delivery, seizure prophylaxis, treatment
of severe hypertension, and glucocorticoids for fetal matur-
ation are the mainstays of pre-eclampsia care. Expectant man-
agement of severe pre-eclampsia between 24 and 32 weeks can
significantly reduce perinatal morbidity and significantly
extend gestation. Delivery is indicated when end-organ dys-
function is notable in the mother or the fetus. Hypertensive
disease in pregnancy causes morbidity for the fetus/neonate
via placental insufficiency, prematurity, and magnesium
toxicity.

When more is understood about the pathophysiology of
pre-eclampsia and its interaction with chronic hypertension,
biochemical markers may become available to better predict
which mothers, and which fetuses, have the highest risk for
morbidity.
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Chapter

12 Complications of labor and delivery

Yair Blumenfeld and Masoud Taslimi

Introduction
Despite a common misconception among the general public,
intrapartum events rarely lead to fetal injury. Approximately
70% of cases of neonatal encephalopathy are secondary to
events arising prior to the onset of labor [1]. Moreover, the
overall incidence of neonatal encephalopathy attributable to
intrapartum hypoxia, in the absence of any other potential
preconceptional or antepartum causes, is estimated to be
approximately 1.6/10 000 [1]. Despite this, the practice of
obstetrics is rapidly evolving as a reaction to both extrinsic
and intrinsic factors. Today, cesarean section rates are at
all-time highs, operative vaginal delivery rates are decreasing,
and evidence-based obstetrics is threatened to be replaced by
defensive, anecdotally based medicine.

In this chapter, we shall review the available evidence
regarding complications of labor and delivery and their poten-
tial effects on adverse neonatal injury in general and neuro-
logical morbidity in particular. We hope this information will
enable physicians to make educated, informed, and rational
obstetrical decisions, thereby improving overall patient care.

Cesarean section
In the United States in 2004, 29.1% of live births were via
cesarean section [2]. The rate of primary cesarean section in
2004 was 20.6%, compared with 14.6% in 1996 [2]. On the
other hand, in 2004 the rate of vaginal delivery after previous
cesarean (VBAC) was only 9.2%, while in 1996 the rate was
28.3% [2]. The current rise in cesarean section rates is driven
by multiple factors including increasing multiple gestations,
obstetrical litigation, rising elective cesarean section on mater-
nal demand, advanced maternal age, and decreasing operative
vaginal delivery. The old adage of “once a cesarean, always
a cesarean” is slowly making its way back into obstetrical
practice after a 30-year hiatus.

Until very recently, there were minimal data regarding the
potential harmful effects of cesarean section on the fetus and
neonate. To illustrate this, in 2006 the National Institutes of
Health convened a State of the Science Conference to evaluate
the available data regarding cesarean delivery on maternal

request. Following its review, the panel concluded that there
were insufficient data to compare the safety of cesarean section
on maternal request with planned vaginal delivery [3]. They
further stated that “any decision to perform cesarean delivery
. . . should be carefully individualized.”

Since that time, a large prospective cohort study of over
94 000 deliveries in South America compared vaginal delivery
to elective and intrapartum cesarean section. In this multi-
center cohort, cesarean delivery reduced the risk of intrapar-
tum fetal death, but increased the risk of severe neonatal
morbidity and mortality. Also, lack of labor was a risk factor
for prolonged stay in the neonatal intensive care unit, and
neonatal mortality was higher for neonates delivered by elective
cesarean when compared with vaginal delivery [4]. In the same
study, maternal morbidity and mortality, including admission
to the ICU, blood transfusion, hysterectomy, and prolonged
hospital stay were higher in both the elective and intrapartum
cesarean groups when compared with the vaginal delivery
group [4].

Multiple studies have recently addressed maternal compli-
cations following one or more cesarean sections. Minor mor-
bidities including difficult delivery, adhesions, and longer
operative times, as well as significant morbidities including
hysterectomy, blood transfusion, placenta accreta, and ICU
admissions have all been shown to increase with increasing
cesarean deliveries [5,6]. Moreover a recently published large
case-controlled Australian study of over 35 000 women linked
adverse neonatal outcomes including preterm birth, low birth-
weight, small for gestational age, and unexplained stillbirth in
subsequent pregnancies to primary cesarean delivery [7].

As we continue to analyze these drastic changes in practice
in the years to come, we must ask ourselves whether neonatal
morbidity and mortality is improving, whether maternal
safety is compromised, and what if any effects these trends
will have on future pregnancies.

Vaginal births after cesarean (VBAC)
and uterine rupture
The practice of vaginal birth after cesarean (VBAC) was intro-
duced and rapidly endorsed by obstetricians in the 1980s and
1990s. It was initially intended to counteract what were then
perceived as high cesarean section rates resulting largely from
the discontinued practice of mid-forceps and vaginal breech
deliveries. As the practice grew, reports of maternal and
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neonatal morbidity and mortality were published, leading to a
rapid decline in VBAC rates. Today, most labor units require
24-hour in-hospital obstetrical and anesthesia staff if VBAC is
to be attempted. Though the risk of rupture is less than 1% for
most cases of spontaneous laboring patients, the potential
for severe neonatal and maternal morbidity is causing many
hospitals and physician groups to avoid the practice altogether.

Data published over the last 10 years have focused on
identifying the optimal VBAC candidate based on prior cesar-
ean section scar, as well as other fetal and maternal character-
istics [8–10]. In 2004 the American College of Obstetricians
and Gynecologists (ACOG) published guidelines for VBAC
candidates. In this chapter, the following selection criteria
were deemed most useful: one previous low-transverse cesarean
delivery, clinically adequate pelvis, no other uterine scars or
previous rupture, and physicians and anesthesia immediately
available for emergency delivery [11]. Other studies have
attempted to stratify the risk of rupture based on primary surgi-
cal technique (mainly single- vs. double-layer uterine closure),
as well as labor management of the VBAC, including the use
of cervical induction agents and labor augmentation [12,13].

In a review comparing elective cesarean section and VBAC
in over 33 000 patients, those attempting a vaginal trial of
labor had statistically significant higher rates of transfusion,
endometritis, and neonatal hypoxic–ischemic encephalopathy
(HIE) [14]. A recently published large cohort study from the
USA of over 39 000 patients at term with a history of a prior
cesarean section reported 0.27% risk of adverse perinatal out-
comes including stillbirth, HIE, and neonatal death [15]. The
overall rate of uterine rupture was 0.32%, while the rate among
those attempting a vaginal delivery was 0.74%.

Because the majority of morbidity related to VBAC trials
is associated with failure to delivery vaginally, identifying
the proportion of patients who are more likely to successfully
deliver vaginally is important [16]. Two large studies, one
retrospective and one prospective observational, reported
similar overall VBAC success rates of 75.5% and 73.6%
respectively [17,18]. Prior successful vaginal delivery and
spontaneous labor have been reported in multiple studies to
be strong predictors of successful VBAC [18,19]. Also, mul-
tiple studies have shown that the cost-effectiveness of VBAC
depends on the a priori chance of success [20,21].

Counseling a woman with a prior cesarean is complex, and
requires consideration not only of her likely success, risk
factors for uterine rupture, and risk of maternal and neonatal
morbidity, but also of the long-term consequences of delivery
mode should she desire a large family. Though most studies
on VBAC safety have focused on short-term maternal and
neonatal outcomes, multiple cesarean deliveries may have
longer reproductive consequences for women. In a large
observational study of over 30 000 patients undergoing cesar-
ean delivery, the risks of placenta accreta, cystotomy, bowel
injury, ureteral injury, and ileus, the need for postoperative
ventilation, intensive care unit admission, hysterectomy, and
blood transfusion requiring four or more units, and the dur-
ation of operative time and hospital stay significantly

increased with increasing number of cesarean deliveries [6].
A recent decision analysis suggested that allowing women with
a single prior cesarean delivery a VBAC attempt will result in
fewer cumulative hysterectomies compared with elective
repeat cesareans if the woman desires two or more additional
children [22].

Once a VBAC is attempted, close maternal and fetal moni-
toring is crucial. Certain clinical parameters including
increased maternal abdominal pain, vaginal bleeding or hypo-
tension, loss of fetal station, and non-reassuring fetal heart
rates (FHRs) may be indicative of uterine rupture. In a case-
controlled study of 48 uterine ruptures and 100 controls, fetal
bradycardia in the first and second stage was the only finding to
differentiate uterine ruptures from successful VBAC patients
[23]. Some have previously raised concerns of regional anes-
thesia masking the pain associated with uterine rupture.
These concerns have not been confirmed in any observational
studies, and ACOG also states that VBAC is not a contraindi-
cation to epidural anesthesia [11].

Spontaneous uterine rupture
Rupture of the unscarred uterus is a rare obstetric compli-
cation, with an estimated incidence of between 1/8000 and
1/15 000 deliveries [24,25]. In a recent review of 36 reported
primigravid uterine rupture cases in the English literature,
only 20 cases presented with a live, viable infant, and among
those there was evidence of fetal compromise in 80% [26].
Most of the cases, 89%, presented in the third trimester, and
only 11% had vaginal bleeding. Risk factors for the cases
included previous uterine surgery, adherent placenta, congeni-
tal uterine anomaly, adenomyosis, connective tissue disorders,
oxytocin and prostaglandin induction, and labor. Twenty-six
percent of the cases resulted in a hysterectomy, and maternal
mortality was reported in one case.

Operative vaginal delivery
A significant reason for the rise in cesarean section rates is the
decrease in operative vaginal delivery rates. Forceps deliveries
are slowly becoming obsolete as the negative public perception
of these instruments is increasing and resident experience and
training is decreasing. This is in sharp contrast to the practice
of elective forceps that permeated labor and delivery units only
30–40 years ago. Because of the experience necessary to
acquire skill in performing forceps deliveries, and the decrease
in available cases in teaching institutions, vacuum deliveries
have recently gained relative popularity, though still in smaller
numbers than previously.

The indications for operative vaginal delivery, via forceps
or vacuum, have not changed over the years. These include
prolonged second stage, suspicion of immediate or potential
fetal compromise, and shortening of the second stage for
maternal benefit [27]. Peripartum considerations, namely fetal
position, presentation, lie, engagement, and clinical pelvimetry
are of vital importance when attempting an operative vaginal
delivery.
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Mostly, the decision to proceed with either forceps or
vacuum is based on operator experience and comfort.

Complications
Two randomized trials comparing elective low-forceps deliv-
ery with spontaneous vaginal delivery in 50 and 333 patients
respectively failed to show any differences in neonatal out-
comes between the two modalities [28,29]. Studies addressing
the use of forceps in the setting of fetal macrosomia illustrated
higher rates of significant injury, including neurologic abnor-
malities, when compared to spontaneous delivery or cesarean
section [30]. Multiple studies comparing vacuum to forceps
illustrated greater neonatal injury, including scalp lacerations,
cephalohematomas, subgaleal hematomas, and intracranial
hemorrhage, with vacuum delivery [31,32]. In a study com-
paring 308 vacuum-assisted deliveries with 200 forceps-
assisted deliveries, cephalohematomas were seen in 20.5% of
vacuum compared with 12.5% of forceps, and caput and
molding were seen in 28.2% of vacuum compared with 13.5%
of forceps [31]. Despite these, the overall incidence of serious
complications with vacuum extraction is approximately 5%.

When considering an operative vaginal delivery, risks
related to forceps-assisted delivery should also be considered
and relayed to the patient prior to their use. Corneal abrasions
and external ocular trauma are more common with forceps
delivery. In one study, 36.5% of forceps-assisted deliveries
resulted in instrument bruising [31]. Greater maternal mor-
bidity, including perineal lacerations, is also seen with forceps.
A large cohort study from a California database compared
over 83 000 deliveries between 1992 and 1994 [33]. The lowest
morbidity and mortality was seen with spontaneous vaginal
delivery, an intermediate risk was seen with vacuum, forceps,
or cesarean section during labor, while the highest risk was
seen in those who delivered with combined forceps and
vacuum extraction or who were delivered by cesarean section
following failed operative vaginal delivery.

Long-term infant consequences
A few randomized studies have addressed the long-term
consequences of operative vaginal delivery. One randomized
study comparing vacuum to forceps failed to show a statistical
difference in head circumference, weight, hearing, or vision at
9 months of age [34]. A separate large cohort study of 3413
children failed to show cognitive differences between those
delivered by forceps and those delivered spontaneously [35].
Finally, a 10-year follow-up of 295 children delivered by
vacuum and 302 controls delivered spontaneously revealed
no difference in scholastic performance, speech, ability of
self-care, or neurologic abnormality between the groups [36].

Shoulder dystocia
Shoulder dystocia is most often defined as a delivery that
requires additional obstetric maneuvers following failure of
gentle downward traction on the fetal head to effect delivery of
the shoulders [37]. The most common mechanism is impac-
tion of the anterior fetal shoulder behind the maternal pubic

symphysis, and rarely impaction of the posterior fetal shoulder
on the sacral promontory. It is thought to complicate less
than 1% of vaginal deliveries, and is a significant contributor
of maternal and neonatal injury, including brachial plexus
injuries. Of note, approximately 4% of brachial plexus injuries
are as a result of cesarean delivery.

Despite aggressive treatment of gestational diabetes,
decreased operative vaginal delivery rates, and strict manage-
ment guidelines for elective cesarean section to prevent shoul-
der dystocia published by ACOG, the incidence of shoulder
dystocia has not decreased. In fact, a recent large UK cohort
study of over 79 000 deliveries reported increased incidence of
shoulder dystocia, brachial plexus injury, and neonatal
asphyxia between 1991 and 2005 [38].

Risk factors for shoulder dystocia include gestational
diabetes, macrosomia (fetal weight greater than 5000 g in
non-diabetics and 4500 g in diabetics) [39], operative vaginal
delivery, prior history of shoulder dystocia, protracted labor,
pitocin use, and prolonged second stage. In only 10% of the
cases a risk factor can be identified; the majority of cases are
surprise presentations.

More than 95% of shoulder dystocias are uncomplicated,
yet severe cases of shoulder dystocia may result in hypoxic–
ischemic encephalopathy and even death [37]. Of the 5% of
shoulder dystocias associated with fetal injury, less than 10%
lead to permanent neurological morbidity, mostly brachial
plexus injury. Other neonatal morbidity includes bone frac-
tures, low Apgar scores, acidosis, and NICU admissions [38].
Maternal complications of shoulder dystocia include postpar-
tum hemorrhage and perineal injury.

Amniotic fluid embolism
Amniotic fluid embolism (AFE) is a rare but catastrophic
event. It arises when small amounts of amniotic fluid, rich in
thromboplastin and thrombin, enter the maternal circulation
via the exposed uterine spiral arterioles at the placental bed.
Suggested risk factors for AFE include advanced maternal age,
medical induction of labor, polyhydramnios, amnioinfusion,
multiple gestations, cesarean section, operative vaginal deliv-
ery, placenta previa or abruption, eclampsia, and uterine
rupture [40]. Maternal morbidity includes emergency delivery,
cardiopulmonary arrest, pulmonary embolus, disseminated
intravascular coagulopathy (DIC), and death. Fetal morbidity
includes neonatal hypoxia, low Apgar scores, NICU admis-
sions, and demise.

A large population-based retrospective cohort study
reported the incidence of AFE to be about 1/17 000 singleton
pregnancies [40]. A review of 46 suspected cases of AFE
revealed that approximately 70% occurred during labor, 11%
following vaginal delivery, and 19% during cesarean section
following delivery of the infant. Maternal mortality was 61%,
with neurologically intact survival seen in only 15% of women.
Of the fetuses in utero at the time of the event, only 39%
survived [41]. Other large cohort studies have described
maternal mortality rates as low as 13% [40].
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Clark et al. postulated that a biphasic hemodynamic
response exists in the setting of amniotic fluid embolism
[42]. First, an initial transient period of intense pulmonary
vasospasm leads to acute right ventricular failure and hypox-
emia. This may explain the 50% occurrence of maternal deaths
during the acute episode. Subsequently, however, the predom-
inant feature is one of left ventricular heart failure. The
National Amniotic Fluid Registry revealed marked similarities
between the hemodynamic, clinical, and hematologic mani-
festations of amniotic fluid embolism and both anaphylactic
and septic shock [41]. Therefore, some authors recommend
that the term “amniotic fluid embolism” be discarded
altogether and replaced by “anaphylactoid syndrome of
pregnancy” [41,43]. Reports of “atypical amniotic fluid embol-
isms” have recently described clinical hemorrhage and coagu-
lopathy as the initial presentation rather than the classical
pattern of cardiopulmonary collapse [44–46].

Early diagnosis of AFE is an integral step in the delivery of
timely and appropriate care [47]. Despite efforts to identify a
gold-standard diagnostic test, AFE remains a clinical diagnosis
dependent on bedside judgment and exclusion of other dis-
eases in the broad differential diagnosis [47]. Patients with
AFE are best managed using a multidisciplinary approach.
There are no pharmacologic or other therapies that prevent
or treat the AFE, and supportive care typically involves aggres-
sive treatment of multiple types of shock simultaneously [48].
Invasive monitoring, and aggressive treatment of hypoxia,
hypotension, coagulopathy, hemorrhage, and left ventricular
dysfunction are paramount [48]. The difficulty in managing
AFE is the rapidity with which progression of signs and
symptoms occurs, most often including considerations of both
mother and fetus. In the cases in which AFE occurs during
labor, immediate delivery of the fetus is mandated to prevent
further hypoxic damage to the fetus and to facilitate cardio-
pulmonary resuscitative efforts [48].

Intra-amniotic infection
Intra-amniotic infection refers to infection of any fetal com-
partment including fetal membranes. It includes infection of
the chorion (chorioamnionitis or villitis), amniotic fluid
(amnionitis), umbilical cord (funisitis), and fetal circulation
[49]. Clinically evident intra-amniotic infection occurs in
approximately 0.5–10% of pregnancies [50].

Intra-amniotic infection is a major risk factor for preterm
labor and delivery [51]. Risk factors for intrapartum chor-
ioamnionitis at term include preterm rupture of membranes
(rupture of membranes prior to uterine contractions), pro-
longed labor, performing multiple vaginal exams, intrauterine
fetal surveillance monitors such as intrauterine pressure cath-
eters and scalp electrodes, and maternal infections. The most
common pathway for development of chorioamnionitis is
via the ascent of lower genital tract organisms into the amni-
otic cavity. Less frequently, hematogenous or transplacental
passage of bacteria may be the culprit.

Clinical chorioamnionitis at term is the leading risk factor for
neonatal sepsis. Multiple studies have linked chorioamnionitis

with NICU admissions, pneumonia, cerebral palsy (CP),
respiratory distress syndrome (RDS), and periventricular
leukomalacia (PVL) [52,53]. Despite this, among term infants
born after intra-amniotic infection, perinatal mortality is less
than 1% [43].

However, many infants born to mothers with chorioam-
nionitis have features of neonatal encephalopathy such as low
Apgar scores, metabolic acidosis, and FHR abnormalities.
These infants are at increased risk of developing CP, and
studies have documented a four- to ninefold increase in the
incidence of CP in term and near-term infants of mothers with
chorioamnionitis [52,53]. As noted by Wu and Colford,
maternal infection leads to an elevation of fetal cytokines that
can damage the fetal central nervous system and impair
placental blood flow and gas exchange [53]. Maternal fever
may also raise the core temperature of the fetus, which may be
harmful to the developing fetus.

The pathophysiology involved in chorioamnionitis is
clearly delineated in preterm infants in Chapter 4, and similar
processes can be seen in the term infant as well.

Chorioamnionitis is usually a polymicrobial disorder, arising
from Bacteroides species, Gardnerella vaginalis, Group B
Streptococcus, Escherichia coli, Mycoplasma, and other aerobic
streptococci as well as aerobic Gram-negative rods. Diagnosis
is typically made clinically, by the presence of maternal fever,
fetal tachycardia, uterine tenderness, and/or foul-smelling
odor of the amniotic fluid. Several treatment regimens have
been studied in the setting of chorioamnionitis, including
combinations of ampicillin, gentamycin, clindamycin, vanco-
mycin, cephalosporins, macrolides, and others [54]. Despite
the lack of a clear standard, the goal of treatment regardless of
regimen is to provide broad-spectrum antibiotic coverage in
order to reduce neonatal morbidity and mortality.

Post-term and meconium staining
Post-term pregnancy is defined as any pregnancy extending
beyond 42 weeks' gestation. The reported incidence of post-
term pregnancy is approximately 7% [55]. An important task
when confronting a post-term pregnancy is to adequately
assess the gestational age, as poor dating is the most common
cause of apparently prolonged gestation. Data now indicate
that any pregnancy lasting beyond term is associated with
increased neonatal morbidity and mortality, and these risks
should be discussed with the patients in order to develop a
delivery plan based on individual obstetrical history, cervical
Bishop score, and likelihood of spontaneous labor.

Pregnancy beyond term is associated with increased neo-
natal demise. The nadir of neonatal mortality is at 39–40 weeks
for singletons and rises exponentially following 42 weeks.
Moreover, meconium staining, labor induction, cesarean
section, macrosomia, shoulder dystocia, and operative vaginal
delivery all increase in pregnancies beyond term. Low umbil-
ical artery pH and low 5-minute Apgar scores have also been
linked to post-term pregnancies.

Twenty percent of post-term fetuses have dysmaturity
syndrome, which refers to infants with characteristics similar
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to intrauterine growth restriction and placental insufficiency
[55]. The syndrome is also associated with cord compression,
oligohydramnios, meconium aspiration and short-term neo-
natal complications such as hypoglycemia, seizures, and
respiratory insufficiency [55].

Meconium-stained amniotic fluid results from the passing
of fetal stool prior to delivery and occurs in approximately
12–22% of women in labor [56]. Though often linked to fetal
stress, meconium at term, without other signs of fetal com-
promise, does not result in adverse neonatal outcomes. Meco-
nium aspiration syndrome comprises a combination of airway
obstruction, inflammation, atelectasis, lung overexpansion,
inhibition of surfactant, and secondary surfactant deficiency,
hypoxia, and pulmonary hypertension [57,58]. The syndrome
occurs in up to 10% of infants exposed to meconium-stained
amniotic fluid and is associated with significant morbidity and
mortality [56]. Initial small cohort studies of amnioinfusion as
a treatment for meconium-stained fluid suggested a benefit.
Larger follow-up studies including a large multicenter trial
showed no benefit to amnioinfusion in terms of moderate or
severe meconium aspiration, perinatal mortality, or cesarean
delivery [59].

Malpresentation
Determining fetal presentation is an important step in the
evaluation of the laboring patient. Most fetuses at term will
align along the longitudinal axis of the uterus. Transverse and
oblique lies are less common at term, seen most often in the
setting of multiple gestations and grand multiparity. The most
common fetal presentation is vertex (sometimes referred to as
occiput), occurring in 96% of fetuses at term. Less common
non-vertex presentations include breech (further defined as
frank, footling, complete), face, brow, and compound. Non-
vertex presentations may complicate the labor process by
compromising the ability of the fetus to either enter the pelvic
inlet (engagement) or flex its neck as it traverses the maternal
pelvis. Flexion and fetal descent occur most often in the mid-
pelvis, the narrowest portion of the pelvis bordered by the
ischial spines. Inability to enter or maneuver through the
pelvis leads to protracted labor and may even lead to severe
maternal and neonatal morbidity. Though mostly a clinical
diagnosis, ultrasound confirmation of fetal presentation and
position may assist with the diagnosis of malpresentation
in labor [60].

Face presentation
Fetal face presentation is caused by sharp extension of the fetal
neck during the process of labor. Face presentation is often
associated with fetal anencephaly, anterior neck masses, or
hydrocephalus. Also, cephalopelvic disproportion, macrosomia,
abnormal pelvic structures, and factors leading to laxity of the
anterior abdominal tone such as multiparity and connective
tissue disorders may lead to abnormal presentation.

Face presentation is often diagnosed in the second stage of
labor on digital exam. The position of the face relative to the

pelvis will determine the likelihood of a successful vaginal
delivery. Sixty percent of face presentations occur in the men-
tum anterior position, 15% in the mentum transverse, and
26% in the mentum posterior [61]. Up to 50% of fetuses in
the mentum transverse and mentum posterior positions will
spontaneously convert to mentum anterior during the course
of labor. Knowing the fetal position is crucial, since most
mentum anterior positions are likely to deliver vaginally.
FHR abnormalities and low 5-minute Apgar scores are also
associated with face presentation.

In the mentum anterior presentation, as the face descends
onto the perineum, the fetal chin passes under the maternal
pubic symphysis. Flexion of the head follows as the baby is
delivered. On the other hand, in the mentum posterior pos-
ition, the fetal neck must extend the length of the maternal
sacrum in order to reach the perineum, a difficult task given
its short length. Vaginal delivery is therefore usually not
possible unless spontaneous rotation occurs or the fetus is
very small. Manual rotation of the mentum posterior to the
vertex or mentum anterior position should only be attempted
with extreme caution. Case reports of uterine rupture, neo-
natal asphyxia due to cord prolapse, and neonatal neurologic
injury from spine trauma have been described.

Breech presentation
Delivery of a breech presentation has been described as early
as the first century AD. For over 1000 years obstructed labor
was treated by converting the presentation to a footling breech
and delivering the baby by traction. Different techniques have
been described to deliver a breech singleton, including assisted
vaginal delivery, spontaneous vaginal delivery, and total
breech extraction. The assisted vaginal breech delivery
includes spontaneous delivery of the fetus to the umbilicus
followed by the Pinard (flexion of the leg at the knee in order
to facilitate its delivery out of the vagina), Loveset (rotation of
the body and sweeping of the fetal arms), and Mauriceau
(delivery of the aftercoming head) maneuvers. In the eighteenth
century William Smellie applied forceps to the aftercoming
head, and in 1924 Edmund Piper designed forceps specifically
for the aftercoming head.

In the 1900s, concerns over vaginal breech delivery grew as
reports of birth trauma, including intraventricular hemor-
rhage, spinal cord and brachial plexus injury, fractures, genital
injury, birth asphyxia, and perinatal mortality, surfaced. In
2000, Hanah et al. published their results from a multicenter
randomized trial of planned cesarean section versus planned
vaginal birth trial [62]. The study had planned to enroll 2800
participants in 26 countries, with a primary outcome of peri-
natal or neonatal mortality. The study was halted early when
an interim analysis showed 5% perinatal mortality or serious
neonatal morbidity in the planned vaginal group versus 1.6%
in the planned cesarean section group. Moreover, the authors
concluded that “for every additional 14 cesarean sections
done, one baby will avoid death or serious morbidity.”
Following the study, ACOG released a committee opinion
stating that a “planned vaginal delivery of a singleton term
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breech may no longer be appropriate,” and that “patients with
persistent breech presentation at term in singleton gestation
should undergo a planned cesarean section” [63]. Over the last
seven years, criticisms of the Term Breech Trial have surfaced,
including a study failing to show a significant difference in
long-term neurologic sequelae between neonates delivered
by cesarean or breech delivery, which resulted in ACOG
rescinding its original statement and replacing it with the
following in 2006: “In light of recent studies that further clarify
the long-term risks of vaginal breech delivery, ACOG recom-
mends that the decision regarding mode of delivery should
depend on the experience of the health care provider . . .
Cesarean delivery will be the preferred mode for most phys-
icians because of the diminishing expertise in vaginal breech
delivery” [64,65].

External cephalic version
External cephalic version (ECV), or the manual rotation of a
malpositioned fetus by the application of external pressure to
the maternal abdomen, has been described as early as 400 BC
by Hippocrates. In 1997 ACOG published guidelines for ECV,
including gestational age greater than 36 completed weeks [66].
Success rates for ECV have ranged from approximately 30% to
80%, with greater success reported in multiparous patients and
those with oblique or transverse lie. Greater success has also
been reported with the use of uterine relaxants, including ter-
butaline and ritodrine [67]. Data are limited and conflicting
regarding the use of spinal or epidural [67]. Reported compli-
cations of ECV include intrauterine fetal demise, antepartum
hemorrhage, premature labor, and preterm premature rupture
of membranes (PPROM). Controversy regarding ECV still
exists regarding patients with prior cesarean section, decreased
amniotic fluid volume, or uterine malformations. Contraindi-
cations to ECV include PPROM, placenta previa, suspected
placental abruption, and non-reassuring FHR.

Prolonged second stage
ACOG defines labor as the presence of uterine contractions
of sufficient intensity, frequency, and duration to bring about
demonstrable effacement and dilation of the cervix [68].
Normal labor is divided into three stages. The first stage,
including both the latent and active phases, begins with cer-
vical change and concludes with full cervical dilation. The
second stage is the time from full cervical dilation to delivery
of the neonate, and the third stage is the time interval from
delivery of the neonate to delivery of the placenta.

The term “cephalopelvic disproportion” has been used to
describe a disparity between the size of the maternal pelvis and
the fetal head that precludes vaginal delivery [68]. Protracted
and arrested disorders can occur throughout the course of
labor, and their management depends on evaluation of mater-
nal uterine contractions, the size, presentation, and position of
the fetus, and maternal pelvic characteristics, assessed most
commonly using clinical pelvimetry. Labor dystocia accounts
for the majority of cesarean deliveries performed.

The median duration for the second stage of labor is
20 minutes for multiparous women and 50 minutes for
nulliparous women [69]. Prolonged second stage should be
considered in nulliparous women if the second stage lasts
beyond 2 hours, or 3 hours with regional anesthesia [68].
Prolonged second stage in multiparous women should be
considered if the second stage lasts longer than 1 hour, or
2 hours with regional anesthesia [68]. Management of pro-
longed second stage will vary depending upon reassessment of
the woman, fetus, and expulsive forces. Once a second-stage
arrest disorder is diagnosed, the obstetrician has three options:
(1) continued observation, (2) operative vaginal delivery, or
(3) cesarean delivery.

Risk factors for prolonged labor include nulliparity, dia-
betes, macrosomia, epidural anesthesia, oxytocin usage, and
chorioamnionitis [70]. Arrested and prolonged labor, particu-
larly in the second stage, may lead to severe neonatal and
maternal morbidity. Chorioamnionitis, particularly in the
setting of prolonged ruptured membranes, has been linked
to protracted labor. Fetal infection and bacteremia, including
pneumonia caused by aspiration of infected amniotic fluid,
has also been linked to prolonged labor [68]. From a maternal
perspective, increased cesarean operative times, greater exten-
sions at the time of cesarean section, increased operative
vaginal delivery rates, and increased third- and fourth-degree
lacerations have all been linked to prolonged second stage
[71,72]. Prolonged second stage may also result in injuries of
the pelvic floor, and in developing nations very prolonged
second stages of labor have resulted in severe necrosis and
development of vesico- and rectovaginal fistulas [73].

Recently, despite historical concerns for fetal asphyxia,
evidence has emerged suggesting improved vaginal delivery
rates with expectant management of prolonged second stage
[70]. In a large retrospective cohort study of over 6000 patients
in the second stage of labor, there were no perinatal deaths
unrelated to anomaly in the prolonged second stage group
[74]. Also, there was no significant relationship between
second-stage duration and low 5-minute Apgar score, neo-
natal seizures, or admission to the neonatal intensive care
unit. ACOG thus states that the decision to perform an opera-
tive delivery in the second stage versus continued observation
should be made on the basis of clinical assessment of
the woman and the fetus, and the skill and training of the
obstetrician [68].

Fetal heart-rate monitoring
FHR monitors are ubiquitous on labor and delivery units
across the United States and other developed countries. In
2002, approximately 85% of all live births were assessed with
electronic fetal heart-rate monitoring (EFM) [75]. Despite
widespread use, major limitations to EFM remain, including
poor inter- and intra-observer reliability, uncertain efficacy,
and a high false-positive rate [76].

A large meta-analysis comparing EFM with intermittent
auscultation showed higher rates of cesarean section and
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operative vaginal deliveries in the EFM group [77]. Also, despite
a lower rate of perinatal mortality caused by fetal hypoxia in
the EFM group, the overall perinatal mortality was equal [77].
Most studies comparing the two modalities exclude high-risk
pregnancies such as suspected fetal growth restriction,
pre-eclampsia, and type 1 diabetes mellitus; ACOG still rec-
ommends continuous monitoring of such pregnancies [76].

Marked inter- and intra-observer variability in EFM has
been described in multiple studies [78–80]. For example, when
four obstetricians examined 50 tracings, agreement was
reached in only 22% of cases. Moreover, 2 months later, the

same clinicians interpreted 21% of the tracings differently than
they did during the first evaluation [78].

The greatest limitation of EFM is its high false-positive
rate. The positive predictive value of a non-reassuring FHR
pattern to predict CP among singletons with a birthweight of
2500 g or more is only 0.14% [81]. Thus, for 1000 fetuses with
a non-reassuring FHR pattern, only one or two will develop
CP [76]. Despite increasing prevalence, the widespread use of
EFM has not led to the reduction of CP over time [82,83]. This
is also consistent with the fact that only 4% of encephalo-
pathies can be attributed solely to intrapartum events [1].
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Chapter

13 Fetal response to asphyxia

Laura Bennet and Alistair J. Gunn

Introduction
For most of the twentieth century the concept of perinatal
brain damage centered around cerebral palsy and intrapartum
asphyxia. It is only in the last 20 years that this view has been
seriously challenged by clinical and epidemiological studies
that have demonstrated that approximately 70–90% or more
of cerebral palsy is unrelated to intrapartum events [1]. Many
term infants who subsequently develop cerebral palsy are
believed to have sustained asphyxial events in mid-gestation.
In some cases, prenatal injury may lead to chronically abnor-
mal heart-rate tracings and impaired ability to adapt to labor,
which may be confounded with an acute event [2].

Furthermore, it has become clear that the various abnor-
mal fetal heart-rate (FHR) patterns that have been proposed to
be markers for potentially injurious asphyxia are consistently
only very weakly predictive for cerebral palsy [3]. Although
metabolic acidosis is more strongly associated with outcome,
more than half of babies born with severe acidosis (base deficit
> 16mmol/L and pH< 7.0) do not develop encephalopathy,
while conversely encephalopathy can still occur, although at
low frequency, in association with relatively modest acidosis
(BD 12–16 mmol/L) [4]. These data contrast with the presence
of very abnormal fetal heart-rate tracings, severe metabolic
acidosis [5], and acute cerebral lesions in the great majority
of infants who do develop acute neonatal encephalopathy [6].

The key factor underlying all of these observations is the
effectiveness of fetal adaptation to asphyxia. The fetus is, in
fact, spectacularly good at defending itself against such insults,
and injury occurs only in a very narrow window between
intact survival and death. These adaptations work sufficiently
well in the majority of cases that even the concept of “birth
asphyxia” itself has been controversial. However, recent stud-
ies where cerebral function has been monitored from birth in
infants with clinical evidence of compromise during labor
have shown that many such children did have a precipitating
episode in the immediate peripartum period, with evidence of
acute evolving clinical encephalopathy [5], electroencephalo-
graphic (EEG) changes [7], cerebral lesions on magnetic res-
onance imaging (MRI) [6], mitochondrial oxidative activity,

and an increased rate of long-term cognitive or functional
sequelae [8,9]. In those infants with evidence for acute peri-
natal asphyxial event(s) the link between asphyxia and long-
term problems is the severity of early-onset encephalopathy.
Newborns with mild encephalopathy are completely normal
during follow-up, while at least 90% of those with severe (stage
III) encephalopathy die or have severe handicap by 18 months
of age. In contrast, only half of those with moderate (stage II)
hypoxic–ischemic encephalopathy develop handicap; however,
even those who do not develop neurological impairment are at
risk of future academic failure [10].

Causes of pathological asphyxia
A number of events, some peculiar to labor, may result in
asphyxia and fetal compromise, both antenatally and during
labor. Broadly these may be grouped as chronic, acute cata-
strophic, and repeated hypoxia [5]. Chronic hypoxia may be
caused by decreased fetal hemoglobin (e.g. fetomaternal or
fetofetal hemorrhage), infection, and maternal causes such as
systemic hypoxia and reduced uteroplacental blood flow due
to hypotension. Immediate, catastrophic events include cord
prolapse and to some extent cord entanglements, true knots in
the cord, vasa previa, placental abruption, uterine rupture, and
fetal entrapment, such as shoulder dystocia. The impact of
asphyxia during placental abruption may be potentiated by
fetal blood loss with fetal volume contraction. Finally, in labor,
the fetus may be exposed to shorter but frequent episodes that
may lead to a progressive decompensation over time [2].

Characteristics of perinatal asphyxial
encephalopathy
The fetal response to asphyxia is not stereotypical. The fetal
responses, and the ability of the fetus to avoid injury, depend
upon the type of the insult (as above), the precise environ-
mental conditions, and the maturity and condition of the fetus
(Fig. 13.1). This review focuses on recent developments in our
understanding of the factors that determine whether the brain
is damaged after an asphyxial insult. We will briefly review
the fundamental cellular mechanisms of cerebral damage
and discuss in detail the systemic adaptations of the fetus
to asphyxia in relation to the factors which can modulate the
evolution of cerebral injury.

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



The pathogenesis of cell death
What initiates neuronal injury?
At the most fundamental level, injury requires a period of
insufficient delivery of oxygen and substrates such as glucose
(and other substrates in the fetus) such that neurons and glia
cannot maintain homeostasis. Once the neurons' supply of
high-energy metabolites such as ATP can no longer be main-
tained during hypoxia–ischemia, there is failure of the energy-
dependent mechanisms of intracellular homeostasis, such as
the Naþ,Kþ-ATP-dependent pump. Neuronal depolarization
occurs, leading to sodium and calcium entry into cells. This
creates an osmotic and electrochemical gradient that in turn
favors further cation and water entry, leading to cell swelling
(cytotoxic edema). If sufficiently severe, this may lead to
immediate lysis [11]. The swollen neurons may still recover,
at least temporarily, if the hypoxic insult is reversed or the
environment is manipulated. Evidence suggests that several
additional factors act to increase cell injury during and
following depolarization. These include the extracellular accu-
mulation of excitatory amino acid neurotransmitters due to
impairment of energy-dependent reuptake, which promote
further receptor-mediated cell swelling and intracellular
calcium entry, and the generation of oxygen free radicals and
inflammatory cytokines [11,12]. Nevertheless, it is critical to
appreciate that these factors appear to be injurious almost
entirely in the presence of hypoxic cell depolarization. For
example, glutamate is far more toxic during hypoxia (or mito-
chondrial dysfunction) than during normoxia [13]. Conversely,
in vitro, hypoxia can still trigger cell death during glutamate
receptor blockade, through apoptotic mechanisms [14].

If oxygen is reduced, but substrate delivery is effectively
maintained (i.e., pure or nearly pure hypoxia), the cells will
adapt in two ways to avoid or delay depolarization. Firstly,
they can use anaerobic metabolism to support their produc-
tion of high-energy metabolites for a time. The use of anaer-
obic metabolism is of course very inefficient since anaerobic
glycolysis produces lactate and only two ATPs, whereas aer-
obic glycolysis produces 38 ATPs. Thus glucose reserves are
rapidly consumed, and a metabolic acidosis develops, which,

as discussed further below, may have local and systemic
consequences. In some circumstances the fetus may be able
to benefit from increased circulating lactate. Many fetal
tissues, such as the heart, get a high proportion of their
substrate from sources other than glucose, particularly lactate
[15], and the brain is able to oxidize lactate when its concen-
tration is elevated [16]. Thus if hypoxia is mild or intermittent
the circulating lactate may help support systemic metabolism
during normoxic intervals. However, as lactate requires
oxygen to be metabolized, clearly these alternative fuels cannot
be used by the fetus during severe hypoxia/asphyxia.

Secondly, the brain can to some extent reduce non-obligatory
energy consumption. This is clearly seen in neurons, where
moderate hypoxia typically induces a switch to a high-voltage
low-frequency EEG state requiring less oxygen consumption
[17,18]. As an insult becomes more severe, neuronal activity
ceases completely at a threshold above that which causes actual
neuronal depolarization [19,20]. This regulated suppression of
metabolic rate during hypoxia or ischemia, before energy
stores are depleted, termed adaptive hypometabolism [21], is
actively mediated through inhibitory neurotransmitters such
as adenosine [20]. It is the duration of neuronal depolariza-
tion, rather than of suppression of the EEG per se, that
ultimately determines the severity of injury [22]. Thus the
brain remains protected as long as depolarization is avoided.

In contrast, under conditions where levels of both oxygen
and substrate are reduced the options for the neuron are much
more limited, since not only is there less oxygen, but there is
also much less glucose available to support anaerobic metab-
olism. This may occur during pure ischemia (reduced tissue
blood flow, such as occurs in stroke) but also, even more
critically, during conditions of hypoxia–ischemia, i.e., a com-
bination of reduced oxygen content with reduced tissue blood
flow. In the fetus, hypoxia–ischemia commonly occurs due to
hypoxic cardiac compromise and hypotension. Under these
conditions depletion of cerebral high-energy metabolites will
occur much more rapidly and profoundly, while at the same
time there may actually be less acidosis, both because there is
much less glucose available to be metabolized to lactate, and
because the insult evolves more quickly.

Asphyxic insult 

Nature of insult: 

Cause of insult:
• Global hypoxia 
• Focal ischemia 

Fetus 

Modifying factors: 
• Gestational age 
• Pre-existing state 
• Temperature
• Acidosis

Outcome

Organs affected: 
None
Brain
Peripheral organs 
All 

Severity:
• No injury 
• Minor learning 

disorders 
• Cerebral palsy
• Death

Acute     vs.  Chronic
Mild     vs.  Severe
Brief     vs.  Prolonged
Single     vs.  Repeated 

Fig. 13.1. Schema of the factors influencing
the development of cerebral injury after perinatal
asphyxia.
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These concepts help to explain the consistent observation,
discussed later in this chapter, that most cerebral injury after
acute perinatal insults occurs in association with hypotension
and consequent tissue hypoperfusion or ischemia. In contrast,
although asphyxial brain injury by definition requires expos-
ure to an anaerobic environment, there is only a broad correl-
ation between the severity of systemic acidosis and the severity
of injury in any paradigm, at any age. Asphyxia is defined as
the combination of impaired respiratory gas exchange (i.e.,
hypoxia and hypercapnia) accompanied by the development
of metabolic acidosis. When we think about the impact on the
brain of clinical asphyxia it will be critical to keep in mind that
this definition tells us much about things that are relatively
easily measured (fetal blood gases and systemic acidosis) and
essentially nothing about the fetal blood pressure and perfu-
sion of the brain, the key factors that contribute directly to
brain injury.

Systemic and cardiovascular adaptation
to asphyxia
The systemic adaptations of the fetus to whole-body asphyxia
are critical to outcome. Although the focus of most of the
classic studies in this area was to delineate the cardiovascular
and cerebrovascular responses, more recently the relationship
between particular patterns of asphyxia and neural outcome
has been examined. The majority of experimental studies of
the pathophysiology of fetal asphyxia have been performed in
the chronically instrumented fetal sheep, in utero. The sheep is
a highly precocial species, whose neural development approxi-
mates that of the term human around 0.8–0.85 of gestation
[23,24]. Most studies have been performed at this age. The
reader should note that the baseline heart rate of the fetal
sheep is approximately 20 beats per minute higher than that
of the human fetus.

Fetal adaptations and defense mechanisms
The fetus is highly adapted to intrauterine conditions, which
include low partial pressures of oxygen and relatively limited
supply of substrates compared with postnatal life. Although
tissue myoglobin could in theory act as an oxygen store, in
practice the fetus does not have appreciable tissue myoglobin
levels except in the heart [25]. Myocardial myoglobin concen-
trations do increase in hypoxic fetuses, consistent with previ-
ous observations in postnatal animals. This appears to
represent an intracellular compensatory mechanism for sus-
taining short-term mitochondrial oxygen delivery in a critical
organ with high oxygen consumption [26].

Thus the fetus is largely dependent on a steady supply of
oxygen, and consequently it has many adaptive features, some
unique to the fetus, which help it to maximize oxygen avail-
ability to its tissues even during moderate hypoxia. Thanks to
these adaptations, it normally exists with a surplus of oxygen
relative to its needs. This surplus provides a significant margin
of safety when oxygen delivery is impaired. These adaptive
features include higher basal blood flow to organs; left shift of

the oxygen dissociation curve, which increases the capacity of
blood to carry oxygen and the amount of oxygen that can
be extracted at typical fetal oxygen tensions; the capacity
to significantly reduce energy-consuming processes; greater
anaerobic capacity in many tissues; and the capacity to redis-
tribute blood flow towards essential organs away from the
periphery.

Additional structural features of the fetal circulation fur-
ther support these adaptive features, including the systems of
“shunts,” such as the ductus arteriosus, and preferential blood
flow streaming in the inferior vena cava to avoid intermixing
of oxygenated blood from the placenta and deoxygenated
blood in the fetal venous system. These features ensure max-
imal oxygen delivery to essential organs such as the brain and
heart. The preferential streaming patterns may be augmented
during hypoxia to help maintain oxygen delivery to these
organs. Thus overall fetal oxygen consumption can be main-
tained at normal levels until uteroplacental blood flow falls
below 50% [27]. Under these conditions, the fetus is able to
maintain the removal of waste products of metabolism, mainly
carbon dioxide and water, and thus avoids any oxygen debt
and does not become acidotic [28].

Cerebral oxygen consumption is even more protected, and
is little changed even if arterial oxygen content falls as low as
1.5 mmol/L (compared with about 4 mmol/L in the normal
fetus), thanks to compensating increases in both cerebral
blood flow (CBF) and oxygen extraction [29]. Nitric oxide
(NO) has been shown to play a role in mediating the local
increase in CBF [30,31].

Fetal responses to hypoxia
The response of the fetal sheep to moderate, stable hypoxia has
been extensively evaluated [32,33]. Fetal isocapnic hypoxia is
typically induced by reduction of maternal inspired oxygen
fraction to 10–12%. This model permits the fetal responses
to changes in oxygenation to be studied separately from the
effects of hypercapnia and acidosis. In the late-gestation fetus
the response to this degree of hypoxia is characterized by an
initial transient moderate bradycardia followed by tachycardia
and an increase in blood pressure (Fig. 13.2). There is a rapid
redistribution of combined ventricular output (CVO), the
sum of right and left ventricular outputs, in favor of the
cerebral, myocardial, and adrenal vascular beds (central or
vital organs, Fig. 13.2) at the expense of the gastrointestinal
tract, renal, pulmonary, cutaneous, and skeletal beds (i.e., the
periphery) [33]. The magnitude of the hemodynamic changes
largely depends upon the magnitude of changes in arterial pH
and blood gases [34].

The fetal cardiovascular response to hypoxia is initially
mediated via reflex responses, which are rapid in onset, and
via endocrine responses, which augment these reflexes but
take much longer to become fully active. The afferent com-
ponent of the reflex arc causing the initial bradycardia and
increase in peripheral vasoconstriction during hypoxia is
mediated by carotid chemoreceptors (chemoreflex). Hypoxia
stimulates the carotid chemoreceptors, which are known to be
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functional in utero [35–39]. During mild to moderate hypoxia
the aortic chemoreceptors do not appear to play a role in these
responses [40], although they may have a role during asphyxia
[41]. The efferent limb of the fall in FHR is mediated by
muscarinic (parasympathetic) pathways, as demonstrated by
abolition of hypoxic bradycardia by vagotomy [42] or block-
ade with atropine [43,44]. The fall in FHR is then followed
by a progressively developing tachycardia which is mediated
by the increase in circulating catecholamines [45,46].

The reflex vasoconstriction is mediated in part by the
sympathetic nervous system and partly by circulating

catecholamines, since it is reduced by sympathectomy [47]
and abolished by a-adrenergic blockade [28,48–50]. The sig-
nificant increase in peripheral vasoconstriction in turn medi-
ates the rise in blood pressure observed during hypoxia. The
rise in blood pressure during hypoxia is also augmented by
circulating catecholamines released from the adrenal medulla,
and in part other vasopressors such as arginine vasopressin
[51] and angiotensin II [52]. There is also a large adrenocor-
ticotropic and cortisol response to hypoxia [53,54]. Their role
in the cardiovascular response to hypoxia is unclear, but
cortisol has been shown to augment the actions of other
vasopressors [55].

In addition to the cardiovascular responses, the fetus can
also make changes to its behavior to help conserve energy. The
fetus expends considerable energy making fetal breathing
movements (FBMs), particularly in late gestation. In contrast
to the neonate and adult, where hypoxia stimulates breathing,
in the fetus hypoxia abolishes FBMs [56]. This inhibition is
mediated through activation of neural networks that either
arise from or pass through the upper pons [57,58] and thalamus
[59]. Similarly, the fetus suspends other energy-consuming
activities such as body and limb movements [56,60], as well as
reducing cerebral requirements as discussed above [61].

Prolonged hypoxia
The effect of prolonged hypoxemia on cerebral metabolism in
near-term fetal sheep has been studied during stepwise reduc-
tions of the maternal inspired oxygen concentration from 18%
to 10–12% over four successive days [62]. Until the fetal
arterial oxygen saturation was reduced to less than 30% of
baseline, cerebral oxidative metabolism remained stable.
At the lowest inspired oxygen concentration (with 3% CO2)
a progressive metabolic acidemia was induced. Initially, CBF
increased, thus maintaining cerebral oxygen delivery as seen
in acute hypoxia studies. Eventually, when the pH fell below
7.00 cerebral oxygen consumption fell to less than 50% of
control values.

If mild to moderate hypoxia is continued the fetus may be
able to fully adapt, as shown by normalization of FHR and
blood pressure and the return of FBMs and body movements,
but redistribution of blood flow is maintained [62,63]. This is
consistent with the clinical situation of “brain sparing” in
growth retardation. These fetuses can improve tissue oxygen
delivery to near baseline levels by increasing hemoglobin
synthesis, mediated by greater erythropoietin release [64].

Maturational changes in responses to hypoxia
Some aspects of the cardiovascular response to fetal hypoxia
appear to be age-related. In the premature fetal sheep before
0.7 of gestation isocapnic hypoxia and hemorrhagic hypoten-
sion were not associated with hypertension, bradycardia, or
peripheral vasoconstriction [65–68]. Even from late gestation
to full term there is a further developmental increase in
the magnitude and persistence of fetal bradycardia and in the
magnitude of the femoral constrictor response to moderate
hypoxia in fetal sheep [69]. Thus it has been suggested that
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peripheral vasomotor control starts to develop at 0.7 of
gestation, coincident with maturation of neurohormonal regu-
lators and chemoreceptor function [45,70]. However, when
interpreting these results it is also important to consider that
the preterm fetus has far greater anaerobic reserves and lower
overall aerobic requirements than at term [66,71,72]. Thus
relatively mild hypoxic insults may not be sufficient to elicit
maximal responses by the preterm fetus. As discussed below
(see Maturational changes in fetal responses to asphyxia), it is
likely that the degree of hypoxia attained in these studies
did not reduce tissue oxygen availability below the critical
homeostatic threshold for this developmental stage.

The preterm fetus does respond to moderate hypoxia in a
similar manner to that seen in term fetuses with regards to
brain blood flow. Gleason and colleagues [66] have shown that
hypoxia results in increased blood flow to cerebral hemi-
spheres, cerebellum, and pons–medulla; furthermore, the
increase in blood flow was sufficient to sustain cerebral oxygen
consumption. However, in contrast to near-term fetuses, the
increase in blood flow to the cerebral hemispheres was not
sufficient to fully maintain oxygen delivery, and cerebral
oxygen consumption was sustained in part by an increase in
fractional extraction [66].

Fetal responses to asphyxia
Studies of asphyxia by definition involve both hypoxia and
hypercapnia with metabolic acidosis. It is important to appre-
ciate that these studies of asphyxia also involve a greater depth
of hypoxia than is possible using maternal inhalational hyp-
oxia. Further, asphyxia can be induced relatively abruptly,
limiting the time available for adaptation. Brief, total clamping
of the uterine artery or umbilical cord leads to a rapid reduc-
tion of fetal oxygenation within a few minutes [46,73,74].
In contrast, gradual partial occlusion induces a slow fetal
metabolic deterioration without the initial fetal cardiovascular
responses of bradycardia and hypertension; this is a function
of the relative hypoxia attained [75]. During profound
asphyxia, corresponding with a severe reduction of uterine
blood flow to 25% or less and a fetal arterial oxygen content
of less than 1 mmol/L, the fetal cardiovascular responses are
substantially different to those during moderate hypoxia or
asphyxia.

Two key phases of the cardiovascular responses of the fetus
to such severe events can be distinguished: the initial, rapid
chemoreflex-mediated adaptations [28,35,40,42], and a subse-
quent longer period of progressive hypoxic decompensation
ultimately terminated by profound systemic hypotension
(Fig. 13.3) with cerebral hypoperfusion (Fig. 13.4).

Initial, reflex responses to asphyxia
The initial responses include rapid, sustained bradycardia
and generalized vasoconstriction involving essentially all
organs [45]. In marked contrast to the increase in CBF during
moderate hypoxia, during asphyxia CBF does not increase
or may even fall despite a marked initial increase in fetal
blood pressure, due to significant cerebral vasoconstriction

(Fig. 13.4) [74,76,77]. The factors mediating this increase in
cerebral vascular resistance are not clearly understood. How-
ever, while the failure of CBF to increase may seem counter-
intuitive, it should be remembered it occurs in conjunction
with profound suppression of brain activity. This suppression
is mediated by activation of the adenosine A1 receptor, and if
it is blocked neural injury is exacerbated [20]. Further, blood
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flow within the brain is preferentially redirected during
asphyxia to protect structures important for survival such as
the brainstem, at the expense of the cerebrum; speculatively,
this redirection may help maintain autonomic function [70].
Furthermore, reduced oxygen content physically limits oxygen
extraction from the blood. The combination of these two
factors, restricted CBF and reduced oxygen extraction, in turn
profoundly reduces cerebral oxygen consumption below even
minimum cerebral requirements [45].

The initial bradycardia and intense peripheral vasocon-
striction in the late-gestation fetus during asphyxia are medi-
ated via afferent input from the carotid chemoreceptors
leading to activation of the efferent parasympathetic and sym-
pathetic systems, respectively. Selective chemodenervation
attenuates the initial rate of fall in heart rate during asphyxia,
but does not abolish the bradycardia and has little effect on
blood pressure [41], providing further evidence for the oper-
ation of the vagal chemoreflexes during oxygen deprivation,
but demonstrating that they are less important during pro-
found asphyxia than moderate hypoxemia. In contrast, com-
plete vagal blockade markedly delays the onset of bradycardia
during umbilical cord occlusion [42], as shown in Figure 13.5.
These data suggest that there are substantial additional
afferent inputs which are not well understood at present.

Speculatively, one factor might be greater recruitment of
aortic chemoreceptors during severe hypoxia [45].

Fetal decompensation
Ultimately, during sustained severe hypoxia, fetal bradycardia
does develop despite full parasympathetic blockade or vagot-
omy, and the fall is maintained, in contrast with moderate
hypoxia, where there is a progressive later rise in FHR during
the insult. These experimental data are consistent with the
clinical observation by Caldeyro-Barcia and colleagues that
late decelerations during labor are not abolished by atropine
[78]. This indicates that in contrast with the initial reflex-
mediated bradycardia in the first few minutes of profound
asphyxia, continuing bradycardia must be related to severe
myocardial hypoxia with depletion of myocardial anaerobic
stores such as glycogen [43].

Clinical implications
These data indicate that the chemoreflexes which mediate the
early FHR deceleration are highly sensitive indicators of hyp-
oxemia. However, except in the case of very prolonged periods
of bradycardia, they are poor indicators of fetal well-being or
tolerance to hypoxia. Decelerations due to true myocardial
hypoxia do not occur unless hypoxia is continued for a patho-
logically long time or, we may speculate, unless the fetus is
chronically hypoxic with low reserves of myocardial glycogen.
The depth to which FHR falls is broadly related to the severity
of the hypoxia [79]. Shallow decelerations indicate a modest
reduction in uteroplacental flow, while a deep deceleration
indicates near total or total abolition of uteroplacental flow
[79]. Unfortunately, once deep decelerations are established,
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there is relatively little further change in the shape of the
deceleration despite repeated decelerations and the consequent
development of hypotension [80]. Detailed analysis suggests
that developing fetal acidosis during continuing occlusion is
associated with relatively subtle changes including an increase
in FHR between occlusion and more rapid fall in FHR during
each deceleration [81]. In contrast, major changes in the shape
of the deceleration tend to be near-terminal events [80]. Thus
all we can say from inspecting the typical variable deceleration
is that the fetus has been exposed to a brief period of deeper
hypoxia [2].

The decompensation phase
The initial phase, with peripheral vasoconstriction and hyper-
tension, is only sustained for the first 5–6 minutes of occlusion
and is followed, not by overt vasodilatation, but rather by a
return of peripheral perfusion to control values [76,82–85].
This is unlikely to be due to local accumulation of metabolites,
since a similar biphasic pattern occurs even during a more
moderate insult such as partial umbilical cord occlusion [86].
Preliminary data from this paradigm in preterm fetal sheep
suggest that loss of renal vasoconstriction is closely associated
in time with attenuation of the renal sympathetic response to
asphyxia [87], suggesting a primarily central mechanism.

Loss of initial vasoconstriction is associated with a further,
progressive fall in heart rate, and a rapid fall in fetal blood
pressure, leading to overt hypotension [88]. There is no evi-
dence for continuing reflex mechanisms at this time [42].
Likely contributors to impaired cardiac function include hyp-
oxia, acidosis, depletion of myocardial glycogen, and cardio-
myocyte injury [89]. Once glycogen is depleted, there is rapid
loss of high-energy metabolites such as ATP in mitochondria
[71]. During a shorter episode of asphyxia, e.g., 5 minutes, the
fetus may not become hypotensive. If the insult is repeated
before myocardial glycogen can be replenished, successive
periods of asphyxia are associated with increasing duration
of hypotension [80].

Another possible factor leading to impaired contractility
during asphyxia is myocardial injury, which has been found
after severe birth asphyxia in limited case series [90,91]. Stud-
ies in adult animals have shown that there may be a significant
delay in recovery of cardiac contractility after reperfusion
from brief ischemia in the absence of necrosis. This delayed
recovery, termed “myocardial stunning,” may contribute to the
progressive myocardial dysfunction and to delayed recovery
of heart rate after exposure to a series of repeated umbilical
cord occlusions in the fetal lamb [89].

Slow-onset asphyxia
During gradually induced asphyxia, even to arterial oxygen
contents of less than 1 mmol/L, fetal adaptation may be closer
to that seen with hypoxia associated with acidosis, with umbil-
ical blood flow maintained, but blood flow to the fetal body
reduced by 40% [34,92]. Progressive reduction of uterine
perfusion over a 3–4 hour period in near-term fetal sheep
led to a mean pH < 7.00, serum lactate levels > 14 mmol/L,

with a fetal mortality of 53%. Surviving animals remained
normotensive and normoglycemic, and CBF was more than
doubled. Interestingly, in surviving fetuses neuronal damage
was limited to selective loss of the very large, metabolically
active cerebellar Purkinje cells [75].

Uterine contractions and brief repeated asphyxia
Although the fetus can be exposed to a wide range of insults
during labor, the key distinctive characteristic of labor is the
development of brief, intermittent, repetitive episodes of
asphyxia, which is almost entirely related to uterine contrac-
tions [2]. In turn, the effects of repeated hypoxia may be
amplified by fetal vulnerability, for example due to intrauter-
ine growth retardation and/or chronic hypoxia or by greater
severity of contractions, as discussed next. Even a normal
fetus, with normal placental function, may not be able to fully
adapt to hyperstimulation causing brief but severe asphyxia
repeated at an excessive frequency.

Uterine contractions have such a significant impact on
fetal gas exchange during labor that it is worth examining
their effect in detail. Fetal heart-rate decelerations are not seen
in most antenatal recordings of the fetal heart rate. When they
occur more than sporadically they indicate that further assess-
ment of fetal condition is urgently required [2,93]. However,
during labor decelerations are common, particularly in second
stage, and in the great majority of cases are mild and require
no special action or intervention. The vast majority of intra-
partum decelerations occur as a direct consequence of uterine
contractions and consequent reductions in uterine or fetal
placental blood flow and fetal oxygenation. Doppler studies
have shown that uterine contractions are associated with
increased intrauterine pressure and a nearly linear fall in
maternal uterine artery blood flow [94]. Indeed, even physio-
logical prelabor contractions are associated with a marked
increase in maternal uterine vascular resistance [95]. The
impact of contractions on umbilical blood flow in humans is
not fully described and is likely to be more complex than
changes in uterine artery blood flow. However, experimen-
tally, fetal hypoxia is associated with reduced umbilical venous
blood flow [96–98]. Consistent with this, umbilical resistance
increased significantly during contractions in human fetuses
with a positive oxytocin challenge test, i.e., at-risk fetuses who
developed FHR decelerations [99], suggesting that uterine
contractions sufficient to cause an FHR deceleration are likely
to be associated with reduced umbilical as well as uterine
artery blood flow.

Even during normal labor there is intermittent reduction
of placental gas exchange. This reduction is associated with
a consistent fall in pH and oxygen tension, and a rise in
carbon dioxide and base deficit in normal, uncomplicated
labor [100–102]. Typically, the second stage of normal labor
will be the time of greatest asphyxic stress for the fetus,
accompanied by a more rapid decline in pH [100] and trans-
cutaneous oxygen tension [101,103] and a rise in transcuta-
neous carbon dioxide tension [104]. Thus, in a technical sense,
essentially all fetuses may be said to be exposed to “asphyxia”
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during labor. Fortunately it is usually mild and well tolerated
by the fetus. Unfortunately, both the lay public and many
clinicians associate the term “asphyxia” with the development
of severe metabolic acidosis, postasphyxial encephalopathy,
and other end-organ damage or death. In our haste to avoid
using the term, the normal nature of labor and its effects on
the fetus are often not fully appreciated.

Most fetuses enter labor with a large reserve of placental
capacity that helps accommodate the repeated brief reductions
in oxygen supply during contractions. Although contraction
strength is important, once labor is established contraction
frequency and duration are the key factors which determine
the rate at which fetal asphyxia develops during labor. The
proportion of time the uterus spends at resting tone compared
with contracting tone will determine the extent to which fetal
gas exchange can be restored between contractions [101]. Any
intervention that increases the frequency and/or duration
of uterine contractions clearly places the fetus at increased
risk of compromise. For example, studies using near-infrared
spectroscopy showed a progressive fall in cerebral oxygen
saturation when contractions occurred more frequently than
every 2.3 minutes [103]. The effects of repeated hypoxia may be
amplified in vulnerable fetuses, for example in those with pre-
existing placental insufficiency [105]. Conversely, even a normal
fetus with normal placental function may be unable to fully
adapt to tonic contractions or uterine hyperstimulation related
to oxytocin infusion used for induction or augmentation, or
prostaglandin preparations for induction of labor [106,107].

Experimental studies of brief repeated asphyxia
Brief repeated asphyxia has been produced in the fetal sheep
by repeated complete occlusion of the umbilical cord at fre-
quencies chosen to represent different stages of labor. This
allows us to examine not only FHR and blood gas changes but
also the accompanying blood pressure changes and the effects
on cerebral perfusion, information which is not available clin-
ically. Recent studies compared the effect of 1 minute of
umbilical cord occlusion repeated every 5 minutes (1 : 5 group)
with that of 1-minute occlusions repeated every 2.5 minutes
(1 : 2.5 group). The former frequency of decelerations every
5 minutes is consistent with early labor, while the latter, with
decelerations every 2.5 minutes, is consistent with late first-
stage and second-stage labor. The fetal heart rate and blood
pressure changes were monitored continuously, as shown in
Figure 13.6, and occlusions were continued for 4 hours or until
the development of fetal hypotension (a mean arterial blood
pressure [MAP] < 20 mmHg) [108–112].

1 : 5 occlusion series
The onset of each occlusion (Fig. 13.6a) was accompanied by a
variable FHR deceleration with rapid return to baseline levels
between occlusions [81,105]. Fetal mean arterial pressure
(MAP) rose at the onset of each occlusion and never fell below
baseline levels during the occlusions. There was a sustained
elevation in baseline MAP between occlusions. A small fall in

pH and rise in base deficit (BD) and lactate occurred in the
first 30 minutes of occlusions (pH 7.34� 0.07, BD 1.3� 3.9
mmol/L, lactate 4.5� 1.3 mmol/L). Subsequently these values
remained stable despite a further 3.5 hours of occlusions. This
experiment demonstrated the remarkable capacity of the
healthy fetus to fully adapt to a low frequency of repeated
episodes of severe hypoxia.

1 : 2.5 occlusion series
Although this paradigm was also associated with variable
decelerations, the outcome in this group was substantially
different (Fig. 13.6b) [108]. The rapid occlusion frequency
provided only a brief period of recovery between occlusions,
which was insufficient to allow full recovery of fetal cellular
metabolism and replenishment of glycogen stores [113]. Three
distinctive phases of the fetal response to occlusions were
observed in this 1 : 2.5 occlusion series, as follows.

First 30-minute period. During the first three occlusions
there was a sustained rise in MAP during occlusions
followed by recovery to baseline once the occlusion
ended. After the third occlusion, all fetuses developed
a biphasic blood pressure response to successive
occlusions, with initial hypertension followed by a fall
in MAP reaching a nadir a few seconds after release of
the occluder. However, minimum MAP did not fall
below baseline values. Over this initial 30 minutes
pH fell from 7.40� 0.01 to 7.25� 0.02, BD rose from
–2.6� 0.6 to 3.3� 1.1 mmol/L, and lactate rose from
0.9� 0.1 to 3.9� 0.6 mmol/L.

Middle 30-minute period. In the middle 30 minutes
minimum FHR during occlusions fell and inter-
occlusion baseline rose, compared to the first 30 minutes.
Although the minimum MAP did fall over the course
of this phase, it never fell below baseline levels. Despite
a stable blood pressure response, without hypotension,
the metabolic acidosis slowly worsened: pH fell to
7.09� 0.03, BD rose to 13.6� 1.2 mmol/L, and lactate
rose to 9.9� 0.7 mmol/L.

Final 30-minute period. Finally, in the last 30 minutes
minimum FHR during decelerations continued to fall
compared to the mid 30 minutes, but there was no
further rise in inter-occlusion (baseline) FHR.
Minimum MAP fell below baseline levels and the
degree of hypotension became greater with successive
occlusions. All animals developed a severe metabolic
acidosis, with pH 6.92� 0.03, BD 19.2� 1.5 mmol/L,
and lactate 14.6� 0.8 mmol/L by the end of occlusions.
Studies were stopped after a mean of 183� 43 minutes
(range 140–235 minutes).

The key difference in outcome between these protocols was
that frequent occlusions (1 minute every 2.5 minutes) were
associated with focal neuronal damage in the parasagittal
cortex, the thalamus, and the cerebellum, whereas no damage
was seen after less frequent occlusions (1 minute every 5 min-
utes) [109]. These findings are highly consistent with clinical
evidence that fetal intracerebral oxygenation is impaired
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during short contraction intervals (< 2.3 minutes) in labor
[103]. Thus a prolonged series of brief variable decelerations
can ultimately lead to severe, repeated hypotension and pro-
found metabolic acidosis even in healthy singleton fetuses, if
they are repeated sufficiently frequently. There are changes in
the pattern of the FHR during the period of deterioration;
however, they develop progressively and surprisingly slowly,
even during frequent occlusions.

Maturational changes in fetal responses
to asphyxia
The premature fetus at 90 days' gestation, prior to the onset
of cortical myelination, can tolerate extended periods of up to
20 minutes of umbilical cord occlusion without neuronal
loss [114,115]. The very prolonged cardiac survival during
profound asphyxia (up to 30 minutes, Fig. 13.3) [116] corres-
ponds with the maximal levels of cardiac glycogen that are
seen near mid-gestation in the sheep and other species includ-
ing humans [71]. Interestingly, while the premature fetal
response to hypoxia appears to be different to that seen at
term, the overall cardiovascular and cerebrovascular response
during asphyxia was very similar to that seen in more mature

fetuses, with sustained bradycardia, accompanied by circula-
tory centralization, initial hypertension, then a progressive fall
in pressure [82,84,88,116]. As also reported in the term fetus,
there was no increase in blood flow to the brain during this
initial phase, and again this was due to a significant increase in
vascular resistance rather than to hypotension (Fig. 13.4). In
contrast to the term fetus, at 0.6 and 0.7 gestation there is a
delay in the suppression of neural activity [88,116]. Specula-
tively, the delay is indicative of the relative anaerobic tolerance
of the preterm brain (discussed further in Chapter 4). As
shown in Figures 13.3 and 13.4, as in the term fetus, once
blood pressure begins to fall, blood flow to the brain falls in
parallel, although the fall in blood pressure and blood flow is
relatively slower in the less mature fetuses [88]. The fall in
pressure is partly a function of the loss of redistribution of
blood flow, as seen in Figure 13.3, with a rise in femoral blood
flow (FBF). Similar responses are also seen in the kidney and
gut [82,84]. Preliminary data from telemetry recordings of renal
sympathetic nerve activity suggest that, in the kidney at least,
the loss of vasoconstriction is closely associated in time with
attenuation of the renal sympathetic response to asphyxia [87].

In the latter half of maximum survivable interval of
asphyxia in the preterm fetus there is progressive failure
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of CVO, with a fall in both central and peripheral perfusion,
both associated with falling blood pressure. This phase is
much less likely to be seen for any significant duration in the
term fetus, as glycogen stores in the term fetus are depleted
more quickly [71]. Thus, at 0.6 gestation the majority of
fetuses survived up to 30 minutes [116]. In contrast, term
fetuses are unable to survive such prolonged periods of sus-
tained hypotension, and typically will recover spontaneously
from a maximum of 10–12 minutes of cord occlusion, whereas
after a 15-minute period of complete umbilical artery occlu-
sion the majority of fetuses either died or required active
resuscitation with adrenaline after release of occlusion
[73,74,88]. As a consequence of this extended survival during
severe asphyxia the premature fetus is exposed to profound
and prolonged hypotension and hypoperfusion. It may be
speculated that during this final phase of asphyxia there is a
catastrophic failure of redistribution of blood flow within the
fetal brain which places previously protected areas of the brain
such as the brainstem at risk of injury [117], consistent with
clinical reports [118].

After the end of asphyxia a brief period of arterial hyperten-
sion and hyperperfusion occurs, followed by delayed hypoper-
fusion, despite normalization of blood pressure [84,116,119].
Although the significance of this consistent finding remains
controversial, in the fetal sheep, for example, it was associated
with suppression of cerebral metabolism, and increased cere-
bral oxygen tension, suggesting that postasphyxial hypoperfu-
sion is actively mediated and reflects suppressed cerebral
metabolism (see also Chapter 42) [120]. The brain is not the
only organ to be affected. Recent experimental evidence shows
that profound hypoperfusion also occurs in renal, gut, and
femoral beds [84,119]. In the gut at least, the sympathetic
nervous system plays a key role in mediating this vasocon-
striction, and the data suggest that peripheral vasoconstriction
may in part be acting to support the heart during recovery
[119]. This may be advantageous in the fetus, where the gut
and kidney are not vital to survival. However, postnatally,
poor perfusion of the kidneys and gut, and associated func-
tional impairment, are considered major problems in the first
days of life in very preterm infants. These complications
can be associated with a substantial mortality and further
problems such as reduced kidney growth and chronic renal
problems in later childhood [121].

Acute on chronic hypoxia/asphyxia
In addition to its potential impact on neurodevelopment
(as outlined below), chronic hypoxia may also adversely affect
the ability of the fetus to adapt to acute insults. Clinically,
antenatal hypoxia [122–124], for example due to growth
retardation and multiple pregnancy, is associated with an
increased incidence of stillbirth, metabolic acidosis during
labor, and subsequent abnormal neurodevelopment [124].
Although this clinical experience strongly suggests that such
infants are likely to be compromised by otherwise well-tolerated
labor, intriguingly, experimental studies seem to suggest
improved or greater cardiovascular adaptation to moderate

induced hypoxemia. When chronically hypoxic fetal sheep
were exposed to a further episode of acute hypoxia, they
exhibited more pronounced centralization of circulation
[125], with enhanced femoral vasoconstriction [126]. This
was associated with greater increases in plasma noradrenalin
and vasopressin [126]. It is important to note, however, that
these studies tested the response to mild to moderate hypoxia
only, rather than to labor-like or profound hypoxic insults.
Thus it may be speculated that these greater reflex responses
reflect reduced fetal reserve that would be exposed during a
more severe insult [125].

As discussed above (Fig. 13.6a), normoxic fetal sheep are
easily able to adapt to 1-minute occlusions of the umbilical
cord repeated every 5 minutes for 4 hours, with only minimal
acidosis and without hypotension. In contrast, during the
same insult chronically hypoxic fetuses from multiple preg-
nancies developed severe, progressive metabolic acidosis (pH
7.07 � 0.14 vs. 7.34 � 0.07 in previously normoxic fetuses)
and hypotension (a nadir of 24� 2 mmHg vs. 45.5� 3 mmHg
after 4 hours of occlusion) [105]. The fetuses with pre-existing
hypoxia were smaller on average, and had lower blood glucose
values and higher PaCO2 values. These data support the
clinical concept that fetuses with chronic placental insuffi-
ciency are vulnerable even to relatively infrequent periods of
additional hypoxia in early labor.

Less obvious adverse intrauterine events may also modify
fetal responses to hypoxia. There is considerable interest in the
effects of stimuli such as maternal undernutrition and steroid
exposure, particularly at critical times in pregnancy, not only
on the fetal responses to challenges to its environment such as
hypoxia, but also on risks for adverse health outcomes in adult
life [127]. Intriguingly, mild maternal undernutrition that does
not alter fetal growth may still affect development of fetal
hypothalamic–pituitary–adrenal function, with reduced pituit-
ary and adrenal responsiveness to moderate hypoxia [128].
Exposure to glucocorticoids may also detrimentally alter the
responses to hypoxia [129,130] and ischemia [131].

Does gender modify fetal responses to asphyxia?
Numerous studies have confirmed that there is an increased
risk of perinatal mortality and morbidity in boys compared
to girls at all stages of gestation [132–134]. The mechanisms
mediating the influence of gender on perinatal death and
disability are poorly understood but are likely to be multi-
factorial, affecting the intrinsic responses of cells to hypoxia–
ischemia and fetal physiological adaptation. Sexual dimorph-
ism exists in the normal developing mammalian brain, and
increasingly studies show that there are sex-related differences
in the neuronal and glial responses to hypoxia–ischemia, to
the induction of cell death pathways, and to neuroprotective
treatments [135–138]. In the adult, estrogen is believed to
play a key role in protecting females from injury, and there
is increasing evidence that estradiol also plays a significant
neuroprotective role in the developing brain [139]. There may
be differential effects of other endogenous neuroprotective
factors [140].
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There are some data suggesting that male fetuses may be
less able to physiologically adapt to hypoxia. Males fetuses
have higher rates of abnormal FHR recordings, metabolic
acidosis, and need for operative intervention or resuscitation
in labor [133,141–144]. Male fetuses on average are bigger,
grow faster, and have a higher metabolic rate than females
[145,146], suggesting that when oxygen is limited they might
deplete available resources more rapidly. Further, there is
evidence that males have relatively delayed maturation of
some aspects of autonomic nervous system function, such as
adrenal medullary and lung b-receptor maturation in fetal
rabbits [147]. Consistent with this, preterm boys are reported
to have lower plasma catecholamine levels after exposure to
asphyxia at birth than girls [148].

Recent data in healthy singleton preterm fetal sheep have
shown that most fetuses, regardless of sex, can survive a
prolonged, near-terminal episode of acute asphyxia of a
defined duration (25 minutes) induced by umbilical cord
occlusion [149]. Neither the average responses nor the inci-
dence of failure to complete the full period of umbilical cord
occlusion were significantly different between male and female
fetuses. However, significantly more male fetuses developed
profound hypotension (< 8mmHg) before the end of the
occlusion period and, intriguingly, male but not female fetuses
showed a significant correlation between postmortem weight
and severity of the fall in arterial blood pressure after 15 minutes
of occlusion. This is consistent with the clinical observation
that relatively small reductions in birthweight are associated
with a significantly greater mortality in boys than in girls
[132]. Interestingly, in the study of fetal sheep, male fetuses
that did not tolerate prolonged umbilical cord occlusion had
significantly lower PaCO2 and lactate levels near the end of
occlusion than males that did tolerate the full period of occlu-
sion [149], consistent with a previous report from near-term
fetuses [76]. Thus these fetuses may have had reduced glyco-
gen stores, and thus reduced anaerobic metabolism, leading to
reduced CO2 and lactate production [149].

Further, male and female fetuses that failed to tolerate
prolonged occlusion showed different patterns of early and
late adaptation that suggested altered chemoreflex and cardiac
responses between the genders [149]. The males demonstrated
slower and reduced initial peripheral vasoconstriction com-
pared with fetuses that tolerated the full insult, and then
developed earlier and significantly greater hypotension, asso-
ciated with greater falls in heart rate and carotid and femoral
blood flow. In contrast, females that did not tolerate the full
insult showed a markedly more rapid onset of initial femoral
vasoconstriction, and their subsequent falls in blood pressure
and heart rate were intermediate between the full-occlusion
fetuses and short-occlusion males. Collectively these data sug-
gest that for some fetuses, mainly male, previously restricted
growth trajectory or nutrition may have altered both meta-
bolic reserves and autonomic function. For example, moderate
maternal undernutrition in pregnant rats that had only a
transient effect on growth of the pups has been associated
with increased sympathetic nervous system activity in female,

but not male, rats [150]. Further, there may be sexual
dimorphism in the sensitivity of cardiac cells to ischemia, as
suggested by the observations in adult animals that females
may have greater resistance to hypoxic–ischemic injury of
cardiomyocytes [151].

Pathophysiological determinants
of asphyxial injury
Recent studies using well-defined experimental paradigms of
asphyxia in the near-term fetal sheep have explored the rela-
tionship between the distribution of neuronal damage and the
type of insult. These studies suggest that while local cerebral
hypoperfusion due to hypotension is required to cause injury,
a number of factors, including the pattern of repetition of
insults as well as fetal factors such as maturity, pre-existing
metabolic state, and cerebral temperature (Fig. 13.1), mark-
edly alter the impact of the insult on the brain.

Hypotension and the “watershed”
distribution of neuronal loss
The development of hypotension is highly associated with
neural injury during acute asphyxia (Fig. 13.7). This is readily
understood, since reduced perfusion will reduce supply of
glucose for anaerobic metabolism, compounding the reduc-
tion in oxygen delivery and concentration. The real-life
importance of hypotension is supported both by the correl-
ation of injury with arterial blood pressure across multiple
paradigms and by the common patterns of neural damage.

The close relationship between changes in carotid blood
flow (CaBF) and blood pressure during asphyxia is shown in
Figures 13.3, 13.4, and 13.6. In these fetuses, MAP initially
rose with intense peripheral vasoconstriction. At this time
CaBF was maintained. As cord occlusion was continued
MAP eventually fell, probably as a function of impaired car-
diac contractility and failure of peripheral redistribution. Once
MAP fell below baseline, carotid blood flow fell in parallel,
consistent with the known relatively narrow low range of
autoregulation of cerebrovasculature in the fetus [46].

In the near-term fetus neural injury has been commonly
reported in areas such as the parasagittal cortex, the dorsal
horn of the hippocampus, and the cerebellar neocortex after a
range of insults including pure ischemia, prolonged single
complete umbilical cord occlusion, and prolonged partial
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asphyxia and repeated brief cord occlusion (e.g., as illustrated
in the left panel of Figure 13.8) [73,75,109,152,153]. These
areas are “watershed” zones within the borders between major
cerebral arteries, where perfusion pressure is least, and in both
adults and children lesions in these areas are typically seen
after systemic hypotension [154].

There are some data suggesting that limited, or localized
white- or gray-matter injury may occur even when significant
hypotension is not seen [75,155], particularly when hypoxia is
very prolonged [156]. Clearly there may have been some
relative hypoperfusion in these studies. Nevertheless, there is
a strong correlation between either the depth or duration of
hypotension and the amount of neuronal loss within individual
studies of acute asphyxia (e.g., Fig. 13.7) [80,109,153,155]. This
is also seen between similar asphyxial paradigms causing
severe fetal acidosis which have been manipulated to either
cause fetal hypotension [153] or not [75]. In fetal lambs
exposed to prolonged severe partial asphyxia, as judged by
the degree of metabolic compromise, neuronal loss occurred
only in those in which one or more episodes of acute hypo-
tension occurred [153]. In contrast, in a similar study
where an equally “severe” insult was induced gradually and
titrated to maintain normal or elevated blood pressure
throughout the insult no neuronal loss was seen except in
the cerebellum [75].

The pattern of injury: repeated insults
One apparent exception to a general tendency to a “watershed”
distribution after global asphyxial insults in the near-term
fetus is the selective neuronal loss in striatal nuclei (putamen
and caudate nucleus, Fig. 13.8, right panel) which develops
when relatively prolonged periods of asphyxia or ischemia are
repeated [109,157]. Whereas 30 minutes of continuous cere-
bral ischemia leads to predominantly parasagittal cortical
neuronal loss, with only moderate striatal injury, when the

insult was divided into three episodes of ischemia, a greater
proportion of striatal injury was seen relative to cortical neur-
onal loss (Fig. 13.9) [157]. Intriguingly, significant striatal
involvement was also seen after prolonged partial asphyxia
in which distinct episodes of bradycardia and hypotension
occurred [153]. Given that both parasagittal-predominant
and basal-ganglia-predominant injury are seen on early MRI
scans in term infants with encephalopathy [158], this mode of
injury is likely to be clinically important.

The striatum is not in a watershed zone but rather within
the territory of the middle cerebral artery. Thus it is likely that
the pathogenesis of striatal involvement in the near-term fetus
is related to the precise timing of the relatively prolonged
episodes of asphyxia and not to more severe local hypoperfu-
sion. Speculatively, the apparent vulnerability of the medium-
sized neurons of the striatum to this type of insult may be
related to a greater release of glutamate into the striatal extra-
cellular space after repeated insults compared with a single
insult of the same cumulative duration. Consistent with this,
immunohistochemical techniques have shown that inhibitory
striatal neurons were primarily affected [157].

Pre-existing metabolic status and chronic hypoxia
While the original studies of factors influencing the degree
and distribution of brain injury, primarily by Myers [117],
focused on metabolic status, the issue remains controversial. It
has been suggested, for example, that hyperglycemia is pro-
tective against hypoxia–ischemia in the infant rat [159,160],
but not in the piglet [161]. The extreme differences between
these neonatal species in the degree of neural maturation and
activity of cerebral glucose transporters may underlie the
different outcomes [160]. The most common metabolic dis-
turbance to the fetus is intrauterine growth retardation
(IUGR) associated with placental dysfunction. Although there
is reasonable clinical information that IUGR is usually
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Fig. 13.8. The distribution of neuronal loss assessed after
3 days' recovery from two different patterns of prenatal asphyxia
in near-term fetal sheep. The panel on the left shows the effects
of brief (1 or 2 minute) cord occlusions repeated at frequencies
consistent with established labor. Occlusions were terminated
after a variable time, when the fetal blood pressure fell below
20 mmHg for two successive occlusions. This insult led to
damage in the watershed regions of the parasagittal cortex
and cerebellum [109]. The panel on the right shows the effect
of 5-minute episodes of cord occlusion, repeated four times, at
intervals of 30 minutes. This paradigm is associated with selective
neuronal loss in the putamen and caudate nucleus, which are
nuclei of the striatum [80]. CA 1/2 and the dentate gyrus are
regions of the hippocampus. Mean � SD.
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associated with a greater risk of brain injury, recent studies
have suggested a greatly reduced rate of encephalopathy in this
group over time [5]. This would suggest that the apparently
increased sensitivity to injury is mostly due to reduced aerobic
reserves, leading to early onset of systemic compromise during
labor.

Neural maturation is markedly altered in IUGR, with some
aspects delayed and others advanced [162,163]. This is likely to
influence the response to asphyxia, but also to introduce a
confounding independent effect on neural development.
Severe growth retardation has been associated with altered
neurotransmitter expression, reduced cerebral myelination,
altered synaptogenesis, and smaller brain size [164]. The effect
of the timing and severity of placental restriction has been
examined in a range of studies in fetal sheep [156]. Chronic
mild growth retardation due to periconceptual placental
restriction was associated with delayed formation of neuronal
connections in the hippocampus, cerebellum, and visual
cortex, but did not alter neuronal migration or numbers.
In contrast, in studies in the near-mid-gestation fetus, hypoxia
induced by a variety of methods was associated with a reduc-
tion in numbers of Purkinje cells in the cerebellum and
delayed development of neural processes. With more severe
hypoxia the cortex and hippocampus were also affected and
there was reduced subcortical myelination. The cerebellum
develops later in gestation than the hippocampus, and thus
appears to be more susceptible to the effects of hypoxia at this
stage of development [156].

Temperature and hypoxia–ischemia
Hypothermia during experimental cerebral ischemia is
consistently associated with potent, dose-related, long-lasting
neuroprotection [165]. Conversely, hyperthermia of even
1–2 �C extends and markedly worsens damage, and promotes

pan-necrosis [166,167]. Although the majority of studies of
hyperthermia have involved ischemia in adult rodents, similar
results have been reported from studies of ischemia or hypoxia–
ischemia in the newborn piglet and 7-day-old rat [168].

The impact of cerebral cooling or warming by only a few
degrees is disproportionate to the known changes in brain
metabolism (approximately a 5% change in oxidative metab-
olism per �C) [169], suggesting that changes in temperature
modulate the secondary factors that mediate or increase
ischemic injury [166,170]. Mechanisms that are likely to be
involved in the worsening of ischemic injury by hyperthermia
include greater release of oxygen free radicals and excitatory
neurotransmitters such as glutamate, enhanced toxicity of
glutamate on neurons, increased dysfunction of the blood–
brain barrier, and accelerated cytoskeletal proteolysis [165].
The efficacy of postasphyxial hypothermia is discussed in
Chapter 42.

Pyrexia in labor: chorioamnionitis
and hyperthermia
These data logically lead to the concept that although mild
pyrexia during labor might not necessarily be harmful in most
cases, in those fetuses also exposed to an acute hypoxic–ischemic
event it would be expected to accelerate and worsen the devel-
opment of encephalopathy. Case–control and case-series
studies strongly suggest that maternal pyrexia is indeed asso-
ciated with an approximately fourfold increase in risk for
unexplained cerebral palsy, or newborn encephalopathy [168].

Clearly, this association could potentially be mediated by
maternal infection or by the fetal inflammatory reaction.
However, maternal pyrexia was a major component of the
operational definition of chorioamnionitis in all of these stud-
ies, and in several studies pyrexia was either considered suffi-
cient for diagnosis even in isolation, or was the only criterion
[168]. Consistent with the hypothesis that pyrexia can have a
direct adverse effect, in a case–control study of 38 term infants
with early-onset neonatal seizures, in whom sepsis or menin-
gitis was excluded, and 152 controls, intrapartum fever was
associated with a comparable 3.4-fold increase in the risk
of unexplained neonatal seizures in a multifactorial analysis
[171]. Finally, it is very interesting to note that although
exposure to lipopolysaccharide (LPS) at the time of hypoxia–
ischemia in adult rats worsened injury, this effect was not seen
when LPS-induced hyperthermia was prevented [172]. Thus
part of the adverse effects of chorioamnionitis may be medi-
ated by hyperthermia.

Concluding thoughts
One of the most important issues in perinatology is to identify
the fetus at risk of decompensation at an early enough stage
that we may intervene and prevent actual injury or death. The
ability to measure fetal pH or oxygenation at any single point
in time generally provides little information about how well
maintained fetal heart or brain function is at that point.
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Fig. 13.9. The effects of different intervals between insults on the distribution
of cerebral damage after ischemia in the near-term fetal sheep. Cerebral
ischemia was induced by carotid occlusion for 10 minutes, repeated three
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Impaired gas exchange and mild asphyxia are a normal part
of labor, and the normal fetus has an enormous ability to
respond to the consequent intervals of hypoxia/asphyxia while
maintaining the function of essential organs such as the brain
and the heart.

What sort of fetal problem are we trying to detect? If the
fetus is being monitored in any way, there is no difficulty in
detecting the prolonged bradycardia that accompanies an
acute, catastrophic event of whatever cause, such as abruption
or prolapse of the umbilical cord. Such events account for
approximately 25% of cases of moderate to severe postasphyxial
encephalopathy and are seldom predictable or even potentially
preventable [5].

Thus the major clinical problem is to identify the fetuses
whose adaptation to repeated asphyxia is beginning to fail.
Conceptually, the fetus can be thought of as being on a
“slippery slope” (Fig. 13.10). The fetal condition or reserve
determines the fetus's position on the slope, while the effect-
iveness of the primary defenses and the severity of the insults
determine how quickly the fetus moves down the slope
(decompensation). Healthy fetuses are at the very top of the
slope with considerable reserves for initial adaptation before
significant hypoperfusion develops, while others start further
down, closer to the final catastrophic failure of adaptation that
leads to death or injury. When compensation begins to fail,

the pattern of the insult interacts with fetal maturity, aerobic
reserve, and environmental temperature, both to determine
how serious the decompensation is and to localize any injury.
With sufficient spacing between short (1-minute) periods of
profound asphyxia, a healthy fetus may be able to defend its
central organs almost indefinitely. In contrast, and not sur-
prisingly, a growth-retarded or previously hypoxic fetus may
have very limited reserves and begin to decompensate very
early, and yet show a similar pattern of variable decelerations
to the healthy fetus.

How can we identify the fetus whose adaptations are
failing? The options are limited because access to the fetus is
limited. Traditionally, we try to assess fetal condition by
assessing changes in fetal heart rate and occasionally fetal scalp
pH measurements. Although fetal heart-rate changes have an
excellent negative predictive value, the positive predictive
value of heart-rate changes in isolation is very low. As we
discuss above, the development of severe variable deceler-
ations simply indicates transient exposure to hypoxia, regard-
less of whether the fetus is still in the initial stage of adaptation
or is beginning to decompensate. Delayed recovery from
the decelerations with continued occlusions occurs only in a
minority of fetuses, at a time that is very close to terminal
hypoxic cardiac arrest [2]. Nevertheless, more subtle features
of decelerations may be useful [2].

Primary defenses
•  Increase blood flow and oxygen extraction to
    maintain near normal function 
•  Hemoconcentrate 
•  Shift oxygen dissociation curve further to
    the left 
•  Change in EEG state to reduce brain
    metabolism 

THE SLIPPERY SLOPE

Fetal Condition (well-being and reserve)
vs. Severity of Insult

Failing defenses  
•  Depletion of cardiac glycogen plus
    reduced peripheral vasoconstriction
    leading to hypotension 

 •  Reduced organ blood flow (ischemia) 
 •  Depolarization of neurons begins 

Secondary defenses
 •  Redistribute combined ventricular output
    to central organs

 
 

 •  Reduce brain activity 
 •  Anaerobic cardiac metabolism to maintain
    CVO during severe hypoxia 

� MAP
� CBF

� MAP 
� CBF 

Fig. 13.10. The slippery slope. A conceptual outline of fetal adaptations to episodes of asphyxia. The impact of asphyxia on the fetus depends greatly on the
quality of fetal adaptation, which certainly depends partly on the severity of the insult, and how long it has continued for, but also where the fetus starts on
the slope, i.e., its pre-existing reserves. With a sufficiently severe insult, e.g., very frequent, more prolonged contractions, even a very healthy fetus will ultimately
become profoundly acidotic and develop intermittent hypotension, but only after a prolonged period where cerebral and cardiac perfusion are maintained. In
contrast, a chronically hypoxic fetus, or one that has recent exposure to hypoxia that has depleted its cardiac glycogen, may develop hypotension nearly from very
shortly after the start of the insult.

Section 2: Pregnancy, labor, and delivery complications

156



Similarly, both the experimental studies reviewed above
and clinical experience [173] show that there is, and can be,
no close, intrinsic pathophysiological relationship between the
severity of metabolic acidosis and fetal compromise. Periph-
eral acidosis is primarily a consequence of peripheral vasocon-
striction, and reflects peripheral oxygen debt which occurs
during redistribution of combined ventricular output. Thus
severe acidosis may accompany both successful protection of
the brain and catastrophic failure [109]. Conversely, brief but
intense insults such as complete cord occlusion may cause brain
injury in association with comparatively modest acidosis [20].

In contrast, there are very strong relationships, both within
and between paradigms, between the development and sever-
ity of fetal blood pressure and impairment of cerebral perfu-
sion, and the development of subsequent cerebral injury. The
impact of hypotension is directly related both to its depth and
to its cumulative duration, in relation to the brain's metabolic
requirements given its developmental stage. Thus, ideally, we
would like to measure fetal blood pressure, but this is not

feasible at present. Newer methods for fetal surveillance
include fetal pulse oximetry, near-infrared spectroscopy, more
detailed analysis of the fetal electrocardiogram, and assess-
ment of Doppler velocity waveforms. At present these tech-
niques still provide only indirect measurements of the key
variables, fetal blood pressure and perfusion, and it remains
unclear whether they are superior to systematic monitoring of
fetal heart rate [2]. As the critical events that lead to clinically
significant perinatal hypoxic–ischemic encephalopathy are
clarified by innovative experimental approaches, our ability
to recognize significant prenatal events and to intervene
appropriately will also improve.
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Chapter

14 Antepartum evaluation of fetal well-being

Deirdre J. Lyell and Maurice L. Druzin

Introduction
In the USA, nearly 50% of all perinatal death occurs prior
to birth [1]. While fetal death from acute events such as cord
accidents cannot be predicted, identifying, testing, and inter-
vening for the fetus at risk for chronic in utero compromise
may prevent neonatal and infant morbidity. This chapter
discusses the antenatal assessment of fetal well-being.

An antepartum fetal test should reduce perinatal morbidity
and mortality, and reassure parents. The test of choice
depends on gestational age. When a fetus at risk for acidosis
and asphyxia has reached viability, one of several tests may be
employed for screening, including the non-stress test (NST),
the contraction stress test (CST), fetal movement monitoring,
the biophysical profile (BPP), and Doppler ultrasound. The
sensitivity of these tests is generally high, while the specificity
is highly variable. Diagnostic ultrasound and prenatal diag-
nostic procedures such as chorionic villus sampling (CVS) or
amniocentesis are the most common tests performed during
the early stages of pregnancy to identify chromosomal or
major fetal anomalies.

The purpose of this chapter is to discuss common ante-
partum screening tests, including a description of each test, its
indication, and its accuracy.

Perinatal mortality
Since 1965, the perinatal mortality rate (PMR) in the USA has
fallen steadily, and the pattern of perinatal death has changed
considerably. Improved techniques of antepartum fetal evalu-
ation likely contribute to the decreasing PMR.

The PMR is defined in several ways. According to the
National Center for Health Statistics (NCHS), the PMR is
the number of late fetal deaths (28 weeks' gestation or more)
plus early neonatal deaths per 1000 live births [2]. The World
Health Organization (WHO) defines the PMR as the number
of deaths of fetuses and live births weighing at least 500 g per
1000 live births. If the weight is unavailable, a fetus is counted
if the gestational age is 22 weeks or greater, or if the crown-to-
heel length is 25 cm or more in a newborn that dies before day
seven of life, per 1000 live births. The American College of

Obstetricians and Gynecologists (ACOG) has recommended
including in PMR statistics only fetuses and neonates weighing
500 g or more [3]. For international comparisons, ACOG
recommends counting fetuses and neonates weighing 1000 g
or more at delivery. Fetal death refers to the intrauterine death
of a fetus prior to delivery, regardless of the duration of
pregnancy, where the pregnancy was not electively terminated
or induced [4]. Fetal death prior to 20 completed weeks of
gestation is referred to as early fetal death, between 20 and
27 weeks is referred to as intermediate, and beyond 28 weeks
is referred to as late. The fetal mortality rate (FMR) generally
refers to fetal deaths of 20 weeks or beyond per 1000 live
births [4].

Using the NCHS definition, the PMR has consistently
declined in the USA in recent years. The PMR was 8.7 in
1991, 7.3 in 1997, and 6.7 in 2004 [4]. The fetal mortality rate
(FMR) has fallen an average of 1.4% per year from 1990 to
2004. The greatest decline occurred in the FMR for gestations
of 28 weeks or greater, and it has changed very little for
gestations of 20–27 weeks. During the same period, the infant
mortality rate has declined by an average of 2.8% per year,
although not much change has been seen since 2000.

The PMR and FMR have declined among members of all
races, though significant differences remain. The PMR for
non-Hispanic blacks has been more than double that of non-
Hispanic whites. In 1991 it was 15.7 versus 7.4, and in 2004 it
was 12.2 versus 5.5. The increased PMR among blacks
includes higher rates of both fetal and neonatal deaths. The
reasons for the disparity in outcomes between these groups are
not well understood, but differences in preterm delivery,
income, access to care, stress and racism, cultural factors,
and maternal preconceptional health have all been cited [4].

The infant mortality rate (infant death prior to 1 year of
age/1000) was the lowest ever in 2004, at 6.78 infant deaths per
1000 live births [5]. Most of this decline was achieved by 2000,
when the rate was 6.89 compared with 7.57 in 1995. Infant
mortality during the past 20 years can be attributed most
frequently to birth defects. In 1995, malformations were
responsible for 22% of all infant deaths, one-third of which
were caused by cardiac anomalies; chromosomal, respiratory,
and nervous system defects were responsible for approxi-
mately 15% each [6]. In 2004, 20% of infant deaths were
attributed to congenital malformations and chromosomal
anomalies, followed by low birthweight (17%), sudden infant
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death syndrome (SIDS, 8%), maternal complications of preg-
nancy (6%), and unintentional injuries (4%) [5].

The decline in the FMR may be attributed to improved
methods of antepartum fetal surveillance, the prevention of Rh
sensitization, improved ultrasound detection of intrauterine
growth restriction (IUGR) and fetal anomalies, and improved
care of maternal diabetes mellitus and pre-eclampsia. In
Canada, Fretts and colleagues [7,8] analyzed the cause of fetal
death among 94 346 total deliveries weighing at least 500 g at
the Royal Victoria Hospital in Montreal from 1961 to 1993.
Overall, the fetal death rate declined by 70%, from 11.5/1000
in the 1960s to 3.2/1000 in 1990–93. Significant declines
were seen in fetal deaths due to antepartum asphyxia
(13.1 to 1.2/1000), Rh disease (4.3 to 0.7/1000), lethal anomal-
ies (10.8 to 5.4/1000), and intrauterine growth restriction
(17.9 to 7.0/1000). Fetal death due to anomalies declined
primarily because of improved ultrasonographic detection
and early pregnancy termination.

The pattern of perinatal death in the USA has also changed
during the past 30 years. According to data collected between
1959 and 1966 by the Collaborative Perinatal Project, 30% of
perinatal deaths were attributed to complications of the cord
and placenta [9]. Other major causes of perinatal death were
unknown (21%), maternal and fetal infection (17%), prema-
turity (10%), congenital anomalies (8%), and erythroblastosis
fetalis (4%). Lammer and colleagues [10] reviewed the causes
of 574 fetal deaths in Massachusetts in 1982. Overall, 30% of
fetal death was attributed to maternal disease such as hyper-
tension and diabetes, 28% to hypoxia, 12% to congenital
anomalies, and 4% to infection. Ten percent of fetal death
occurred in multiple gestations, giving a fetal mortality rate
of 50/1000, seven times the rate among singleton pregnancies.
Fetal death was higher among women who were older than age
34, younger than age 20, unmarried, black, of parity of five or
greater, and in those who received no prenatal care or care in
the third trimester only. Data from Denmark also confirmed
that the highest fetal death rate was found in teenagers and
women over age 35 [11,12].

Most fetal deaths occur before 32 weeks' gestation. How-
ever, as pregnancy progresses, the risk of intrauterine fetal
demise increases among high-risk patients. To plan a strategy
for antepartum fetal testing, one must examine the risk of
fetal death in a population of women still pregnant at that
point in pregnancy [13,14]. When this approach is taken,
one finds that fetuses at 40–41 weeks are at a threefold greater
risk of intrauterine death than are fetuses at 28–31 weeks, and
fetuses at 42 weeks or more are at a 12-fold greater risk [14].

Sensitivity, specificity, positive
and negative predictive value
Any test of fetal well-being should ideally meet several criteria:
(1) The test reliably predicts the fetus at risk for hypoxia.
(2) The test reduces the risk of fetal death.
(3) A false-positive test does not materially increase the risk

of poor outcome to the patient or the fetus.

(4) If an abnormality is detected, treatment options are
available.

(5) The test provides information not already apparent from
the patient's clinical status.

(6) The information is helpful to patient management.
Screening tests are applied broadly to healthy patients. The small
screen-positive group subsequently undergoes more costly,
potentially more invasive, confirmatory testing. In obstetrics,
the positive predictive value (PPV) of most tests is limited by a
low prevalence of conditions which lead to intrauterine fetal
death, and by the variability of the normal fetal neurologic state.

When fetal tests are applied widely to populations with low
disease prevalence, the tests' PPV is generally low. Because a
missed diagnosis of fetal hypoxia may result in lifelong neurolo-
gic problems, most obstetricians accept tests of low PPV in
clinical practice. While tests of high PPV are ideal, the low
prevalence of the most worrisome obstetric conditions, coupled
with the need to identify all fetuses at risk, has created acceptance
of tests which have a high false-positive rate and a low positive
predictive value. When interpreting the results of studies of
antepartum testing, the obstetrician must consider the applica-
tion of that test to his or her own population. If the population is
at greater risk of poor fetal outcomes, the likelihood is greater
that an abnormal test will be associated with an abnormal fetus.
If the population is generally low-risk, an abnormal test will
more likely be associated with a false-positive diagnosis.

Given the frequency of false-positive tests in obstetrics, to
act upon a single test could result in iatrogenic prematurity. In
this setting, multiple tests may be helpful. Multiple normal
tests tend to exclude disease, while additional abnormal tests
support the diagnosis of disease and may merit intervention.

The fetal neurologic state
During the third trimester, the normal fetal neurologic state
varies markedly [15,16], and this limits the sensitivity of fetal
testing. The fetus may spend up to 25% of its time in quiet sleep,
a condition during which fetal testing may appear non-reassur-
ing. During quiet, non-rapid eye movement (REM) sleep, the
fetal heart rate slows and heart-rate variability is reduced.
Breathing and startle movements may be infrequent. Electro-
cortical activity recordings reveal high-voltage, low-frequency
waves. Near term, periods of quiet sleep may last 20 minutes,
and those of active sleep approximately 40 minutes [16]. The
mechanisms that control these periods of rest and activity in the
fetus are not well established. Active sleep, in which the fetus
spends approximately 60–70% of its time, is associated with
REM. The fetus exhibits regular breathing movements, inter-
mittent abrupt movements of its head, limbs, and trunk,
increased variability of its heart rate, and frequent accelerations
with movement, all of which are reassuring, as discussed below.

Biophysical techniques of fetal evaluation
During the 1970s and early 1980s biochemical tests such as
human placental lactogen and estriol were considered the
optimal methods of fetal evaluation. These tests have since
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fallen out of favor, replaced by more sensitive and less cum-
bersome biophysical surveillance techniques. The most com-
monly used tests are the CST, the NST, maternal perception of
fetal movement, and the BPP.

Antenatal tests are limited in their scope. They can often
identify chronic events such as progressive metabolic acidosis,
though the point at which a fetus experiences long- or short-
term negative sequelae from mild acidemia is unknown.
Antenatal tests may not predict acute events such as umbilical
cord accidents or placental abruption. The tests may be influ-
enced by prematurity, maternal medication exposure, fetal
sleep–wake cycle, and fetal anomalies.

Contraction stress test
The first widely adopted test of fetal well-being was the CST, also
called the oxytocin challenge test. The CSTmimics the first stage
of labor with uterine contractions, and thus indirectly assesses
fetal–placental reserve. Uterine contractions reduce blood to the
intervillous space, causing transient fetal hypoxia. The fetus at
risk for uteroplacental insufficiency will demonstrate an abnor-
mal response to contractions, forming the basis for this test. If
fetal and placental reserve is poor, the fetus will often develop
evidence of hypoxia that is not physiologic and may manifest
late decelerations. A well-oxygenated fetus with good reserve
should tolerate contractions without evidence of pathological
hypoxia. The CST is performed during the antepartum period.

The CST should take place in the labor and delivery suite,
or in an adjacent area with easy access to labor and delivery.
The patient is placed in the semi-Fowler's position at a 30–45�

angle, with a slight left tilt in order to avoid supine hypoten-
sion. Baseline fetal heart rate and uterine tone are simultan-
eously recorded for at least 10 minutes. Following this, the
fetal heart rate is observed during three contractions of at least
40 seconds' duration within 10 minutes. If there are no spon-
taneous uterine contractions, oxytocin is administered by an
infusion pump at a rate of 0.5 mIU/min. The infusion rate is
doubled every 20 minutes until adequate contractions have
been achieved [17]. Nipple stimulation may be used to initiate
or augment contractions, and may reduce testing time by half
when used with oxytocin [18]. In one technique, the patient is
instructed to rub one nipple through her clothing for 2 minutes,
or until a contraction appears. If a contraction does not appear
she should stop for 5 minutes and then repeat the process.

Although the CST has never been shown to cause prema-
ture labor [19], it is contraindicated when preterm labor is a
significant risk, such as in the setting of premature rupture of
the membranes, cervical insufficiency, or multiple gestation.
The CST should also be avoided when labor is contraindi-
cated, such as among patients with a prior classical cesarean
delivery, placenta previa, or extensive uterine surgery.

How to interpret the test
The contraction stress test is interpreted as follows [20]:

Negative (normal): no late or significant variable
decelerations

Positive: late decelerations following 50% or more
contractions (regardless of contraction frequency)

Unsatisfactory: fewer than three contractions in 10
minutes, or a tracing that cannot be interpreted

Equivocal suspicious: intermittent late decelerations or
suspicious variable decelerations

Equivocal hyperstimulatory: fetal heart-rate decelerations
in the presence of contractions lasting more than 90
seconds or more frequent than every 2 minutes

A negative (normal) CST is associated with good fetal out-
come, permitting the obstetrician to prolong a high-risk
pregnancy safely. The incidence of perinatal death within
1 week of a negative test is less than 1/1000 [21,22]. A suspicious
or equivocal CST should be repeated within 24 hours.
A positive CST merits further evaluation and possibly deliv-
ery, as it may indicate uteroplacental insufficiency. Variable
decelerations seen during the CST suggest cord compression,
often associated with oligohydramnios. In such cases, ultra-
sonography should be performed to assess amniotic fluid
volume. Low amniotic fluid may reflect chronic stress, as fetal
blood is shunted preferentially to the brain and away from
the kidneys. A positive CST has been associated with an
increased incidence of intrauterine death, late decelerations
in labor, low 5-minute Apgar, IUGR, and meconium-stained
amniotic fluid [22].

The CST is limited by a high false-positive rate. Supine
hypotension decreases uterine perfusion and may cause tran-
sient fetal heart-rate abnormalities, heart-rate tracings may
be misinterpreted, oxytocin or nipple stimulation may cause
uterine hyperstimulation, or the fetal condition may improve
after the CST has been performed.

In addition to high-risk pregnancies, the CST has also been
used to assess low-risk post-term pregnancies. There were no
perinatal deaths among 679 prolonged pregnancies evaluated
primarily with the CST [23]. When both the NST and the
nipple-stimulation CST were used to determine the need
for delivery, there were no antepartum deaths in a series of
819 patients tested at 40 weeks or more [24].

Druzin et al. found the CST to be most beneficial as a test
to follow up a non-reactive NST [24]. In other situations, the
CST did not significantly improve antepartum or intrapartum
outcome. Merrill et al. evaluated all non-reactive NSTs with a
CST and found that if the CST was negative and a biophysical
profile (to be discussed later) was 6 or greater, the pregnancy
could be prolonged for up to 13 days [25]. This approach
should be used only when prematurity is an issue and when
careful follow-up with daily assessment can be performed
reliably.

The CST obtained between 28 and 33 weeks' gestation
appears as accurate as a test performed at a greater gestational age.

The non-stress test
Fetal heart-rate monitoring, or cardiotocography, was developed
during the 1960s as a means of evaluating the fetus in labor.
The concept of fetal monitoring was eventually extrapolated
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to the developing fetus with the NST, CST, and BPP. The
antenatal use of the NST in the assessment of fetal well-being
has become an integral part of obstetric care [17].

The NST is based on the observation that fetal heart-rate
accelerations reflect fetal well-being [26]. A “reactive” test is
defined as the occurrence of two accelerations of 15 beats/
minute above the fetal heart-rate baseline, lasting at least 15
seconds, during any 20-minute period. A “non-reactive” test is
one that does not meet the aforementioned criteria. A reactive
NST suggests the absence of fetal hypoxia or asphyxia. The
incidence of stillbirth within 1 week of a normal test, corrected
for lethal congenital anomalies and unpredictable causes of in
utero demise such as cord accidents or placental abruption, is
approximately 1.9/1000 [22].

The basis for the NST
The premise behind the NST is that the well-oxygenated
non-acidotic, non-impaired fetus will temporarily accelerate
its heart rate in response to movement. Regulation of the fetal
heart rate and variability is complex and not entirely under-
stood. The fetal heart rate is modulated by the vagal nerve and
the sympathetic nervous system. As in the adult, the fetal heart
has intrinsic pacemakers, including the sinoatrial (SA) and
atrioventricular (AV) nodes. Both nodes are normally under
continuous influence of the vagus nerve, which prevents the
fetal heart from beating at its more rapid intrinsic rate.
The interplay between the sympathetic and parasympathetic
nervous systems results in beat-to-beat variability of the fetal
heart rate, an important clinical predictor of fetal well-being.

In sheep, vagal influence increases fourfold during acute
hypoxia [27], while the influence of the sympathetic nervous
system increases to a lesser degree. In sum, vagal influence
over the fetal heart dominates sympathetic influence during
hypoxia. Baroreceptors located in the aortic arch and carotid
sinus immediately signal the vagus or glossopharyngeal nerve,
increasing vagal influence and slowing the heart rate. Fetal
hypoxia results in a compensatory bradycardia with hyperten-
sion. The fetus also has functioning chemoreceptors in the
medulla oblongata and carotid and aortic bodies. Interaction
between the fetal chemoreceptors is poorly understood [27].

Uterine contractions reduce blood flow to the intervillous
space, causing transient hypoxia. Using a sheep model, Parer
demonstrated that the abrupt cessation of uterine blood flow
for 20 seconds in normally oxygenated sheep resulted in a
delayed deceleration in the fetal heart rate, known now as a
late deceleration [27]. Pretreatment with atropine abolished
any change in the fetal heart rate. The author concluded that
chemoreceptors signal the vagus nerve to slow the heart
during hypoxemic conditions, resulting in a deceleration of
the heart rate following the contraction peak. Repetitive late
decelerations suggest fetal hypoxemia.

When under hypoxic conditions, the fetus redistributes
blood to its vital organs: the brain, heart, and adrenal glands.
Blood is shunted away from the gut, spleen, and kidneys,
leading to oligohydramnios. This, along with compensatory
mechanisms such as decreased total oxygen consumption and

anaerobic glycolysis, allows the fetus to survive for periods of
up to 30 minutes in conditions of decreased oxygen.

Loss of reactivity is associated most commonly with a fetal
sleep cycle, but may result from any cause of central nervous
system depression, the most ominous being fetal acidosis.

When to perform the NST
The NST, or cardiotocography, can identify the suboptimally
oxygenated fetus, and provides the opportunity for interven-
tion before progressive metabolic acidosis results in morbidity
or death. Patients with risk factors for uteroplacental insuffi-
ciency should undergo NST. In general, this includes maternal
disease such as diabetes, hypertensive disorders, Rh sensitiza-
tion, antiphospholipid syndrome, poorly controlled hyperthy-
roidism, hemoglobinopathies, chronic renal disease, systemic
lupus erythematosus, and pulmonary disease, as well as fetal–
placental conditions such as IUGR, decreased movement,
oligo- or polyhydramnios, and finally other situations of
increased risk such as multiple gestation, pregnancies past
their due date, poor obstetric history, and bleeding.

Identifying the appropriate time to initiate fetal testing
depends on several factors, including the prognosis for neo-
natal survival, the risk of intrauterine fetal death, the degree of
maternal disease, and the potential for a false-positive test
leading to iatrogenic prematurity. Most high-risk patients
begin NSTs between 32 and 34 weeks, and are tested weekly.

The NST is generally not recommended prior to 26 weeks
[20]. An NST should be performed only after viability, when
intervention for a non-reassuring test is an option. The limit
of viability is poorly defined. Recent survival rates of neonates
born at 22 and 23 weeks have been reported at 21% and 30%
respectively [28]. However, given the significant morbidity
associated with birth at these gestational ages, testing and
intervention prior to 24 weeks' gestation are controversial
and should be evaluated on a case-by-case basis.

How to perform the test
The fetal heart rate is monitored using a Doppler ultrasound
transducer attached with a belt to the maternal abdomen.
At the same time, a tocodynameter is applied to the maternal
abdomen to monitor for uterine contractions or fetal move-
ment. Signals from the Doppler transducer and tocodyna-
meter are then relayed to tracing paper. Ideally, the patient
should not have smoked cigarettes recently, as this has been
shown to interfere with the NST [29].

How to interpret the test
Using the most common definition, a normal or “reactive” test
is when the fetal heart rate accelerates 15 beats/minute from
the baseline, for 15 seconds, twice during a 20-minute period
[30]. A non-reactive NST is one that lacks these accelerations
during 40 minutes of testing.

A reactive NST is associated with fetal survival for at least
1 week in more than 99% of patients [31]. In the largest series
of NSTs, the stillbirth rate among 5861 tests was 1.9/1000,
when corrected for lethal anomalies and unpredictable causes
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of demise [32]. The negative predictive value of the NST is
99.8% [22]. The low false-negative rate depends on the appro-
priate follow-up of significant changes in maternal status or
perception of fetal movement. The false-positive rate of the
non-reactive NST is quite high. A non-reactive NST must be
evaluated further, unless the fetus is extremely premature.

The fetal ability to generate a reactive heart-rate tracing
depends on gestational age, as it likely reflects the maturation
of the parasympathetic and sympathetic nervous systems.
Druzin et al. demonstrated that, among women who delivered
infants with normal Apgar scores, 73% had non-reactive NSTs
between 20 and 24 weeks' gestation, 50% were non-reactive
between 24 and 32 weeks, and 88% became reactive by
30 weeks. Between 32 and 36 weeks, 98% were reactive [33].

The high incidence of the false-positive non-reactive NST
is primarily due to the normal quiet fetal sleep state. The near-
term fetus has four neurologic states, described as 1F, 2F, 3F,
and 4F. State 1F is a period of quiet sleep in which the fetus
spends approximately 25% of its time. This state may last up to
70 minutes. During this time the fetal heart rate has few acceler-
ations and reduced variability, and the fetus demonstrates only
occasional gross body movements. The fetus spends 60–70% of
its time in state 2F, or active sleep. During this time, heart-rate
variability and accelerations are increased, as are body and eye
movements. During state 3F, eye and body movements are
common, but accelerations are diminished. State 4F is character-
ized by continuous movement, and constant fetal heart-rate
accelerations and variability are seen. While a non-reactive
NST may reflect sleep state 1F, it alternatively might indicate
fetal compromise and must be evaluated further.

Fetal bradycardia during routine antepartum testing is
potentially ominous, and merits further evaluation or delivery.
Bradycardia, defined in some studies as a slowing of the fetal
heart rate of 40–90 beats/minute lasting for at least 60 seconds,
has been associated with stillbirth [34], significant cord com-
pression, meconium passage, congenital abnormalities, and
abnormal heart-rate patterns in labor [35]. In a study of 121
cases of antepartum fetal bradycardia managed by active inter-
vention and delivery, there were no fetal deaths [35].

Efficacy
To date there are no prospective, double-blinded, randomized
controlled trials of the use of the NST to reduce perinatal
morbidity or mortality. The NST was widely adopted without
demonstration of benefit among well-conducted trials. Obser-
vational studies have shown a correlation between abnormal
NSTs and poor fetal outcome [36].

Four randomized controlled trials of the NST among inter-
mediate- and high-risk patients failed to show reduction in
perinatal morbidity or mortality due to asphyxia [37–40]. The
study populations ranged from 300 to 550 patients, and lacked
sufficient power to assess low-prevalence events such as peri-
natal mortality. A meta-analysis of these four trials also lacked
the power to demonstrate a difference [41]. The meta-analysis
demonstrated a trend toward increased perinatal morbidity
among the tested group, although most of the deaths in the

tested group were considered unavoidable, and reflect a weak-
ness of the studies. NST did not lead to early delivery when
compared to controls. The authors of the meta-analysis
acknowledge that these trials are old, dating from the intro-
duction and widespread use of NST, were not double-blinded,
and vary in quality. Practice styles and interpretation of the
tests may have since changed.

Given the current medical–legal climate, a randomized,
double-blinded controlled trial is unlikely to be performed,
as use of the NST has become the standard of care. Further,
given the fact that adverse outcomes such as fetal death are
uncommon even among high-risk populations, any investi-
gation would require enormous patient enrollment [42].

Several retrospective studies have suggested that the NST
decreases perinatal mortality in the tested, high-risk popula-
tion. Schneider et al. reviewed their experience with antenatal
testing from 1974 to 1983, before antenatal testing was wide-
spread [43]. The authors utilized the contraction stress test
for the first two years of the study period, and the NST for the
remaining seven years. They found that perinatal mortality
was 2.24% in the non-tested population and 0.12% in the high-
risk tested population. Studies such as these fueled the wide-
spread adaptation of the NST as a means of fetal assessment.

Vibroacoustic stimulation
To determine whether a non-reactive NST is due to the quiet
fetal sleep state or to fetal compromise, vibroacoustic stimula-
tion (VAS) is performed. VAS entails the application of a
vibratory stimulus to the patient's abdomen above the fetal
vertex for at least 3 seconds, creating a startle response in the
non-compromised fetus. VAS results in fetal heart acceler-
ations [44], reducing testing time and the incidence of non-
reactive tests [45]. VAS increases the NST's positive predictive
value without adversely affecting perinatal outcome [46–48].

VAS reduces the incidence of “false” non-reactive non-
stress tests without changing the predictive reliability of the
test [44]. Smith et al. found the incidence of fetal death within
7 days of a VAS-induced reactive NST was similar to that of a
spontaneously reactive NST (1.9 vs. 1.6/1000 fetuses). There
were no significant differences in Apgar scores, operative
intervention, or meconium staining between groups.

The fetal response to VAS relies on an intact and mature
auditory system. Anencephalic fetuses do not manifest heart-
rate accelerations in response to VAS [49]. The blink–startle
response to VAS does not occur prior to 24 weeks, and is seen
consistently only after 28–31 weeks [50,51]. The incidence of
reactivity after VAS increases significantly after 26 weeks [52].

The intensity and duration of the stimulus are important.
A stimulus lasting for 3–5 seconds significantly increases
fetal heart-rate accelerations, while no difference is seen with
a 1-second VAS [53].

If VAS fails to achieve a reactive NST, a BPP should be
performed, as described later in this chapter.

Though it is deemed safe, a case of supraventricular tachy-
cardia was reported following VAS in a fetus with premature
atrial contractions [54]. After 4 minutes the tachyarrhythmia
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reverted to baseline. The authors cautioned against the use of
VAS among fetuses with arrhythmias.

In lieu of VAS, manual fetal manipulation, the manual
stimulation test (MST), is used in some parts of the world to
reduce the incidence of a non-reactive fetal tracing. Previous
trials did not show a benefit to MST [55]. However, one recent
study compared the MST to an NST alone and found that the
time to reactivity was shorter and the incidence of reactivity
was greater [56].

Maternal perception of fetal movement
Maternal perception of fetal movement, or fetal “kick counts,”
is an inexpensive, easily implemented, reliable test of fetal
well-being, and may be ideal for routine antepartum fetal
surveillance.

The normal fetus is active. Studies using real-time ultra-
sound show that, during the third trimester, the fetus gener-
ates gross body movements 10% of the time, making 30 such
movements each hour [57]. Most women can perceive 70–80%
of gross body movements. The fetus also makes fine body
movements, more difficult to perceive, such as limb flexion
and extension, sucking, and hand grasping. Fine body move-
ments probably reflect more coordinated central nervous
function. Decreased maternal perception of fetal movement
often precedes fetal death, sometimes by several days [58].
Cessation of fetal movement has been correlated with a mean
umbilical venous pH of 7.16 [59]. Several studies have shown
that maternal awareness of changes in fetal activity can pre-
vent unexplained fetal death.

There are several protocols for monitoring fetal movement.
Using Cardiff Count-to-Ten, a woman starts counting fetal
movements in the morning and records the time needed to
reach ten movements. The optimal number of fetal movements
has not been established. However, there were at least ten
movements per 12-hour period in 97.5% of movement periods
recorded by women who delivered healthy babies [58]. The
ACOG recommends having the patient count movements while
lying on her side. Her perception of ten movements within
2 hours is considered acceptable [20].

Fetal movement-counting protocols have been shown to
decrease fetal demise. In a prospective, randomized trial, 1562
women counted movements three times a week, 2 hours after
their largest meal, starting after 32 weeks' gestation. Fewer
than three fetal movements each hour prompted further evalu-
ation with NST and ultrasound. One stillbirth occurred in the
monitored group, while ten occurred in a comparable control
group of 1549 women (p< 0.05) [60]. In a cohort study,
Moore and Piacquadio demonstrated a substantial reduction
in fetal death using the Cardiff Count-to-Ten approach [61].
Women were asked to monitor fetal movements in the
evening, typically a time of increased activity. On average,
women observed ten movements by 21 minutes. Patients
who failed to perceive ten movements within 2 hours were
told to report immediately to the hospital for further evalu-
ation. Compliance was greater than 90%. As a control, the

authors used a 7-month period preceding the study when no
instructions were given regarding fetal movement counting.
The fetal death rate during the study period was 2.1/1000,
substantially lower than the 8.7/1000 among 2519 patients
during the control period. Of the 290 patients who presented
with decreased fetal movement in the Cardiff Count-to-Ten
group, only one presented after fetal death had occurred.
Antepartum testing to assess patients with decreased fetal
activity increased 13% during the study period. During the
control period, 247 women presented to the hospital with
decreased fetal movement, 11 of whom had already suffered
an intrauterine fetal death [61]. The study of intensive mater-
nal surveillance was expanded to include almost 6000 patients.
A fetal death rate of 3.6/1000 was achieved – less than half the
rate observed during the control period [62].

The only other prospective, randomized trial in the litera-
ture suggests that there is no benefit to increased surveillance
of fetal activity. Grant and coworkers randomized 68 000
European women to fetal movement counting using the
Cardiff Count-to-Ten method, or to standard care [63].
Women counted movements for nearly 3 hours per day.
Approximately 7% of patients experienced at least one episode
of decreased movement. The antepartum death rate for
normal, singleton fetuses was equal in both groups (2.9/1000
among the study group vs. 2.7/1000 among controls). This
study contains serious flaws and should be interpreted with
caution. Compliance for reporting decreased fetal movement
among the study group was low – only 46%. Compliance was
even lower among study patients who suffered a fetal death. Of
the 17 study patients who later experienced an intrauterine
fetal demise, none received emergency intervention when she
presented to the hospital complaining of decreased fetal move-
ment. Why? Grant et al. ascribed the lack of intervention to
errors of clinical judgment and to falsely reassuring follow-up
testing [63]. One might conclude that this large prospective
study disproves the benefit of fetal kick counts. To the con-
trary, the study demonstrates the need for appropriate inter-
ventions, and follow-up of patients who complain of decreased
fetal activity.

Maternal perception of fetal movement is influenced by
several factors. An anterior placenta, polyhydramnios, and
maternal obesity can decrease perception of fetal movement
[64]. Movements lasting 20–60 seconds are more likely to be
felt by the mother [65]. Fetal anomalies, sometimes associated
with polyhydramnios, were linked in one study with decreased
movement perception in 26% of cases, as compared with 4% of
normal controls [66].

Fetal activity does not increase in response to food or
glucose administration, despite popular belief [67,68]. To the
contrary, hypoglycemia is associated with increased fetal
movement [69]. Normal fetal activity ranges widely, and each
mother and fetus serve as their own control. Fetal movements
tend to peak between 9 p.m. and 1 a.m., when maternal
glucose levels are falling [70].

Intensive maternal surveillance of fetal activity helps to
identify fetuses at risk for death due to chronic insult. “Kick
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counts” are unlikely to prevent an acute event such as fetal
death caused by cord prolapse. Charting fetal movement may
increase anxiety for some, but generally reassures most
women and may enhance maternal–fetal attachment [71,72].
When educated and encouraged, women are more likely to
present early if they experience decreased fetal movement.

The biophysical profile
The discovery that decreased fetal activity is associated with
hypoxia, combined with the 1970s development of B-mode
ultrasound, which allowed for real-time observation of the
fetus, led to the creation of the BPP. Hypoxic animals reduce
activity in order to conserve oxygen. By decreasing movement
and employing other protective mechanisms, the hypoxic fetus
can reduce oxygen consumption by up to 19% minutes into a
hypoxic event [73]. Observation of such reduction in move-
ment can provide clues into the fetus's acid–base status.

The BPP is based upon a ten-point score. The fetus
receives two points for the presence of each of the following:
(1) Reactive NST
(2) Fetal breathing movement
(3) Gross body movement
(4) Fetal tone
(5) Amniotic fluid volume
The lower the BPP, the greater the risk of fetal asphyxia.

A BPP is typically performed to evaluate a non-reactive or
non-reassuring NST. It may be used for other indications,
such as the evaluation of a fetus with an abnormal cardiac
rhythm. Given the variation in the normal fetal neurologic
state, an abnormal test should be evaluated by extending the
testing time or repeating the test shortly thereafter in order to
distinguish quiet sleep from asphyxia. VAS during the BPP
can change the fetal behavioral state and improve the score
without increasing the false-negative rate [74].

An abnormal BPP can predict an arterial cord pH of less
than 7.20 with 90% sensitivity, 96% specificity, 82% positive
predictive value, and 98% negative predictive value [75], and
has been significantly associated with development of cerebral
palsy [76]. The incidence of cerebral palsy was 0.7/1000 live
births when the BPP was normal, 13.1/1000 live births when
the score was 6, and 333/1000 live births when the score
was zero in a study which controlled for birthweight and
gestational age. The incidence of intrauterine fetal demise
within 7 days of a normal BPP ranges from 0.411 to 1.01 per
1000 [77].

The BPP correlates well with acid–base status. Manning
et al. performed BPPs immediately prior to cordocentesis and
found that a non-reactive NST with an otherwise normal BPP
correlated with a mean umbilical vein pH of 7.28 (� 0.11)
[59]. Fetuses with abnormal movement had an umbilical vein
pH of 7.16 (� 0.08). Vintzileos et al. evaluated 124 patients
undergoing cesarean delivery prior to labor [75]. All patients
underwent a BPP prior to surgery, followed by cord pH at
delivery. Reasons for delivery included severe pre-eclampsia,
growth restriction, placenta previa, breech presentation, fetal

macrosomia, and elective repeat cesarean section. The earliest
biophysical signs of acidosis were a non-reactive NST and loss
of fetal breathing movements. Among patients with a BPP of
8 or more, the mean arterial pH was 7.28; it was 6.99 among
nine fetuses with BPPs of 4 or less. These data suggest that
the NST is the most sensitive of the biophysical tests, followed
by fetal breathing movements. Fetal movement is the least
sensitive, ceasing at the lowest pH. Manning et al. postulate
that the graded biophysical response to hypoxia is due to
variation in sensitivity of the central nervous system regula-
tory centers [78]. When the other four components are
normal, the NST may be eliminated from testing without fetal
compromise [78].

Chronic hypoxemia may lead to an adaptive fetal response,
lowering the pH threshold for the fetal biophysical response.
This might explain why a chronically stressed fetus can die
shortly after a reactive NST, and why oligohydramnios, which
often reflects chronic hypoxia and reshunting of blood from
the kidneys to the brain, is associated with increased morbidity
and mortality regardless of other test results. The lowered
threshold likely results from a shift in the hemoglobin dissoci-
ation curve, improved fetal extraction of maternal oxygen,
and an increase in fetal hemoglobin. Manning postulates that
resetting of the central nervous system threshold may occur in
part because some biophysical activity is necessary, especially
for limb and lung development [77].

Recent studies suggest that antenatal corticosteroids may
adversely affect the BPP, decreasing the score. Antenatal ster-
oids are administered between 24 and 34 weeks, when prema-
ture delivery is anticipated. Kelly et al. reported that BPP
scores were decreased in one-third of fetuses who received
steroids between 28 and 34 weeks [79]. The effect was seen
within 48 hours of corticosteroid administration. Repeat BPPs
performed within 24–48 hours were normal in cases where
the BPP score had decreased by 4 points. Neonatal outcome
was not affected. Similarly, Deren et al. reported transient
suppression of heart-rate reactivity, breathing movements,
and movement when corticosteroids were administered at less
than 34 weeks' gestation, all of which returned to normal by
48–96 hours [80]. This effect must be considered at institu-
tions where BPPs are used to evaluate the fetus.

A modified BPP, which uses only the NST and amniotic
fluid index, may be used in lieu of the full BPP to identify the
at-risk fetus [81]. The amniotic fluid index is an ultrasound
measurement, calculated by adding the length of the largest
vertical fluid pockets free of umbilical cord in the four quad-
rants of the gravid uterus. If either the NST is non-reactive or
the amniotic fluid index is less than 5.0, further evaluation is
mandated. Delivery is indicated if the fetus is full-term.

Doppler
Doppler ultrasound is used primarily to assess placental insuf-
ficiency and IUGR [82,83].

Blood flow through arteries supplying low-impedance vas-
cular beds, such as the placenta, normally flow forward during
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systole and diastole. Diastolic forward flow in the umbilical
artery is high during a normal pregnancy, and increases more
than systolic flow. As gestation advances, placental resistance
normally decreases, and the systolic to diastolic (S/D) ratio
should decrease [84]. An increased S/D ratio suggests an
increased placental resistance [85,86].

If the placenta is compromised, diastolic flow may be
absent or reversed. This eventually leads to IUGR. Absent
end-diastolic flow is associated with increased perinatal mor-
bidity and mortality. Reversed end-diastolic flow is even more
predictive of poor perinatal outcome. Farine et al. summarized
data from 31 studies of 904 fetuses demonstrating absent or
reversed end-diastolic velocities [87]. Perinatal mortality was
36%. Eighty percent of the fetuses weighed less than the 10th
percentile for gestational age. Abnormal karyotypes were
found in 6%, and malformations in 11%. Absent or reversed
end-diastolic flow in the umbilical artery, while not an indica-
tion for immediate delivery, is considered an indication
for intensive ongoing fetal surveillance. Delivery is usually
based on results of fetal heart-rate monitoring or of the BPP,
depending on maternal condition and gestational age.

Studies support the use of Doppler to assess high-risk
pregnancies. A metaanalysis of six published randomized con-
trolled clinical trials of 2102 fetuses followed with Doppler
compared to 2133 controls demonstrated a reduction in peri-
natal mortality with Doppler [88]. An analysis of 12 published
and unpublished randomized controlled clinical trials in
7474 high-risk patients revealed fewer antenatal admissions,
inductions of labor, cesarean deliveries for fetal distress, and a
lower perinatal mortality among high-risk pregnancies moni-
tored with Doppler [89]. A report by Neilson and Alfirevic
confirmed these findings [90]. Doppler ultrasound appears
to reduce perinatal mortality without increasing maternal or
neonatal morbidity among patients with high-risk pregnancies
[91]. Among patients with IUGR, Doppler was a better
predictor of fetal acid–base status than the NST and BPP

[92]. Studies of the use of Doppler ultrasound in low-risk
pregnancies have not shown a benefit [93].

Researchers have investigated the utility of Doppler studies
of several different arteries, including the middle cerebral and
splenic arteries. The umbilical arteries are most commonly
used because of their large size, lack of branches, and length,
making them easy to study. Doppler studies are commonly
conducted later in pregnancy. Prior to 15 weeks' gestation one
cannot consistently identify diastolic flow in the umbilical
artery [94].

Fetuses with congenital malformations and chromosomal
abnormalities may demonstrate markedly abnormal Doppler
studies.

Summary
Ideally, antepartum testing of fetal well-being should reduce
perinatal morbidity and mortality. The predictive value
of antepartum fetal tests is determined by the prevalence
of an abnormal condition. When a test is applied widely to a
low-prevalence population, the positive predictive value of the
test is reduced. In obstetrics, the severe consequences of a
missed diagnosis justify interventions based on a potentially
false-positive fetal testing. The complete clinical situation
should be considered when decisions are made to intervene
in a pregnancy based on results of fetal evaluation techniques.

The incidence of stillbirth within 1 week of a negative CST
is less than 1/1000, and for a reactive NST it is 1.9/1000.

The high false-positive rate of antepartum fetal tests is due
in part to the fact that the near-term fetus spends approxi-
mately 25% of its time in a quiet sleep state. To design
a strategy to reduce perinatal morbidity and mortality, man-
euvers such as VAS, serial testing, and careful selection
of patients tested should be employed, given the high false-
positive rates and low prevalence of the most serious
conditions.
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Chapter

15 Intrapartum evaluation of the fetus

Israel Hendler and Daniel S. Seidman

Introduction
The preliminary estimate of total births in the USA for 2005
was 4 138 349 [1]. Intrapartum fetal heart-rate (FHR) moni-
toring was used in more than 85% of the deliveries. Fetal
heart-rate monitoring was introduced into clinical practice in
the 1970s. At that time, obstetric providers and researchers in
fetal physiology believed electronic fetal monitoring (EFM)
would identify changes in the FHR and/or rhythm that reflect
fetal acidosis [2]. It was presumed that detection would be
early enough to allow clinical intervention that would prevent
perinatal asphyxia. Despite 30 years of widespread use and
multiple randomized clinical trials, FHR monitoring has not
yet been shown to decrease perinatal mortality other than
by decreasing intrapartum fetal deaths [3]. Moreover, some
experts believe that the use of EFM leads to over-detection of
non-reassuring FHR patterns, thereby directly contributing to
the escalating rate of cesarean-section deliveries in the USA
[4], which by 2005 increased to 30.3% [1]. We will review the
physiology underlying FHR patterns, and the possible reasons
why randomized trials of EFM have so far failed to demon-
strate efficacy. The current knowledge that guides interpreta-
tion of EFM in the intrapartum period will be discussed, with
special emphasis on newer methods for intrapartum fetal
surveillance.

The history of EFM
The common practice of monitoring FHR during labor was
stimulated in 1862 by William Little, a London orthopedic
surgeon who took care of spastic infants [5]. He expressed the
view that “the process of birth was responsible for the path-
ology of cerebral palsy.” In 1950, Edward Hon, a physician
and engineer, invented the “internal”monitor and electrode to
collect electrocardiographic information [6].

Soon thereafter, FHR monitoring was rapidly incorporated
into routine use. Unfortunately, clinical practice proceeded
before controlled trials could establish a true cause-and-effect
relationship between specific FHR patterns and fetal acidemia.

In 1969 it was claimed that 90% of all fetal distress was caused
by umbilical cord compression, and that electronically moni-
toring the entire birth process from labor to delivery could
save as many as 20 000 babies a year and reduce the number of
injured babies by 50% [7]. A cost analysis published in 1975
concluded that EFM could enhance the quality of maternal–
fetal health care, although it was clearly cited that “to date,
there has been no definitive well-controlled study which
has scientifically proven the value of this technique” [8].
A number of studies published in the 1970s pointed to the
decline in perinatal morbidity and mortality that had occurred
since the introduction of EFM, and attributed this decline to
EFM. During a 10-year period from 1970 to 1979, the obstetric
service at the University of Southern California found that
after EFM was introduced in 1969 their perinatal mortality
rate decreased. The cesarean delivery rate increased as well
during this period, but the authors did not ascribe this
increase to EFM [9].

In 1976, a prospective randomized study in Denver of 483
high-risk patients in labor, monitored either electronically or
with intermittent auscultation, found that the cesarean rate
was significantly increased in the EFM group (16.5% vs. 6.8%),
but there was no difference in neonatal morbidity and mortal-
ity [10]. However, in 1979 a meta-analysis of 10 non-random-
ized studies concluded that “there is now compelling evidence
that the intrapartum stillbirth rate will decrease by 1–2 in
1000, and neonatal deaths will be halved if monitoring is
widely used” [11]. The largest randomized study to date was
performed in Dublin between 1981 and 1983, with 12 964
women randomized to either EFM or auscultation [12]. The
cesarean delivery rate was 2.4% in the EFM group and 2.2% in
the auscultation group. There were 14 stillbirths and neonatal
deaths in each group. There were no apparent differences in
the rates of low Apgar scores, need for resuscitation, or trans-
fer to the special-care nursery. Cases of neonatal seizures and
persistent abnormal neurological signs followed by survival
were twice as frequent in the intermittent-auscultation group.
However, when the nine children from the EFM group and the
21 children from the intermittent auscultation group who
survived after neonatal seizures were followed up at 4 years
of age, there were three children with cerebral palsy (CP) in
each group [13].

In 1995, Thacker et al. reviewed the results of 12 random-
ized trials between 1966 and 1994 with 58 855 patients and
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found that newborns who were monitored electronically had a
relative risk of 0.5 for seizures compared to a randomized
group of patients managed by auscultation during labor
(1.1% vs. 0.8% of the newborns, respectively) [14]. With the
exception of the reduction in the rate of neonatal seizures,
the use of EFM had no measurable impact on morbidity and
mortality. The long-term impact of the reduction in seizures
was not demonstrated. In fact, the majority of newborns
in some of these trials who developed CP were not in the
group of those fetuses who had FHR tracings that were
considered ominous. The value of EFM in this meta-analysis
was uncertain. These authors pointed out that EFM was
introduced into widespread clinical practice before evidence
from randomized controlled trials demonstrated either
efficacy or safety, and that widespread diffusion of this tech-
nology before efficacy was determined may have led to
misuse, misunderstanding, and misinformation regarding
malpractice litigation.

FHR monitoring may have high sensitivity for the detec-
tion of fetal acidosis, but several of the FHR patterns
presumed “abnormal” do not reflect fetal acidosis, and the
specificity of this tool for the detection of hypoxic–ischemic
injury is very low.Moreover, only about 10% of the children with
CP had an asphyxial event during labor.

In a 2001 meta-analysis by the Cochrane Collaboration
of 13 published randomized controls trials addressing the
efficacy and safety of EFM, four trials were excluded for not
fulfilling selection criteria, and only one showed a significant
decrease in perinatal mortality with EFM compared with
intermittent auscultation [15]. This meta-analysis deduced
that the routine use of continuous EFM reduced the incidence
of neonatal seizures (relative risk [RR] 0.51, 95% CI 0.32–0.82),
but had no impact on the incidence of CP (RR 1.66, 95% CI
0.92–3.00) or perinatal death (RR 0.89, 95% CI 0.60–1.33). In
view of the increase in cesarean (RR 1.41, 95% CI 1.23–1.61)
and operative vaginal delivery (RR 1.20, 95% CI 1.11–1.30), and
the lack of long-term pediatric benefit, EFM was not superior to
auscultation.

In a separate study, 78 term singleton children with the
diagnosis of moderate–severe CP at the age of 3 years were
compared to 300 randomly selected term controls [16].
Although late decelerations (odds ratio [OR] 3.9, 95% CI
1.7–9.3) and decreased beat-to-beat variability (OR 2.7, 95%
CI 1.1–5.8) were associated with an increased risk of CP, 57 of
78 (73%) children with CP did not have either of these abnor-
malities. The 21 children with CP with those severe changes
on EFM represented only 0.2% of singleton infants at term
who had these EFM findings, for a false-positive rate of 99.8%.

Recently, Larma et al. investigated the ability of EFM
to detect metabolic acidosis, which may be associated with
hypoxic–ischemic encephalopathy (HIE) [17]. For the identi-
fication of HIE, the sensitivity, specificity, and positive and
negative predictive values for bradycardia, decreased variabil-
ity, non-reactivity, and for all three abnormalities combined
are shown in Table 15.1. The authors concluded that fetal
metabolic acidosis and HIE are associated with significant

increases in EFM abnormalities, but their predictive ability
to identify these conditions is low.

Despite the apparent lack of efficacy, the use of EFM
during labor has continued to grow in hospital settings, and
interpretation is being refined as knowledge of fetal physiology
grows.

Physiology of the fetal heart rate
Fetal oxygenation
The transfer of oxygen and carbon dioxide (CO2) between the
fetal and maternal circulations depends upon the structure
and adequate function of the uterine vasculature, intervillous
space, fetal placenta, and umbilical cord. The fetal umbilical
vein blood, which carries oxygenated blood from the placenta
to the fetus, has about the same partial pressure of oxygen
(PO2) as that in maternal uterine vein blood – approximately
35 mmHg. Although the system of gas exchange across the
placenta is efficient, the PO2 in fetal oxygenated blood is low
relative to arterial values in adults [18].

There are several physiologic mechanisms that enable the
fetus to maintain normal metabolism in an environment with
low PO2 [18–21]:
(1) High blood flow due to high heart rate. For instance, fetal

myocardial oxygen needs are met through a 60% greater
resting myocardial blood flow than that of the adult.

(2) Fetal hemoglobin (HbF) can bind oxygen even at a low
PO2, and therefore more oxygen can be transported at
a low PO2.

(3) Fetal blood has more Hb than adult blood. The extra
“carrying capacity” allows the fetus to extract maximal
amounts of oxygen.

(4) The pattern of blood flow in the fetus allows overperfusion
of some organs with higher oxygen requirements,
e.g., cerebral blood flow.

The most common etiologies of interruption of oxygen deliv-
ery to the fetus during labor are acute decreases in uterine
blood flow secondary to uterine contractions, or decreases in
umbilical blood flow secondary to cord occlusion. The fetus is
able to maintain normal aerobic metabolism during transient
decreases in blood flow to the uterus. Certain FHR patterns,

Table 15.1. Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) for bradycardia, decreased variability,
non-reactivity, and for all three abnormalities combined for the identification
of hypoxic–ischemic encephalopathy (HIE)

Bradycardia Decreased
variability

Non-
reactivity

Combined

Sensitivity 15.4% 53.8% 92.3% 7.7%

Specificity 98.9% 79.8% 61.7% 98.9%

PPV 66.7% 26.9% 2.7% 50.0%

NPV 89.4% 92.6% 82.9% 88.6%

Source: Modified from Larma et al. [17].
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namely variable decelerations, have been ascribed to transient
umbilical cord compression in the fetus during labor, and
manipulation of maternal position either to the lateral or
Trendelenburg position can sometimes abolish these patterns.
Under normal conditions, the fetus compensates for short-
term transient decreases in PO2 without altering normal
metabolic function [20].

Role of the autonomic nervous system
The parasympathetic and sympathetic nervous systems com-
prise the autonomic nervous system, which regulates the FHR.
FHR changes result from moment-to-moment autonomic
modulation frommedullary cardiorespiratory centers in response
to inputs from:

Chemoreceptors
Baroreceptors
Central nervous system activities, such as arousal and sleep
Hormonal regulation
Blood volume control

Parasympathetic nervous system
The parasympathetic innervation of the heart is primarily
mediated by the vagus nerve, which originates in the medulla
oblongata. Fibers from this nerve supply the sinoatrial (SA)
and atrioventricular (AV) nodes. The two parasympathetic
influences on the heart are:
(1) A chronotropic effect that slows FHR. Stimulation of the

vagus nerve results in a relative slowing of SA node firing
and a decrease in FHR. Medications (e.g., atropine) that
block the release of acetylcholine from the vagus nerve
lead to a relative increase in SA node firing and
acceleration of the FHR (by approximately 20 beats per
minute [bpm]) at term.

(2) An oscillatory effect that alters R-wave intervals, resulting
in FHR variability.

Sympathetic nervous system
Sympathetic nerves are distributed throughout the myocar-
dium of the term fetus. Stimulation of the sympathetic nerves
to the heart releases norepinephrine, resulting in an increase
in heart rate and in cardiac contractility, a combination that
results in an increase in cardiac output. Blockade of sympa-
thetic activity decreases baseline FHR and blunts accelerations.

Effect of gestational age on FHR
The parasympathetic nervous system exerts a progressively
greater influence on FHR as gestational age advances (i.e.,
advancing gestational age is associated with slowing of the
baseline heart rate). As an example, at 20 weeks of gestation
the average FHR is 155 bpm, while at 30 weeks it is 144 bpm.

Maturation of the autonomic nervous system is accompa-
nied by increasing heart-rate variability with a pronounced
increase of parasympathetic activity. FHR variability is rarely
present before 24 weeks of gestation, while the absence of
variability is abnormal after 28 weeks of gestation since the

parasympathetic nervous system is developed by the third
trimester. Regardless of gestational age, loss of variability is
an abnormal finding once a fetus has demonstrated that its
heart rate responds to the oscillatory input from the parasym-
pathetic nervous system.

Advancing gestational age is also associated with increased
frequency and amplitude of FHR accelerations, which are
modulated by the sympathetic nervous system [22,23]. Fifty
percent of normal fetuses demonstrate accelerations with fetal
movements at 24 weeks; this proportion rises to over 95% at
30 weeks of gestation [24]. Before 30 weeks, however, acceler-
ations are typically only 10 bpm for 10 seconds rather than the
15 bpm sustained for 15 seconds noted after 30 weeks.

Chemoreceptors, baroreceptors, and cardiac output
Chemoreceptors are found in the carotid and aortic bodies of
the aorta and the carotid sinus. In the adult, when the central
chemoreceptors perceive a decrease in circulating oxygen, a
reflex tachycardia is initiated, presumably to circulate more
blood. The fetus, in contrast, responds to hypoxia with a
decrease in heart rate. The cardiovascular responses to hyp-
oxia in the fetus are instituted rapidly and are mediated by
both neural and hormonal mechanisms. Baroreceptors in the
aortic arch and carotid sinus are small stretch receptors sensi-
tive to changes in blood pressure. When blood pressure rises,
impulses from the baroreceptors are sent to the brainstem via
afferent fibers in the vagus nerve and impulses returned via
vagal efferent fibers, rapidly resulting in a slowing of the FHR.

Cardiac output depends on heart rate, preload, afterload,
and intrinsic contractility [25,26]. Each of these four deter-
minants interacts dynamically to modulate the fetal cardiac
output during physiologic conditions. The Frank–Starling
mechanism is probably not well developed in the fetal heart.
Because the fetal cardiac muscle is less developed than that of
the adult, increases or decreases in preload do not initiate
compensatory changes in stroke volume [27]. In addition,
the fetal heart function appears to be highly sensitive to
changes in the afterload, represented by the fetal arterial blood
pressure. Increases in afterload elicit a dramatic reduction in
the stroke volume or cardiac output. In clinical practice, it is
reasonable to assume that, at small variations of heart rate,
there are relatively small effects on the cardiac output in the
fetus. However, at extremes (for example, a tachycardia above
240 bpm or a bradycardia below 60 bpm), cardiac output and
umbilical blood flow are substantially decreased.

Other factors, which either directly or indirectly alter FHR
and the fetal circulation, include central nervous system activ-
ity (sleep–wake cycles change the FHR variability), hormones,
and blood volume shifts. The primary hormones involved in
regulation of FHR, cardiac contractility, and distribution of
blood flow in the fetus include epinephrine, norepinephrine,
the renin–angiotensin system, arginine vasopressin, prosta-
glandins, melanocyte-stimulating hormone, atrial natriuretic
hormone, neuropeptide Y, and thyrotropin-releasing hor-
mone. In addition, nitric oxide (NO) and adenosine can affect
the fetal circulation.
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Characteristics of the normal fetal heart rate
The baseline features of the FHR, that is, those predominant
characteristics which can be recognized between uterine con-
tractions, are listed in Table 15.2 [28,29].

Baseline rate
The baseline FHR is the approximate mean FHR rounded to
5 bpm during a 10-minute segment, excluding:

Periodic or episodic changes
Periods of marked FHR variability
Segments of the baseline that differ by 25 bpm

In any 10-minute window, the minimum baseline duration
must be at least 2 minutes, otherwise the baseline for that
period is indeterminate or saltatoric, in which case one may
need to refer to the previous 10-minute segment(s). The
normal baseline FHR is considered to be between 110 and
160 bpm. Values below 110 bpm are termed bradycardia and
those above 160 bpm are termed tachycardia.

Variability
Variability refers to the irregularity in the line seen when
examining an FHR monitor tracing. The FHR variability
represents a slight difference in time interval between each
beat as counted and recorded by the monitor. If all intervals
between heart beats were identical, the line would be regular
or smooth. Baseline variability is defined as fluctuations in the
baseline FHR of 2 cycles per minute or greater. Variability is a
critical determinant of adequate perfusion and/or function in
the central nervous system [2].

Accelerations
An acceleration is a visually apparent abrupt increase in FHR
above the baseline, defined as onset of acceleration to peak in
30 seconds. The increase is calculated from the most recently
determined portion of the baseline. The acme is 15 bpm above
the baseline, and the acceleration lasts between 15 seconds and
2 minutes from the onset to return to baseline (Fig. 15.1).

Table 15.2. Definitions of fetal heart-rate patterns

Pattern Definition

Baseline � The mean FHR rounded to increments of 5 bpm during a 10-min segment, excluding:

Periodic or episode changes

Periods of marked FHR variability

Segments of baseline that differ by more than 25 bpm

� The baseline must be for a minimum of 2 min in any 10-min segment

Baseline variability � Fluctuations in the FHR of 2 cycles per min or greater

� Variability is visually quantitated as the amplitude of peak-to-trough in bpm

Absent – amplitude range undetectable

Minimal – amplitude range detectable but 5 bpm or fewer

Moderate (normal) – amplitude range 6–25 bpm

Marked – amplitude range > 25 bpm

Acceleration � A visually apparent increase (onset to peak in < 30 sec) in the FHR from the most recent calculated baseline

� The duration of an acceleration is defined as the time from the initial change in FHR from the baseline to the return
of the FHR to the baseline

� At 32 wks of gestation and beyond, an acceleration has an acme of 15 bpm or more above baseline, with a duration
of 15 sec or more, but < 2 min

� Before 32wks of gestation, an acceleration has an acme of 10 bpmormore above baseline, with a duration of 10 sec ormore, but< 2min

� Prolonged acceleration lasts 2 min or more but < 10 min

� If an acceleration lasts 10 min or longer, it is baseline change

Bradycardia � Baseline FHR < 110 bpm

Early deceleration � In association with a uterine contraction, a visually apparent, gradual (onset to nadir 30 sec or more) decrease in FHR with
return to baseline

Tachycardia � Baseline FHR > 160 bpm

Variable deceleration � An abrupt (onset to nadir 30 sec or more), visually apparent decrease in the FHR below the baseline

� The decrease in FHR is 15 bpm or more, with a duration of 15 sec or more, but < 2 min

Prolonged deceleration � Visually apparent decrease in the FHR below the baseline

� Deceleration is 15 bpm or more, lasting 2 min or more but less than 10 min from onset to return to baseline

Notes:
FHR, fetal heart rate; bpm, beats per minute. Reprinted from the ACOG Practice Bulletin No. 70. American College of Obstetricians and Gynecologists.
Obstet Gynecol 2005; 106: 1453–61.
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Before 32 weeks of gestation, accelerations are defined as
having an acme 10 bpm above the baseline and duration of at
least 10 seconds [29]. A prolonged acceleration is more than 2
and less than 10 minutes in duration. There is a close associ-
ation between the presence of accelerations and normal FHR
variability, and both accelerations and normal variability have
the same positive prognostic significance of normal fetal oxy-
genation. A recent study of 97 fetuses with birthweights
< 1200 g demonstrated that the absence of two FHR acceler-
ations of 10 bpm for 10 seconds twice in a 20-minute window,
1 hour before delivery, was associated with intraventricular
hemorrhage (IVH) and/or periventricular leukomalacia (PVL)
(p< 0.01). Both are associated with a significant risk for mental
and psychomotor delays by Bayley testing (p< 0.001) [30].

Fetal response to hypoxia/asphyxia
Fetal response to hypoxia is complicated, since there are a
number of physiologic control mechanisms that are activated
in response to acute hypoxia. These include both barorecep-
tors and chemoreceptors, as well as sympathetic and parasym-
pathetic influences [31]. Fetal bradycardia occurs promptly
in response to fetal hypoxia secondary to maternal hypoxia,
reduced uterine blood flow, or umbilical cord occlusions.
This bradycardia is variably associated with hypertension
and therefore can occur as a result of activation of either

chemoreceptors or baroreceptors. When fetal hypoxemia is
maintained in pregnant sheep, there is a gradual return of
the FHR to normal followed by a tachycardia that is associated
with elevations in fetal catecholamine levels. FHR returns to
normal levels after 12–16 hours of hypoxia in the absence of
progressive acidemia secondary to reduced uterine blood flow.
A similar adaptation takes place with FHR variability.

Augmented b-adrenergic activity may be important in
maintaining cardiac output and umbilical blood flow during
hypoxia, by increasing the inotropic effect on the heart.
a-Adrenergic activity is important in determining regional
distribution of blood flow in the hypoxic fetus by selective
vasoconstriction.

The initial response to hypoxia includes a decrease in
fetal oxygen consumption to values as low as 60% of control.
This decrease is rapidly instituted, stable for periods up to
45 minutes, proportional to the degree of hypoxia, and rapidly
reversible on cessation of maternal hypoxia. It is accompanied
by a fetal bradycardia of about 30 bpm below control and an
increase in fetal arterial blood pressure. If hypoxia persists,
metabolic acidosis develops. This is due to lactic acid accumu-
lation as a result of anaerobic metabolism primarily in those
partially vasoconstricted beds where oxygenation is inad-
equate for normal basic needs [23].

The fetus responds to hypoxia with a redistribution of
blood flow favoring certain vital organs – namely, heart, brain,

Fig. 15.1. Normal fetal heart-rate tracing. Within a 20-minute window a normal fetal heart-rate baseline is seen with normal (moderate) variability
and two accelerations. See color plate section.
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and adrenal glands – and a decrease in blood flow to the gut,
spleen, kidneys, and carcass [24]. In addition, there is brady-
cardia, decreased total oxygen consumption, and anaerobic
glycolysis. These compensatory mechanisms enable a fetus to
survive moderately long periods (e.g., 30–60 minutes) of
limited oxygen supply, without damage to vital organs. The
response of blood flow to oxygen availability achieves a con-
stancy of oxygen delivery in the fetal cerebral circulation and
in the fetal myocardium.

During more severe asphyxia or sustained hypoxemia, the
responses described above are no longer maintained, and
decreases in cardiac output, arterial blood pressure, and blood
flow to the brain and heart have been described [31].

Variant fetal heart-rate patterns
Periodic patterns: late, early, and variable
decelerations
Periodic patterns are the alterations in FHR that are associated
with uterine contractions. The three characteristic periodic
patterns seen are late decelerations, early decelerations, and
variable decelerations. Prolonged decelerations are a subcat-
egory of variable or late decelerations. Episodic decelerations
are similar to periodic patterns, but do not have the same
constant association with contractions [29].

Late deceleration of the FHR is a visually apparent gradual
decrease (defined as onset of deceleration to nadir in more
than 30 seconds) and return to baseline FHR associated with a
uterine contraction. It is delayed in timing, with the nadir of
the deceleration late in relation to the peak of the contraction.
In most cases the onset, nadir, and recovery are all late in

relation to the beginning, peak, and ending of the contraction,
respectively (Fig. 15.2) [29].

Originally, all late decelerations were thought to represent
the fetal response to decreased oxygenation in the presence of
significant uteroplacental insufficiency. More recent research
has identified two different mechanisms. Late decelerations
that have retained variability are neurogenic in origin. When
a well-oxygenated fetus has an acute reduction in oxygenation
during a contraction, chemoreceptors detect the hypoxemia
and initiate the vagal bradycardiac response. It takes a short
time for hypoxemia to develop in this setting, thus the chemo-
receptor reflex occurs as the hypoxemia is detected. The FHR
baseline has a slower decline and the nadir of the deceleration
is “late” relative to the peak of the contraction. Because
the fetus is centrally well oxygenated and not acidemic, vari-
ability is retained [32]. Late decelerations with decreased or
absent variability are possibly asphyxial. Late decelerations
with absent variability occur when there is insufficient oxygen
for myocardial metabolism and/or normal cerebral function.
These are likely to occur in the fetus with chronic and
prolonged placental insufficiency [31].

Early deceleration of the FHR is similar to late deceleration in
shape and duration. However, the nadir of the deceleration is
coincident to the peak of the contraction. Inmost cases the onset,
nadir, and recovery are all coincident to the beginning, peak, and
ending of the contraction respectively. Early decelerations are
caused by fetal head compression during uterine contraction,
resulting in vagal stimulation and slowing of the heart rate.
They are not associated with significant fetal acidemia [31].

Variable decelerations are visually apparent abrupt
decreases in FHR from the baseline, defined as onset of
deceleration to beginning of nadir less than 30 seconds [33].

Fig. 15.2. Late decelerations with decreased variability and normal baseline.
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The decrease in FHR below the baseline is at least 15 bpm,
lasting (from baseline to baseline) between 15 seconds and 2
minutes. When variable decelerations are associated with uter-
ine contractions their onset, depth, and duration commonly
vary with successive uterine contractions (Fig. 15.3).

Variable decelerations are secondary to umbilical cord
compression that causes baroreceptor stimulation. Umbilical
cord compression causes an increase in blood pressure sec-
ondary to umbilical artery occlusion. The sudden increase in
blood pressure stimulates baroreceptors in the aortic arch. The
baroreceptor reflex through the vagus to the medulla oblon-
gata and back to the pacemaker of the heart is extremely fast
and the bradycardial response is quick, thus the abrupt descent
of the FHR. If variable decelerations are persistent and/or
severe, one may see the development of tachycardia, late
return to baseline with progressive decelerations, and/or
decreased variability. The evolution of moderate variables to
variables with or absent variability reflects developing fetal
acidemia. Variable decelerations may be classified according
to their depth and duration as mild, when the depth is above
80 bpm and the duration is less than 30 seconds; moderate,
when the depth is between 70 and 80 bpm and the duration
is between 30 and 60 seconds (Fig. 15.3); and severe, when
the depth is below 70 bpm and the duration is longer than
60 seconds (Fig. 15.4). Variable decelerations are generally
associated with a favorable outcome [34].Fig. 15.3. Mild variable deceleration. The depth is above 80 bpm, and the

duration is less than 30 seconds.

Fig. 15.4. Severe variable decelerations. The depth is below 70 bpm and the duration is longer than 60 seconds.
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Episodic decelerations: prolonged deceleration
A prolonged deceleration is a subcategory of the variable
deceleration. The decrease in FHR below the baseline is at
least 15 bpm, lasting more than 2 minutes, but less than
10 minutes [29]. The definition refers to a change in baseline
rate (e.g., bradycardia) if the prolonged deceleration is longer
than 10 minutes in duration. Prolonged decelerations can lead
to hypoxia. These patterns may reflect a stepwise decrease in
fetal oxygenation secondary to an acute asphyxial insult [31].
The stimulus may be anything that causes a sudden drop
in blood flow to the intervillous space (e.g., maternal hypoten-
sion or tetanic contractions).

Changes in baseline rate: tachycardia
and bradycardia
Non-asphyxial causes of fetal tachycardia include the adminis-
tration of some drugs such as b-sympathomimetics or atro-
pine. Non-asphyxial causes that may develop into asphyxia
include maternal fever, fetal infection, and fetal cardiac
tachyarrhythmia. Tachycardia signifying fetal acidemia is
most frequently seen with absent variability, recurrent
late decelerations, recurrent variable decelerations or a com-
bination of the above patterns [35]. Mild tachycardia
with normal variability and no periodic changes is not
associated with fetal acidemia [36–39]. Tachycardia can also
be seen transiently when the fetus recovers from an acute
hypoxic stress. This tachycardia is considered a physiologic
response secondary to adrenal stimulation with release of
catecholamines.

By definition, bradycardia refers to a baseline rate of less
than 110 bpm [31]. Uncomplicated bradycardias of more
than 80 bpm with retained variability are not associated with
fetal acidemia [35–37,40]. Non-asphyxial causes of brady-
cardia include complete heart block and treatment with
significant doses of b-adrenergic blockers. Occasionally a
fetus will have a baseline below 110 bpm without pathologic
implications.

Like the patterns described above, bradycardial episodes in
the fetus may cause hypoxia or they may be the cause of
hypoxia. Bradycardias that occur during the final moments
of the second stage (end-stage bradycardias) are an example of
an FHR pattern that can lead to hypoxia if sufficiently pro-
longed and severe. These bradycardias can be secondary to
head compression and vagal stimulation or secondary to acute
umbilical cord occlusion. The fetus can tolerate end-stage
bradycardias as long as the baseline remains above 80 bpm
and the variability is retained [41,42].

If a bradycardia becomes severe, oxygen and CO2 transfer
will become impaired, a metabolic acidosis will develop, and
variability will diminish. Bradycardias that result from severe
hypoxia do not return to baseline and have decreased or
absent variability [37,43]. The progressive flat-line bradycardia
can be seen following a period of severe late or variable
decelerations. This evolution from severe periodic changes to
the progressive bradycardia with minimal or absent variability

is associated with metabolic acidemia and eventually fetal
hypotension. It may be seen in uterine rupture, extensive
placental abruption, or just prior to fetal death.

Sinusoidal patterns
The sinusoidal pattern was first described in a group of
severely affected Rh-isoimmunized fetuses [44], but has sub-
sequently been noted in association with fetuses who are
anemic for other reasons, such as fetal–maternal bleeding,
and in severely asphyxiated infants. This pattern appears as a
regular, smooth sine-wave-like baseline, with a frequency of
approximately 3–6 per minute and an amplitude range of up
to 30 bpm (Fig. 15.5). The regularity of the waves distinguishes
it from long-term variability complexes, which are more
crudely shaped and irregular. In addition, sinusoidal patterns
exhibit an absence of beat-to-beat or short-term variability.
The essential characteristic of a true sinusoidal pattern is
extreme regularity and smoothness [34].

Sinusoidal patterns have also been described in cases of
normal infants born without depression or acid–base abnor-
malities, although in these cases there is dispute about whether
the patterns are truly sinusoidal or whether, because of the
moderately irregular pattern, they are variants of long-term
variability. Such patterns, called pseudosinusoidal, are some-
times seen after administration of narcotics to the mother.

The presence of a sinusoidal pattern in an Rh-sensitized
patient suggests fetal anemia, generally with a hematocrit
below 25%. In cases of fetal–maternal bleeding, the appearance
of a striking sinusoidal pattern has given rise to the belief that
the pattern is caused by acute anemia, rather than a slow
development of anemia, as seen usually with erythroblastosis
fetalis [34]. However, there may be a less striking blunted
variant in Rh-affected babies. As yet there is little evidence
for this, although the association of the acute anemia in
fetal arginine vasopression levels is consistent with the
theory. If the pattern is irregularly sinusoidal or pseudosinu-
soidal, intermittently present, and not associated with inter-
vening periodic decelerations, it is unlikely to indicate fetal
compromise [34].

Absent or minimal variability
Minimal variability can be secondary to fetal sleep, medication,
or early hypoxia. Minimal variability without decelerations is
almost always non-asphyxial [45]. Absent variability can be
asphyxial or non-asphyxial as well. Examples of non-asphyxial
causes include central nervous system depressants, anencephaly,
defective cardiac conduction system, and congenital or acquired
neurologic abnormalities. Conversely, absent variability is seen
when the fetus has cerebral asphyxia with accompanying loss of
either fine-tuning within the cardioregulatory center in the
brain and/or direct myocardial depression. Loss of variability,
especially in the presence of other periodic patterns during
labor, is the most sensitive indicator of metabolic acidemia in
a fetus (Fig. 15.6) [32,36,40,46,47].

In summary, when assessing periodic or episodic FHR
patterns, variability is the key reflection of intact cerebral
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oxygenation. Periodic FHR patterns have specific physiologic
mechanisms but, because such variant patterns are common
during labor, the degree of hypoxia or asphyxia experienced
by an individual fetus is not well predicted by them.

Inter- and intra-observer variability
There is a wide variation in the way obstetricians interpret
and respond to EFM tracings. When four obstetricians, for
example, examined 50 cardiotocograms, the inter-observer
variability was wide (they agreed in only 22% of the cases)
[48], as was the intra-observer variability. When the same
individuals re-analyzed these tracings 2 months later, the clin-
icians interpreted 21% of the tracings differently than they did
during the first evaluation [49]. However, when the tracing is
reassuring, there is less inter- and intra-observer variability [50].
On the other hand, knowledge of the neonatal outcome and
retrospective review of fetal tracing significantly influences the
analysis of the FHR tracing [51].

Role of EFM in predicting perinatal asphyxia
The link between the FHR pattern and the actual acid–base
status of the fetus is not well defined. Thirty-nine percent of
the intrapartum FHR tracings obtained during labor display
periodic FHR patterns, yet only 2% of all newborns have
evidence of metabolic acidemia (pH 7.1 with a base excess of
12 mmol/L) [35,52].

The original outcome measures used in early studies
of FHR monitoring were intrapartum stillbirth and CP. FHR

monitoring has been associated with a virtual disappearance
of intrapartum stillbirths. Prior to the introduction of
FHR monitoring, approximately one-third of all stillbirths,
or 3/1000 births, occurred in the intrapartum period [53].
Currently, the overall incidence of intrapartum stillbirth is
at most 0.5/1000 births. The hope that EFM during labor
would abolish CP through the diagnosis of “fetal distress”
and early intervention has proven to be an unrealistic goal
because the majority of children with CP develop the disorder
prior to labor. In fact, the incidence of CP due to intrapartum
asphyxia is of the order of 0.025%, i.e., more than 1000-fold
less than the incidence of variant FHR patterns during labor
[13,54–56].

However, normal baseline rate, moderate variability, accel-
erations, and absence of periodic patterns are highly predictive
of the absence of fetal acidemia. Absent variability with severe
bradycardia, late decelerations (mild or severe), and/or severe
variable decelerations are predictive of newborn acidemia.
Decreased or minimal variability with pathological patterns
may also be predictive of newborn acidemia.

In summary, CP and neonatal seizures are extremely rare
events, and variant heart-rate patterns are common. Although
there are no specific FHR patterns or group of patterns that
reliably predict brain damage, there is a growing literature that
suggests a correlation between absent variability with severe
periodic decelerations or bradycardia and progressive metabolic
acidemia in the fetus. The degree of acidemia that reliably
predicts newborn complications is as yet to be defined.

Fig. 15.5. Sinusoidal patterns. This pattern is a regular, smooth sine-wave-like baseline, with a frequency of approximately 3–6 per minute and
an amplitude range of up to 30 bpm.
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The current recommendations for the use of FHR moni-
toring during labor by the American College of Obstetricians
and Gynecologists (ACOG) are [31]:
(1) The false-positive rate of EFM for predicting adverse

outcomes is high.
(2) The use of EFM is associated with an increase in the rate

of operative interventions (vacuum, forceps, and
cesarean delivery).

(3) The use of EFM does not result in a reduction of CP rates.
(4) The labor of parturients with high-risk conditions

should be monitored continuously.

Management of non-reassuring
fetal heart rate
In the case of an EFM tracing with decreased or absent
variability without spontaneous accelerations, an effort should
be made to elicit one. A meta-analysis of 11 studies of intra-
partum fetal stimulation noted that four techniques are avail-
able to stimulate the fetus: (1) fetal scalp sampling, (2) Allis
clamp scalp stimulation, (3) vibroacoustic stimulation, and
(4) digital scalp stimulation [57].

Vibroacoustic stimulation and scalp stimulation are the
preferred methods to be used since they are less invasive than

the other two methods. When there is an acceleration
following stimulation, acidosis is unlikely and labor can
continue. When a non-reassuring FHR tracing persists and
neither spontaneous nor stimulated accelerations are present,
a scalp blood sample for the determination of pH or lactate
can be considered. Fetal blood sampling from the fetal scalp
after adequate dilation of the cervix was developed at about the
same time as continuous electronic FHR monitoring, and, in
fact, for a time was a competitor to FHR monitoring for
primary screening of fetal condition during labor. Later, a
combination of the two techniques, with FHR monitoring as
the screening tool and fetal blood sampling as a follow-up in
cases of uncertainty, was recommended by a number of inves-
tigators. Such an approach was utilized with great enthusiasm
by tertiary institutions. However, the sensitivity and positive
predictive value of a low scalp pH (defined in the study as less
than 7.21, because it was the 75th percentile) to predict umbil-
ical arterial pH less than 7 were 36% and 9%, respectively.
More importantly, the sensitivity and positive predictive value
of a low scalp pH to identify a newborn with HIE were 50%
and 3%, respectively [58]. These results made the technique
impractical, and it never penetrated to any great extent
to community hospitals, where the vast majority of the USA's
4 million births per year are carried out.

Fig. 15.6. No variability and decelerations. Loss of variability, especially in the presence of other periodic patterns during labor, is the most sensitive
indicator of metabolic acidemia in a fetus.
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Fetal pulse oximetry
In May 2000, the Food and Drug Administration (FDA)
granted conditional approval of the OxiFirst Fetal Oxygen
Saturation Monitoring System™ for use as an adjunct to EFM
[59]. This new technology was designed to improve knowledge
of the fetal condition by continuously measuring fetal oxygen
saturation in the presence of a non-reassuring FHR pattern.
With this technology, a specialized sensor that is positioned
against the fetal face is inserted through the dilated cervix after
the membranes have ruptured. Once in contact with the fetal
skin, the device permits continuous measurement of fetal
oxygen saturation during labor [60]. Conditional approval of
the device was based primarily on the results of a trial in which
1010 women with labors complicated by non-reassuring FHR
patterns were randomly assigned to either EFM alone or EFM
plus continuous fetal pulse oximetry [61]. There was a reduc-
tion in the rate of cesarean delivery for the indication of a non-
reassuring FHR from 10.2% to 4.5% (p¼ 0.007) when fetal
oximetry was used. However, the rate of cesarean delivery for
the indication of dystocia in the oximetry group more than
doubled, and thus there was no overall difference in the rate of
cesarean delivery between the two groups. The discrepancy in
the effect of the oximeter between the two indications for
cesarean delivery was unanticipated and not easily explained.
In 2003, the Maternal–Fetal Medicine Network of the NICHD
published a randomized controlled multicenter study of more
than 5000 women delivering at 14 university hospitals
throughout the USA [62]. Knowledge of intrapartum fetal
oxygen saturation had no significant effect on the rates of
cesarean delivery overall, or specifically for the indications of
a non-reassuring FHR or dystocia, nor did it significantly affect
infant outcomes. Findings for the subgroup of women with
FHR abnormalities before randomization were similar to those
for the overall cohort [62]. Currently ACOG does not support
the routine use of fetal pulse oximetry in clinical practice [31].

ST-waveform analysis (STAN)
ST-waveform changes in the fetal electrocardiogram (FECG)
can provide continuous information during labor about myo-
cardial function, and in particular regarding fetal hypoxia
[63]. When the fetal heart utilizes myocardial glycogen by
anaerobic metabolism, there is an increase in the T-wave
amplitude. An elevation of the ST segment and T wave, quan-
tified by the ratio between T-wave and QRS amplitudes
(T/QRS), identifies fetal heart muscle responding to hypoxia
by a surge of stress hormones (catecholamines) that leads to
utilization of glycogen stored in the heart as an extra source of
energy. However, when the heart is not fully capable of
responding to stress, ST-segment depression and negative
T waves can be observed. The ST waveform of the FECG
provides continuous information on the ability of the fetal
heart muscle to respond to the stress of labor. The STAN
S21TM and S31 (Neoventa Medical, Mölndal, Sweden) saw
the full use of digital signal processing with automatic detec-
tion of ST changes. It combines visual assessment of FHR

tracings with automated analysis of the FECG. STAN uses
computerized FECG analysis to detect ST-interval changes
that may predict myocardial hypoxia.

In 2001, the first Swedish randomized controlled trial
regarding the use of STAN S21 was published [64]. The size
of the trial allowed an assessment of outcome related to mode
of surveillance among the 351 babies that were admitted to
the special-care baby unit. The use of STAN during labor in
accordance with fetal heart monitoring reduced neonatal
mortality/morbidity as a consequence of adverse events
in labor from 1.0% to 0.017% (OR 0.17, 95% CI 0.03–0.78,
p < 0.01). Moreover, there was a significant reduction of mod-
erate or severe neonatal encephalopathy in term newborns with
the use of STAN clinical guidelines from 3.3/1000 to 0.4/1000
(OR 0.12, 95% CI 0.01–0.94, p< 0.02). Data from two large
randomized controlled trials[65–67], including 6826 cases,
have shown that with the support of ST-waveform analysis
the number of babies born with cord-artery metabolic acidosis
could be reduced from 1.46% to 0.65% (OR 0.44, p< 0.003).
At the same time, operative delivery for fetal distress rates was
reduced from 9.2 to 6.8% (OR 0.72, p< 0.001) and the rate of
moderate or severe encephalopathy was reduced from 3.3/1000
to 0.5/1000. Thus the use of STAN was shown to reduce the
rate of cesarean deliveries for non-reassuring FHR concomi-
tantly with the rate of neonatal encephalopathy.

Currently, more than 200 European hospitals are using the
STAN methodology as an adjunct to FHR analysis. It was
recently shown that the use of STAN for decision support by
trained US clinicians was similar to the level of STAN expert
clinicians, suggesting that this system was transportable to the
different labor environments found in American hospitals [68].

Current recommendations
Recently, a two-day workshop was convened to update the
definition, interpretation, and research guidelines of EFM.
Subsequently, a three-tier fetal heart rate interpretation system
was published [69]. Category I was strongly predictive of
normal fetal acid–base status, and category III reflected abnor-
malities that required prompt evaluation and therapy.
Category II reflected intermediate findings that were not
predictive of abnormal fetal acid–base status, but required
continued surveillance re-evaluation.

Except for the most extreme situations associated with
markedly abnormal fetal heart-rate patterns, there are few, if
any, specific FHR patterns that can reliably predict intrapartum
asphyxia in the fetus who is acidemic or who is becoming
acidemic. The ultimate goal of monitoring would be the detec-
tion of problems before the fetus is irreversibly damaged. The
future use of STAN combined with FHR monitoring may help
us achieve at last the goal of decreasing the rate of neonatal
encephalopathy while decreasing the rate of cesarean delivery
for presumed fetal distress.

N.B. Sections of this chapter have been adapted from the
chapter by Pare and King which was published in 2003, in
the third edition of this text.
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Diagnosis of the infant with brain injury
Clinical manifestations of hypoxic–ischemic
encephalopathy
Jin S. Hahn

Introduction
Hypoxic–ischemic encephalopathy (HIE) is a well-recognized
clinical syndrome and the most common cause of acute
neurological impairment and seizures in the neonatal period
[1–5]. Neonatal encephalopathy is a term used to describe
newborns with acute neurological syndromes and encephal-
opathy that may be caused by diverse processes including
hypoxia–ischemia, infections, inflammation, trauma, and
metabolic disorders. Neonatal encephalopathy due to perinatal
asphyxia can lead to neurological sequelae and cerebral palsy,
but recent literature has shown that only a small percentage of
children with cerebral palsy had intrapartum asphyxia as a
possible etiology [6–8]. More emphasis has been placed on
antenatal events as having a greater association with cerebral
palsy [9]. Although newborns with neonatal encephalopathy
may have antenatal risk factors associated with other findings,
such as delayed onset of respiration, arterial cord blood pH
less than 7.1, and multiorgan failure, the MRI most often
shows signs of acute perinatal insult [10]. Therefore, hypoxic–
ischemic injury during the perinatal period can lead to a
neurological syndrome in the newborn period, i.e., HIE, and
subsequent neurological sequelae in the survivors [11]. Recog-
nizing and understanding hypoxic–ischemic encephalopathy
are therefore important.

Clinical features and management
The clinical features in the infant with HIE are presented here
by first describing a general approach to the evaluation. Then
the specific clinical features, diagnostic studies, prognosis, and
management of these infants are described.

General evaluation
The initial assessment of the infant with suspected HIE relies
on obtaining a thorough history and carrying out a careful
physical examination. The history should be directed toward
determining whether there were any specific antenatal factors
that might account for the disorder. Review of the maternal
history, fetal monitoring studies, fetal ultrasonographic findings,
and fetal acid–base measurements are essential. Information

regarding examination of the placenta should also be obtained.
Special attention should be paid to any possible history of
maternal infection and chorioamnionitis.

A general physical examination is required to establish
the infant's gestational age, cardiopulmonary status, presence
of congenital anomalies, and growth parameters. A carefully
performed neurologic examination is essential to obtain infor-
mation about the infant's current status. This information is
used to determine additional evaluations that are critical in
establishing a prognosis. Many studies have shown that the
neonatal neurologic examination is a valuable predictor of
outcome [2,12]. A detailed neurologic examination provides
the most information in regard to the localization and severity
of the encephalopathy, but a clinical grading of encephalo-
pathy, used in several studies of asphyxiated newborns, should
be performed initially [12].

Neurologic assessment in hypoxic–ischemic
encephalopathy
If the degree of hypoxic–ischemic insult at or shortly before
delivery is of sufficient magnitude to cause long-term neuro-
logical sequelae, newborns will manifest signs of neurological
dysfunction shortly after birth, often within hours. Con-
versely, the absence of significant neonatal encephalopathy
during the newborn period implies the absence of significant
hypoxic–ischemic insult during the intrapartum period.

Neurological dysfunctions due to hypoxic–ischemic insult
include altered level of consciousness and reactivity, altered
tone, and seizures. There is a correlation between the severity
and duration of the hypoxic–ischemic insult and the severity
of the encephalopathy. Careful documentation of the neuro-
logic examination and grading of the encephalopathy will help
determine the severity of the hypoxic–ischemic insult and
ultimate outcome.

Several grading systems have been developed to assess
the severity of HIE. One of the more widely used scales
is the staging system developed by Sarnat and Sarnat, in which
the clinical stages of HIE are divided into three levels [13]. An
updated version has been used by the NICHD Neonatal
Research Network to identify newborn infants who may be
eligible for neuroprotective treatments [14]. The major clinical
features that are used in the assessment are the infant's level
of consciousness, cranial nerve findings, muscle tone, deep
tendon reflexes, neonatal reflexes, spontaneous motor activity,
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and autonomic function (Table 16.1). The degree of encephal-
opathy is then graded as mild, moderate, or severe.

Infants with a mild degree of encephalopathy (stage 1)
often have variable levels of consciousness with periods of
irritability and “hyperalertness.” They often feed poorly, have
disturbed sleep–wake cycles with a preponderance of active
sleep, and are described as “jittery.” Jitteriness is best described as
a spontaneous or stimulus-induced myoclonus (non-epileptic).
Findings on the cranial nerve examination are normal. Muscle
tone is normal or increased and the deep tendon reflexes are
hyperactive. The Moro reflex is often exaggerated, but other
neonatal reflexes are normal. Pupillary dilation and tachycar-
dia are frequently observed. Mild encephalopathy usually
lasts for less than 24 hours and is generally associated with a
favorable prognosis [13,15].

Newborn term infants with moderate encephalopathy
(stage 2) manifest lethargy, hypotonia, hyporeflexia, and
seizures [16,17]. Although lethargic, they can be aroused with
auditory and tactile stimuli. Feeding is extremely poor. Muscle
tone is decreased, with a prominent head lag, a positive scarf
sign, and a poor response to the Landau maneuver. Exagger-
ated deep tendon reflexes with clonus are elicited. Jaw clonus
may be observed. Cranial nerve examination reveals a weak
suck and decreased gag reflex. Spontaneous motor activity is
decreased, and the observed movements may include spontan-
eous myoclonus or show signs of extrapyramidal dysfunction.
Pupils are often constricted, and periodic breathing associated
with bradycardia may be present. Seizures may occur and
must be differentiated from other abnormal movements and
behavior. The duration of moderate encephalopathy is usually
2–14 days. Recovery is heralded by disappearance of myo-
clonus, increased alertness, and improved suck. Neurologic
sequelae occur in approximately 20–40% of infants with

moderate encephalopathy, especially if the abnormal neurologic
signs persist for over 1 week [16,18].

Infants who are profoundly affected display severe enceph-
alopathy (stage 3), characterized by stupor or coma, flaccidity,
and unresponsiveness to noxious stimuli [13]. They also have
episodic decerebrate (extensor) posturing and poor brainstem
function. Deep tendon and neonatal reflexes are absent. The
pupils are poorly reactive or fixed, and the oculocephalic reflex
and sucking reflex are absent. Seizures are very common. The
infant often has bradycardia, systemic hypotension, irregular
respirations, periodic breathing, and apnea. The duration of
this stage ranges from hours to weeks. Mortality rate is high,
and nearly all of the survivors will develop neurologic sequelae
[14]. If the infant recovers, a period of extensor hypertonia
and brainstem dysfunction (abnormal swallowing, sucking
movements) may occur.

Newborns with perinatal asphyxia may transition from
one stage to another. Most infants who initially manifest mild
encephalopathy also develop moderate encephalopathy before
recovering [13]. More severely asphyxiated infants begin in the
moderate encephalopathic state shortly after delivery. Often
the clinical manifestations of severe encephalopathy may not
be apparent until day 2 or 3 after birth, when cerebral edema
is at its maximum. Clinically, when severe cerebral edema is
present, the anterior fontanel is often bulging or tense and the
cranial sutures are splayed.

During the first week, infants with moderate or severe
encephalopathy may show signs of neurological improvement.
However, abnormalities in tone, bulbar function, hyperactive
reflexes, and seizures may persist for days or weeks. If infants
remain in moderate or severe encephalopathic states for
more than 7 days, there is a high incidence of long-term
neurological sequelae [13].

Table 16.1. Clinical staging and outcome of hypoxic–ischemic encephalopathy

Severity of encephalopathy Mild Moderate Severe

Level of consciousness Alert or hyperalert Lethargy Stupor or coma

Tone Normal or hypertonia Hypotonia (focal or general) Flaccidity

Tendon reflexes Increased Increased Depressed or absent

Primitive reflexes

Suck Weak Weak to absent Absent

Moro Exaggerated Incomplete Absent

Autonomic function

Pupils Dilated Constricted Deviated, dilated or nonreactive to light

Heart Rate Tachycardia Bradycardia Variable

Respiration Normal Periodic breathing Apnea

Others Irritability, jitteriness Brainstem dysfunction � Elevated intracranial pressure

Seizures Absent � Frequent, often refractory to anticonvulsants

EEG background Normal Low voltage, periodic or paroxysmal Periodic or isoelectric

Outcome Normal 20–40% abnormal Death or 100% abnormal

Notes:
Based on Sarnat & Sarnat [13], Roland & Hill [4], and Shankaran et al. [14].
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Laboratory evaluations
Laboratory investigations of the asphyxiated infant should
include measurements of cord blood gases, arterial blood gas
and pH levels, serum electrolyte levels (including calcium and
magnesium), and serum glucose, blood urea nitrogen, creati-
nine levels, and hepatic enzyme levels. Measurements of
several other metabolic indicators of the degree of insult can
be carried out, including cerebrospinal fluid (CSF) lactate and
serum catecholamine levels [19,20]. The abnormalities found
in the majority of these parameters reflect the severity of the
systemic asphyxial insult rather than the severity of the insult
to the brain. A lumbar puncture with measurement of CSF
opening pressure, cell count, and protein and glucose level
should be performed. Other biochemical indicators of neur-
onal injury in the CSF include elevated creatine kinase brain
isoenzyme (CK-BB) and neuron-specific enolase. However,
these tests have not been widely used in the clinical setting.

Electroencephalography
The electroencephalogram (EEG) is a valuable measure of
cerebral function that can be performed at the bedside.
It complements the clinical examination in establishing the
severity of the encephalopathy and in determining the prog-
nosis [21]. The diagnosis of seizures in this age group is
dependent on the EEG, since a significant number of abnor-
mal behavior patterns thought to represent seizures actually
represent non-epileptic phenomena [3,22]. Furthermore, the
clinical seizure type in these infants may often be subtle and
fragmentary or masked by anticonvulsant therapy, making the
EEG essential for the diagnosis of seizures. The EEG is also
helpful in assessing the degree of cerebral dysfunction and
providing information about neurological prognosis. Severely
depressed backgrounds, such as suppression-burst pattern
or isoelectric pattern, indicate severe cerebral dysfunction and
usually portend a poor prognosis. The presence of status epi-
lepticus on the EEG also carries an unfavorable prognosis. EEG
patterns with less severe background disturbance that revert to
normal after the first week usually indicate a more favorable
prognosis. The application of EEG in the evaluation of the
encephalopathic newborn is described in detail in Chapter 17.

Other neurophysiologic measures of nervous system func-
tion, such as somatosensory, brainstem, and visual evoked
responses, have been applied in the past to evaluating the
asphyxiated newborn, but are not routinely used as part
of the acute evaluation [23–26]. Continuous amplitude-
integrated EEG has been used to monitor neonates with HIE.
This method, which simplifies bedside interpretation of the
EEG background, can be useful for identifying infants with
more severe encephalopathy and worse outcomes [27].

Neuroimaging studies
Neuroimaging studies are an essential component of the
assessment of the newborn with HIE. It is helpful for determin-
ing the nature, severity, and extent of the hypoxic–ischemic
brain injury.

Cranial ultrasonography has proven to be a valuable
technique in the diagnosis of intraventricular hemorrhage
(IVH) and periventricular leukomalacia (PVL). This study
can be readily carried out at the bedside in newborns. How-
ever, since IVH and PVL tend to affect premature infants
primarily, it may not be as useful in term infants with
hypoxic–ischemic insults.

Computed tomography (CT) is widely used to assess the
nature and extent of cerebral injury, especially in term infants.
It is more useful in assessing cortical and hemorrhagic injury.
It can be obtained rapidly, often without need for sedation.
CT scans in asphyxiated newborns may show focal or multi-
focal areas of decreased attenuation in the cerebral gray or
white matter. These abnormal areas likely represent areas
of ischemia or cerebral edema. Diffuse cerebral edema can
manifest as loss of gray–white matter differentiation, efface-
ment of sulcal spaces, and slit-like ventricles. CT is also useful
for detecting acute intracranial hemorrhage.

Magnetic resonance imaging (MRI) has become the
method of choice to assess the newborn brain. MRI has been
used to document in the neonate various clinicopathologic
syndromes of hypoxic–ischemic brain injury, including basal
ganglia injury, parasagittal cerebral injury, PVL, focal ische-
mic lesions, and selective neuronal necrosis [28–30]. Diffu-
sion-weighted MRI and magnetic resonance spectroscopy
have also been used to assess the extent of cerebral injury
and to provide prognostic information [31,32]. The disadvan-
tages of MRI include the prolonged scanning time and
impaired ability to monitor the mechanically ventilated sick
newborns. The use of newer MRI-compatible incubators and
monitors may facilitate obtaining MRI studies. Further details
on neuroimaging studies in the newborn are available in
Chapter 18.

Patterns of injury and clinical syndromes
The cerebral injury from perinatal asphyxia results in specific
patterns of regional injury, the topography of which is matur-
ation-dependent. This regional vulnerability is caused in part
by dysregulation of cellular processes that are critical for
normal brain development. For example, the increased density
of glutamate receptors normally present in the rapidly
developing brain regions (e.g., the basal ganglia) renders these
areas exquisitely sensitive to hypoxic–ischemic insults. The
specific type of lesion also varies with the characteristics of
the primary insult and the subsequent management. Recent
neuroimaging studies with MRI have correlated the specific
patterns of neuroradiologic alterations with the specific
clinicopathologic syndromes. Recognition of these disorders
provides an understanding of the mechanisms leading to their
development and allows prediction of possible neurologic
disabilities. The neuropathologic changes can be divided into
lesions that are the result of primary damage to specific types
of cells and structures and those due to hemorrhage.

The pathologic changes observed in the term infant are
different from those seen in the premature infant (Table 16.2).
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The term infant most commonly is observed to have neuro-
pathologic changes involving primarily the gray matter and
specific neuroanatomic structures in both the cortical and
subcortical regions. IVH occurs in the term infant, but the
pathogenic mechanisms are different from those in the pre-
term infant. On the contrary, periventricular or intraventricular
hemorrhage is the most common neuropathologic finding in
the premature infant. Pathologic changes in the white matter
are the next most common disorder, followed by lesions
involving selected neuronal populations.

The patterns of brain injury observed in the term newborn
can be categorized into lesions involving four major areas of
the central nervous system: the cortex, deep gray matter
nuclei, brainstem, and cerebellum. There is often an overlap
of these pathologic processes, but primary involvement of one
of these regions results in specific clinical characteristics both
acutely and over the long term. The clinicopathologic correl-
ates of the major types of hypoxic–ischemic brain injury are
presented here.

Parasagittal border-zone injury
This form of cortical injury resulting from a general decrease
in the cerebral blood flow (ischemia) is referred to as the
watershed infarction, since the disorder involves the border
zones of the three major arterial supply zones. The injury is
bilateral, and usually symmetrical. Ulegyria, a term describing
cortical gyri that are atrophic, particularly at the depth of sulci,
is the chronic lesion resulting from this particular brain injury
(Fig. 16.1). In one autopsy series of neurologically handi-
capped children 30 of 153 subjects had this lesion in the
parasagittal watershed region [33]. This type of injury most
often affects the term infant and appears to be due to mild-to-
moderate hypotension in the peripartum period [30]. The
hypotension leads to subacute, partial hypoxic–ischemic injury
that primarily involves the vascular border zones. More pro-
longed partial hypoxic–ischemic injury may lead to a more

diffuse neuronal necrosis, with relative sparing of the deep
gray matter.

Cortical infarcts in the watershed regions are difficult to
diagnose in the neonatal period. This is most likely because
CT and ultrasound techniques do not visualize this region
well. Radioisotope studies and positron emission tomography
have identified infants with decreased cerebral blood flow
in the parasagittal cortex [34,35]. MRI is useful in identifying
these infants earlier in the course, especially when coronal
images are obtained (Fig. 16.2).

Table 16.2. Patterns of injury in neonatal hypoxic–ischemic encephalopathy

Full-term newborn Preterm newborn

Parasagittal border-zone
“watershed” lesions

Intraventricular or periventricular
hemorrhage

Necrosis of deep gray nuclei Periventricular leukomalacia

Basal ganglia

Thalamus

Diencephalon

Perirolandic gyri and posterior limb
of internal capsule

Brainstem necrosis

Selective nuclei

Diffuse cerebral edema

Focal brain injury

Arterial occlusion

Venous occlusion
Fig. 16.1. Coronal section of a 13-year-old boy who had spastic quadriplegia
and mental retardation as a result of perinatal brain injury shows bilateral
parasagittal (border-zone) atrophy and necrosis (arrows). The cortex in these
regions shows thinning (ulegyria) and laminar necrosis that are consistent with
remote anoxic/ischemic injury.

Fig. 16.2. Coronal T2-weighted MRI (TE 93/Ef, TR6000) of a 12-year-old girl
who had a history of neonatal hypoxic–ischemic encephalopathy and
seizures shows bilateral parasagittal signal hyperintensities consistent with
border-zone ischemia.
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Newborns with parasagittal injury often have a moderate
encephalopathy in the neonatal period and may show evidence
of weakness of the shoulder girdles and the proximal extrem-
ities. Seizures can be observed, especially in more severely
affected infants. The neurologic sequelae often include a spas-
tic quadriparesis with varying degrees of intellectual impair-
ment. The topographic localization (i.e., preferential injury
to the parietal, posterior temporal, and occipital cortices)
may account for the frequent occurrence of language and
visuospatial disabilities.

Selective injury
Deep gray nuclei
Lesions in the deep gray nuclei (thalamus and basal ganglia)
have been described for more than a century in children with
presumed birth injury who exhibited choreoathetosis and
dystonia [36]. Infants with this pathologic lesion have been
identified in the neonatal period by neuroimaging studies
(Fig. 16.3) [37].

Acute near-total asphyxia can lead to specific symmetric
lesions in the putamen and the thalamus with sparing of the
globus pallidus [38]. The posterior putamen and lateral thalami
are more affected. The mechanism for this pattern appears
to be due to impairment of energy substrates that selectively

damage areas with higher metabolic requirements [30]. This
type of injury may occur in the setting of severe umbilical cord
prolapse, uterine rupture, or severe placental abruption.
Affected newborns often manifest evidence of brainstem dys-
function, such as facial diplegia and abnormal eye movements
due to concomitant brainstem injury (see below). Children
with this type of injury later often develop extrapyramidal
cerebral palsy manifested by dystonia, rigidity, axial hypotonia,
dysphagia, and abnormal vocalization.

Early in the course there is often hemorrhage and infarc-
tion in these structures on neuropathology. Eventually cystic
changes develop, particularly in the neostriatum. The neurons
and penetrating vessels become calcified. The basal ganglia
and thalamus develop a chronic pathologic lesion termed
status marmoratus. This lesion, characterized by neuronal loss,
gliosis, and hypermyelination, was observed in 173 of 198
cases of presumed perinatal birth injury in one report [39].
The lesions are probably the result of both impairment of
blood flow through the deep penetrating arteries and the high
level of metabolic activity of this structure. These children
usually have a poor long-term outcome. Infants with status
marmoratus of the basal ganglia develop choreoathetosis,
dystonia, tremor, and intellectual deficits. The movement
disorder has a delayed onset and may deteriorate over a period
of 1–2 years.

In infants that manifest injury to the basal ganglia and
thalamus, there is often concomitant injury to the cortico-
spinal tract and hippocampi. Abnormal MR signals are often
seen in the posterior limbs of the internal capsules bilaterally.
The perirolandic cortex is also often affected, resulting in
abnormal MR signal and loss of gray–white differentiation in
the perirolandic gyri.

Brainstem
Pathologic changes of the brainstem are rarely isolated, and
other structures, especially the thalamus, are also involved.
Brainstem injury usually occurs in the setting of acute hypo-
tension [40]. Selective necrosis of specific brainstem nuclei has
been observed, and the nuclei adjacent to the floor of the
fourth ventricle are more often affected. These nuclei include
the inferior colliculi, fifth and seventh cranial nerve nuclei, and
nucleus ambiguus (ninth and tenth cranial nerves). An MRI
pattern involving the dorsomesencephalic structure has been
recognized but appears to occur relatively infrequently [30].

Cerebellum
The cerebellum is especially vulnerable to hypoxic–ischemic
insult, and the Purkinje cells are the most vulnerable type of
cell. The cerebellum is often affected by bilateral lesions at the
boundaries of the superior and inferior cerebellar arterial
zones or by lesions of the foliar cortex. White-matter edema
and small hemorrhages accompany the neuronal loss. Chronic
lesions are referred to as cerebellar sclerosis. In this condition
there is a loss of Purkinje cells and an increase in Bergmann's
astrocytes. The folia are narrowed and there is an increased
space between them.

Fig. 16.3. Axial T1-weighted MRI (TE 16 ms, TR 600 ms) of a 7-day-old term
infant who had an unexplained cardiorespiratory arrest at 12 hours of age
shows bilateral, symmetric areas of high signal intensity in the basal ganglia
and thalami. These areas were low in signal intensity on T2-weighted images.
At 1 year of age this child manifested hypotonia, ataxia, and bulbar dysfunction.
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Cerebellar involvement is often observed concurrently
with deep gray nuclei and brainstem lesions. Impairment of
the posterior circulation due to hyperextension of the neck at
the time of delivery has been suggested as being a factor in the
pathogenesis of this lesion [41]. Hypotonia and ataxia are
observed as sequelae of cerebellar involvement. Intellectual
impairment is common and may be severe.

Infants with disease involving the deep gray matter nuclei,
brainstem, and cerebellum usually have moderate to severe
encephalopathy in the neonatal period. A history of an acute
process that causes near-total asphyxia, such as severe umbil-
ical cord prolapse, uterine rupture, or significant placental
abruption, is often found. Acutely, bifacial weakness, gaze
abnormalities, and tongue fasciculations have been described
in an infant with brainstem involvement due to “acute” near-
total asphyxia [42–44]. Infants with more extensive brainstem
involvement may require prolonged ventilatory support.
Infants with brainstem involvement have bulbar dysfunction
associated with poor feeding, failure to thrive, and recurrent
aspiration. Interestingly, in this pattern of injury there may be
complete or relative sparing of the cortex and white matter.
Also, since the hypoxic–ischemic insult occurs acutely, there is
little time for shunting of blood away from extracerebral
organs. Hence there is less evidence of multiorgan dysfunction.

Although there seems to be different topographic distribu-
tion of injury caused by hypotension (parasagittal border-zone
injury) and acute near-total asphyxia (deep gray nuclei and
brainstem), there is often an overlap between the two patho-
physiologic syndromes. Furthermore, when the nature of the
hypoxic–ischemic injury is severe and prolonged, diffuse
injury to the brain occurs. This manifests in the first few days
as diffuse cytotoxic edema on MRI in addition to the thalamic
and basal ganglia injury [30]. Neurologic examination reveals
encephalopathy, brainstem dysfunction, flaccid quadriparesis,
and respiration abnormalities. The majority of infants require
mechanical ventilation. As the encephalopathy evolves, the
infants are described as having clinical seizures, the brainstem
signs persist, and temperature instability may be observed. The
injured areas will evolve into multicystic encephalomalacia.

Focal brain injury
Cortical injury may result from occlusion of an artery (i.e.,
ischemic stroke) resulting in necrosis of all cellular elements in
the distribution of a single vessel. Arterial occlusions occur
most often in the term infant and have been observed in 5–9%
of autopsy series [45,46]. The middle cerebral artery is most
frequently involved. Most are thought to be due to embolic
or thrombotic processes. Although the actual etiology is infre-
quently found, coagulopathy, congenital heart disease, and
trauma are common associated disorders. As the infarction
evolves, there is dissolution of brain parenchyma and forma-
tion of a cavity (porencephalic cyst). If multiple vessels are
involved, multicystic encephalomalacia or hydranencephaly
may result.

Infants with neonatal strokes often present with early-onset
seizures with absence or only a mild degree of encephalopathy

[47,48]. Neonatal strokes are the second most common cause of
seizures in the newborn period after global hypoxic–ischemic
insult, and often occur in the absence of intrapartum difficulties
[10]. Focal clonic seizures are often exhibited, and these seizures
can be readily diagnosed by clinical criteria [3]. Focal findings
may be noted on neurologic examination, but are often subtle.
The EEG usually demonstrates lateralized abnormalities and
allows assessment of the severity of the encephalopathy in
other cortical regions. CT and MRI show a wedge-shaped area
of abnormal signal that is in the distribution of a single artery.
Diffusion-weighted MRI provides a sensitive way of detecting
infarcts early in the course.

Infants may develop spastic hemiparesis as a long-term
sequela. Because of the frequent involvement of the middle
cerebral artery distribution, the upper extremities are more
impaired. The extent and location of the pathologic lesion are
important factors in determining whether intellectual impair-
ment and epilepsy will also develop [49].

Focal cerebral injury may also occur with venous occlusions.
Venous occlusions often involve the sinuses or major veins,
leading to superficial cortical infarcts, which are frequently
hemorrhagic. MRI has been particularly useful for diagnosing
venous sinus thrombosis and focal injury due to venous occlu-
sions [50]. Venous sinus thrombosis may also cause secondary
intraventricular (choroid plexus) hemorrhages in the term
newborn. A more severe encephalopathy is noted with venous
occlusion because of frequently associated hemorrhage.
Seizures are also common [50,51].

White-matter injury
Preterm infants have a predilection for white-matter injury
as a result of hypoxic–ischemic insult. Periventricular leuko-
malacia (PVL) is the term frequently used to describe this
disorder, which is characterized by necrosis of the white
matter and may include hemorrhage [52]. The lesion is readily
identified by ultrasonography, and prospective studies have
determined that the incidence is 4–26% in low-birthweight
infants [53–55]. Grossly, the acute lesions are characterized
by white or white-yellow spots in the periventricular white
matter, which occasionally show hemorrhagic infiltration.
Microscopically, focal coagulative necrosis is observed.
Petechial hemorrhages may also be seen within these lesions.
These areas often develop into cystic lesions and later contract
into gliotic scars (Fig. 16.4). The lesions are observed most
frequently in the corona radiata, occipital and temporal horns
of the lateral ventricles, and just anterior to the anterior horn
of the lateral ventricles. In the term infant the lesions are
usually hemorrhagic and are associated with a coagulopathy
or congenital heart disease.

The clinical characteristics of infants with PVL include
decreased tone in the lower extremities associated with
increased neck extensor tone [56]. Apnea, pseudobulbar palsy
with poor feeding, and irritability have been described. Clin-
ical seizures without electroencephalographic confirmation
have been reported in 10–30% of the infants. The diagnosis
of PVL can be made by ultrasonography, but MRI in later
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infancy better defines the extent of the disease and the associ-
ated abnormalities of myelination [57]. Spastic diplegia with
varying degrees of intellectual impairment, especially visual–
motor dysfunction, is the usual sequela.

Periventricular/ intraventricular hemorrhages
Periventricular or intraventricular hemorrhage is the most
common neuropathologic change observed in the premature
infant. It is observed in 31–43% of low-birthweight infants in
prospective neuroimaging studies [58,59]. The hemorrhage
arises from the germinal matrix at the ventromedial angle
of the lateral ventricle. Cerebral hypoxic ischemia leads to
impaired autoregulation of cerebral blood flow and injury to
the germinal matrix and capillary endothelium, which have a

high level of oxidative metabolism. Changes in the systemic
blood pressure, platelet and coagulation disturbances, and
increased cerebral venous pressure also contribute to the
pathogenesis of this lesion.

The pathologic findings include subarachnoid hemorrhage
with blood in the basal and pontine cisterns and cisterna
magna. The hemorrhage may range from a small area of
bleeding in the subependymal matrix zone to massive disten-
sion of the ventricular system associated with extension of
blood into the centrum semiovale. Hydrocephalus may be a
complication in infants with this disorder. The hydrocephalus
is often secondary to an obstruction at the aqueduct or the
foramina exiting from the fourth ventricle, or it may be due to
impairment of reabsorption of cerebrospinal fluid over the
convexities.

IVH in the term infant often arises from the choroid
plexus, and trauma, venous thrombosis, and hypoxia are
thought to be important pathogenic factors [60,61]. In 25%
of term infants with this disorder there is no identifiable cause
for the hemorrhage [61].

Periventricular or intraventricular hemorrhages are often
clinically silent in the preterm neonate. Severe hemorrhage
may present with an acute syndrome, characterized by rapid
deterioration of the level of consciousness, brainstem dysfunc-
tion, decerebrate posturing, and tonic seizures. A subacute
presentation is more common, with intermittent neurologic
symptoms superimposed on slowly progressive encephalo-
pathy. The newborn may have episodes of abnormal eye
movements, hypotonia, and decreased spontaneous motor
activity. A fall in the hematocrit level is often an important
sign. Ultrasonography is usually diagnostic and can be done
serially at the bedside.

The prognosis is extremely variable, and many infants have
no sequelae. The prognosis is most closely correlated with the
degree of parenchymal involvement rather than the extent of
the hemorrhage.
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Chapter

17 The use of EEG in assessing acute
and chronic brain damage in the newborn
Donald M. Olson and Alexis S. Davis

Introduction
The goal of this chapter is to help the reader understand
the fundamentals of neonatal electroencephalography (EEG),
including the source of EEG signals and the technical aspects
of a well-performed EEG. Particular attention will be paid to
(1) maturational features which correlate with the infant's
conceptional age, (2) abnormal findings indicative of encepha-
lopathies of various causes, and (3) the value of the EEG in
determining the prognosis for normal and abnormal neuro-
logical outcome. The role of EEG in neonatal seizures is
covered more thoroughly in Chapter 43.

Value of the EEG
The EEG is a valuable tool for assessing neonatal brain
function. It has unique properties compared to many other
diagnostic tests of brain function. It can resolve temporal
aspects of brain function more effectively than computed
tomography (CT), magnetic resonance imaging (MRI), or
even the bedside neurological examination. There is no other
test that can so precisely discriminate between epileptic
seizures and non-epileptic events in the neonate. It provides
information about the severity of brain dysfunction (encephal-
opathy). Serial EEGs provide information about the course
and effectiveness of treatment. Sometimes the EEG helps
distinguish between various etiologies of encephalopathy.

Indication for EEG
An EEG in the neonate should be considered when questions
arise regarding the cause of a child's abnormal neurological
responses. There are many scenarios in which the EEG pro-
vides much-needed information that is otherwise difficult or
impossible to obtain. For example, it is difficult to perform an
adequate bedside neurological assessment of a neonate para-
lyzed due to neuromuscular blocking agents or an infant who
is deeply sedated. The degree of neurological dysfunction may
be assessed by means of the EEG. Some very ill infants would
benefit from neuroimaging studies, but such studies can be
challenging because of instability of the infant or the difficulty
of moving an intubated and ventilated baby between the

neonatal intensive care unit (NICU) and the radiology suite.
Since the EEG is performed at the bedside, it can be helpful in
these situations.

Another setting where the EEG is particularly valuable is
when there is a question about seizures. In the case of the
paralyzed or sedated infant, sudden and transient changes in
vital signs may raise the suspicion of seizures though no
obvious seizure-like movements are observed. The EEG is the
only means of determining if frequent subtle (or “subclinical”)
seizures are present [1]. Even in non-paralyzed newborns, it
is often difficult to distinguish neonatal seizures from other
non-epileptic clinical behavior. Therefore, the EEG is helpful in
most neonates who are having abnormal paroxysmal behaviors.

Timing of the EEG
An EEG should be obtained early in the course of an infant at
risk for encephalopathy or seizures. It provides a starting point
for later reference. If obtained when the baby is initially
recognized as being neurologically “at risk,” the EEG provides
some prognostic information and can suggest the timing of
the brain insult [2–5]. However, an EEG obtained within
hours of an acute insult such as hypoxia or hypotension may
only be transiently abnormal. Hence, serial EEGs are often
of benefit.

Serial EEGs are valuable when prior EEGs show evidence
of a severe encephalopathy, since persistence or improvement
in the EEG findings has prognostic value and may provide
evidence of the success (or failure) of various treatments [6].
Serial EEGs are also useful when previous recordings have
identified frequent seizures and the treating physician needs
to know whether the treatment has been adequate.

Technical considerations
General description
The EEG measures the “potential difference” (voltage)
between areas on the baby's scalp. The electrical activity meas-
ured consists of the summed membrane potentials caused by
many synapses on cortical neurons, not the individual neur-
onal action potentials [7]. The activity recorded originates
mainly from the cerebral cortex, particularly that close to the
skull. However, some deeper centers act as pacemakers and
cause changes in the EEG in various states of sleep and
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arousal. Scalp EEG abnormalities are sometimes strongly cor-
related with underlying pathology in deeper structures [8–12].
Other clinical neurophysiology tests directly measure neur-
onal activity from deeper structures such as the brainstem
during brainstem auditory evoked responses or potentials
(BAERs) or the spinal cord and brainstem during somatosen-
sory evoked potentials (SEPs) [13,14].

Electrodes and application
Recording electrodes are usually applied with an electrolyte
paste that holds the metal disk-shaped electrodes in place.
The paste also has favorable electrical conduction properties.
In order to keep the impedance low, the area to which the
electrode will be attached needs to be cleaned. Sometimes,
especially in very premature babies, particular care must be
paid to the infant's thin, easily abraded skin during prepar-
ation for electrode application. A special glue, collodion, is
occasionally used to secure the electrodes, particularly during
more prolonged recordings, but in neonates gluing is seldom
necessary.

The standard method of electrode placement is referred to
as the international 10–20 system [15,16]. This allows reliable
electrode placements relative to the underlying brain struc-
tures, as well as consistent placements for serial EEG studies in
a given infant. Standard electrode locations are designated by
a combination of letters and numbers. F, Fp, T, C, P, and O
correspond to frontal, frontopolar, temporal, central, parietal,
and occipital locations, respectively. Odd numbers indicate the
left side of the head, and even numbers the right. The letter z
indicates the midline of the head. In neonates the number of
electrodes is reduced because of the small head size and the
relatively wide electrical fields of the activity measured in
babies (Fig. 17.1). For neonatal recordings the frontopolar
electrodes are placed slightly posterior to their relative pos-
itions on the adult scalp and are sometimes designated Fp3
and Fp4 [17,18]. Placement often has to be modified slightly
because of scalp intravenous lines, surgical dressings, or move-
ment restricted by such procedures as carotid catheterization
for extracorporeal membrane oxygenation (ECMO).

Neonatal EEG should almost always be accompanied by
simultaneous polygraphic recording of physiologic variables,
including eye movement, electromyogram (EMG: usually
from the submental muscle on the chin, just below the lower
lip), electrocardiogram (ECG), and respiration [18]. These
tracings permit the interpreter to determine the baby's sleep
state and, in the case of the respiration recording, correlate
apnea with the presence or absence of seizures [19–22].

Recordings in neonates can be performed using a single
montage (arrangement of the EEG channels on the display),
since there is a reduced number of electrodes compared with
adult EEG recordings [18,23]. With modern digital EEG
instruments, the EEG can be displayed in various other mont-
ages if the need arises. Other technical differences address the
fact that the predominant frequencies of the EEG activity in
neonates are much slower than in older children and adults.
Neonatal EEG recordings are often displayed using a com-
pressed display with 20 seconds of EEG per page (slower paper
speed). A display of at least 16 channels is recommended.
Because slow frequencies constitute the majority of neonatal
EEG activity, slow-frequency filters should be minimal.

Sedation
Sedation is seldom needed as a routine part of the neonatal
EEG. While it is desirable to record awake, quiet, and active
sleep states, careful preparation and communication with the
NICU nursing team ahead of time, and a patient approach by
the technologist, will usually suffice. If the neonate is taking
oral feedings, timing the EEG shortly after a feeding can
eliminate the need for sedation in the majority of cases. If
sedation is required, chloral hydrate is most commonly used
for EEG since it is relatively short-acting and has little effect
on the EEG [23]. However, some concerns about excessive
sedation and possible toxicity of chloral hydrate metabolites
have been raised [24,25].

Duration to obtain sleep states
Most neonatal EEGs will last between 45 and 60 minutes. To
be considered adequate an EEG will ideally include all the
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Fig. 17.1. Electrode nomenclature using the
international 10–20 system. (a) Most commonly
used electrodes for recordings outside the
neonatal period. (b) More limited set of electrodes
used for neonates. Note the slightly more lateral
placement of the frontopolar electrodes.
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stages of sleep that are likely to occur in a neonate of a given
conceptional age. In the term infant these will include active
sleep, transitional sleep, and quiet sleep, as well as wakefulness.
By 32–34 weeks' conceptional age most normal infants have
easily identifiable sleep states. The earliest stage of sleep, active
sleep after wakefulness, may last up to 40 minutes; hence
the duration of the recording may need to be as long as
60 minutes to try and record all sleep stages. Since this is
longer than most recording done on adults and older children
in the EEG laboratory, the EEG technologist and the NICU
staff will have to plan accordingly.

Technologist
Working in a challenging environment
The NICU is a far-from-ideal recording location. There are
many pieces of electrical equipment that can cause electrical
artifacts to appear on the EEG. Mechanical devices such as
ventilator tubing may vibrate and cause a rhythmic movement
artifact that can be mistaken for seizures. Because of noise,
bright lights, and the constant bustle of the NICU, getting a
baby to sleep and keeping him or her asleep can be challen-
ging. It is worthwhile for the technologist to contact the baby's
nurse ahead of time and coordinate the EEG for just after a
feeding or routine sedation – a time the infant is more likely
to fall asleep.

Dealing with artifacts
Artifacts are a normal part of any EEG recording. A baby's
movements are a common source of artifact and constitute an
important and necessary component of the recording in the
neonate. Artifacts are commonly caused by movement near
the child (e.g., a nurse working with the baby; fluid bubbling
in ventilator tubing), and nearby electrical equipment (60Hz
electrical noise). Many artifacts seen on EEG are rhythmic in
appearance and may be mistaken for seizures. An experienced
technologist will carefully evaluate the tracing during the
recording, and document movements that cause artifacts.
He or she will work with the nursing staff in the NICU to
decrease artifacts, e.g., by repositioning the baby, moving
nearby power cords, or turning off a high-frequency ventilator
for a few seconds if medically safe.

Age of infant
Knowing the age of the infant is very important when
interpreting the neonatal EEG. Because the EEG changes
so dramatically between 24 weeks' gestational age and term,
and because “dysmature” EEG findings are a frequently
reported abnormality, correct assessment of the age of the
neonate is critical. The conceptional age is the most import-
ant value to calculate: the baby's gestational age plus chrono-
logical (legal) age (in weeks) is noted at the beginning of the
EEG. This permits the interpreting physician to look for
characteristic patterns normally seen at a given conceptional
age [26,27].

Documenting behavior during recording
The neonatologist may be asking, “Are tongue thrusting or
apneic spells seizures?” Correlating rhythmic or unusual body
movements with paroxysmal EEG findings is frequently the
most important aspect of EEG interpretation. Careful docu-
mentation of the baby's behavior and the staffs' movement
near the bed is important when interpreting neonatal (and
indeed all) EEGs. The corollary is the importance of document-
ing any movement (or lack of movement) while rhythmic,
seizure-like patterns are present on the EEG. For example, a
small amount of water condensed in ventilator tubing can
induce a prominent rhythmic pattern (artifact) on the EEG that
might be confused with a seizure. Using an EEG recording
system that includes simultaneous video recording can be very
helpful [28].

Interpretation by electroencephalographer
The accuracy of EEG interpretation is very dependent upon
the skill and experience of the physicians reading the
recording. They should be familiar with the normal matur-
ational changes expected at various conceptional ages. Recog-
nizing common artifacts will prevent interpreting these as
abnormalities. Without experience in recognizing normal
versus abnormal findings such as frequency of sharp waves
or degree of “discontinuity” of the background, interpretation
can be arduous despite the availability of good atlases of
neonatal EEG. Electrographic seizures may be quite subtle
on the EEG itself, and the interpreting physician should be
experienced enough to differentiate normal rhythmic activity
from brief, abnormal rhythmic activity and more sustained
rhythmic evolving seizure activity [29].

Maturational features
Introduction
Time of rapid anatomical maturation of the brain
Brain maturation occurs rapidly during the last trimester of
fetal life and in the early weeks of postnatal life. The cortical
surface is almost smooth with a simple sulcal pattern at 26–28
weeks' conceptional age. By contrast, the full-term newborn
has a complex pattern of cortical gyri and sulci [30]. There are
also rapid and dramatic changes in myelin formation [31].
The EEG features of normal newborns correlate well with the
anatomic, MRI, and ultrasound-defined maturation of the
brain [32].

EEG changes correspond to brain maturation
It is not surprising, then, that the EEG undergoes similarly
rapid and dramatic changes during the first weeks of life.
Certain EEG patterns appear and others disappear during
the last trimester and the first months of life. The most
marked changes occur between 24 weeks' gestational age and
1 month after term [33–35]. These maturational changes are
similar whether the infant is in utero or born prematurely
[26]. In other words, the EEG of a 12-week-old infant born
at 28 weeks' gestational age and that of a 2-day-old infant of
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40 weeks' gestational age will be very similar. For this reason,
it is important that the EEG technologist and interpreting
physician have as accurate an idea as possible about the
infant's gestational and chronological age. Specific EEG pat-
terns are prominent features of normal neonates at particular
ages. These include such features as “delta brushes,” “frontal
sharp transients,” and “temporal theta bursts.” These patterns
appear and disappear at various conceptional ages in a pre-
dictable fashion. Similarly, the overall background pattern of
the EEG changes with conceptional age. In particular, the
degree of “discontinuity” evolves in a predictable way [34,36].
Deviations in the evolution of these specific EEG patterns
and the overall background pattern represent evidence of an
encephalopathy [37–40].

Ontogeny of sleep stage
Sleep states are important to identify in the newborn. Certain
EEG patterns correlate with a given sleep state, and a “discord-
ance” between the EEG pattern and the sleep state is evidence
of an encephalopathy. The two main sleep states in the
neonate are active sleep and quiet sleep. Active sleep is the
equivalent of REM sleep in older children and adults. Quiet
sleep is the equivalent of non-REM sleep. It is important to
understand that sleep states are identified by the physiologic
changes observable in the infant, and not by the EEG pattern.

Active sleep can first be identified between 27 and 31
weeks' conceptional age [33,34]. It is characterized by rapid
eye movements, irregular respirations, loss of muscle tone,

and frequent small body and limb movements. The EEG
background is continuous during active sleep (Fig. 17.2).

Quiet sleep appears between 31 and 34 weeks' conceptional
age. It is characterized by regular respiration, little motor
activity, absence of eye movements, and subtle tonic muscle
activity. The EEG background during quiet sleep is discon-
tinuous, but becomes more continuous as the conceptional
age increases (Fig. 17.3).

Discontinuity of the background
The degree of discontinuity is one of the main features that
distinguishes among normal infants of varying conceptional
ages [32,38,41,42]. Premature infants between 24 and 28 weeks'
conceptional age normally have very discontinuous tracings
[34]. The “interburst intervals,” the low-amplitude portions
of the tracing between bursts of brain activity, are virtually flat
at 26 weeks' conceptional age. On the other hand, the discon-
tinuity normally present in quiet sleep of an infant of 42 weeks'
conceptional age will be subtle, with the interburst intervals
only slightly suppressed compared to the higher-amplitude
epochs. Discontinuity is limited to quiet sleep by 36 weeks'
conceptional age. Excessive discontinuity is a “dysmature fea-
ture” that indicates a degree of encephalopathy. It is not a very
specific finding with regard to etiology or prognosis, however.
It is important to realize that various neuroactive medications,
such as barbiturates, may increase the interburst intervals and
produce an excessively discontinuous pattern. If the infant is
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Fig. 17.2. Active sleep recorded in an infant of 39 weeks' conceptional age. Note irregular respirations, eye movement, and continuous, low-voltage EEG.
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on such medications, the EEG must be interpreted with these
caveats.

Another important feature of the discontinuity is the syn-
chrony of the bursts. Even at a very early conceptional age, the
bursts will almost entirely be synchronous between the two
hemispheres [34]. Poor interhemispheric synchrony indicates
an encephalopathy, but is not specific for etiology [5,42].

Specific patterns
Delta brushes
The delta brush is a pattern consisting of a short run of
high-frequency EEG activity superimposed on a slower (delta
frequency) wave (Fig. 17.4). This distinct pattern is most
common at about 32–34 weeks and is rarely present after
40–44 weeks. They occur predominantly in active or quiet
sleep depending on the infant's conceptional age. The fre-
quency with which delta brushes occur during active and
quiet sleep at various conceptional ages has been carefully
quantified [35,43]. An excessive number of delta brushes in
a particular sleep state at a particular conceptional age is a
non-specific encephalopathic feature.

Frontal sharp transients and sporadic sharp waves
Sharp waves in the neonate do not have the same significance
as they do in adults. In adults, sharp waves usually connote an
increased risk of seizures. This is not the case with neonates.
They normally have occasional sharp waves present during the

EEG. As with other patterns already discussed, the frequency
of their occurrence varies with sleep state and conceptional
age. When they are persistently focal, they suggest a focal
brain abnormality. Repetitive bursts of sharp waves, especially
when there is a stereotyped evolution of the frequency and
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Fig. 17.3. Quiet sleep recorded in the same infant as in Figure 17.2. Note regular respirations, absence of eye movements and higher-amplitude,
somewhat discontinuous EEG.

Fig. 17.4. Delta brushes (arrows) in EEG of an infant of 34 weeks'
conceptional age.
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amplitude, have been characterized as “brief ictal rhythmic
discharges,” and indicate a higher risk of seizures [44,45].

Another prominent sharp wave that is usually distin-
guished from the sporadic sharp waves described above is
frontal sharp transients. These are high-amplitude monopha-
sic or biphasic sharp waves which are, of course, maximum
over the frontal regions (Fig. 17.5). They are a prominent
feature of active sleep and transitional sleep states in more
mature neonates [35,46].

Theta bursts
The temporal theta burst, or temporal “saw tooth” pattern, is
a normal feature of the EEG of younger conceptional-age
infants. This sometimes dramatic pattern of rhythmic, sharply
contoured theta waves is maximum between 27 and 32 weeks'
conceptional age [35]. Other theta patterns described in EEGs
of normal premature infants are maximum over the occipital
and frontal regions [47,48]. The absence of these normally
seen rhythms in the very premature infant suggests an ence-
phalopathic process [49].

Midline rhythms
Various types of rhythmic or sharp EEG patterns occurring at
the midline of the scalp can have a striking appearance but are
still quite normal. Among these are single sharp waves, trains
of 4–8 Hz sharp patterns, and runs of alpha-frequency waves
lasting up to 3 seconds. They occur across a wide range
of conceptional ages from 27 to 46 weeks. Though easily
mistaken for abnormal rhythmic sharp EEG patterns, they
are an occasionally seen feature of normal neonates and have
been characterized as “Fz theta/alpha bursts” [49,50].

EEG in diffuse encephalopathy
EEG is often used to determine the severity and progression of
encephalopathies in neonates. Most of the time, the EEG
findings are not specific for a particular cause such as hypoxia
or infection. Certain patterns, such as a dysmature background
or burst–suppression, can occur in a variety of disorders.
However, the degree of abnormality and the persistence or
resolution of the abnormal finding are helpful in determining
the timing of an insult, the cause, and the prognosis [51].

Grading encephalopathy using the EEG
The encephalopathy is most often referred to as “mild,” “mod-
erate,” or “severe.” The criteria for distinguishing between
these categories may vary somewhat from one EEG laboratory
to another, but it will generally be agreed that a severely
abnormal EEG in a neonate comprises one of two patterns:
burst–suppression or low-voltage undifferentiated (flat) pattern
with no apparent EEG activity over 20mV (Figs. 17.6, 17.7).
These patterns are usually invariant, i.e., there is no spontaneous
variability and no reactivity to vigorous stimulation [38,52].

It is important to distinguish a burst–suppression pattern
from normal discontinuity present in neonates at lower con-
ceptional ages. For instance, the interburst intervals of a
26-week conceptional-age infant may appear very flat and
suggest burst–suppression. However, there will generally be
clear variability and reactivity if appropriate stimuli are
administered during the recording. The bursts themselves will
not look as abnormal in the normal premature infant as in
a burst–suppression recording, since the latter will usually
be very high in amplitude and contain bursts of abnormal
repetitive sharp waves and will lack normal patterns.

An EEG may be considered severely abnormal because
of other findings that have been shown to have prognostic
significance: positive rolandic sharp waves, electrographic
seizures, marked interhemispheric voltage asymmetry, or
excessively slow background with absence of the patterns
expected at the particular conceptional age [51]. The prognos-
tic significance of these various EEG patterns as they relate to
outcomes is provided in Table 17.1.

Specificity of the “encephalopathic” EEG
The cause of the encephalopathy will most often be apparent
from the baby's history. The EEG itself seldom gives specific
information about the underlying cause. A severely abnormal
EEG may be seen in hypoxia, various metabolic abnormalities,
infections, and brain malformations.

Prognostic value of the encephalopathic EEG
A single severely abnormal EEG is usually predictive of
an abnormal neurological outcome [53,54]. However, under
certain circumstances, the prognostic value of a severely
abnormal EEG is limited. For example, if an infant has
received a large amount of neuroactive medication, the EEG
may be flat or have a burst–suppression pattern. Immediately
after an acute hypoxic event, hypotension, or other acute

Fig. 17.5. Frontal sharp transients in EEG of an infant of 39 weeks'
conceptional age.
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Fig. 17.6. Very low-voltage, non-reactive EEG pattern from a 3-day-old term infant with severe hypoxic–ischemic encephalopathy.
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Fig. 17.7. Burst–suppression EEG pattern. Same infant as in Figure 17.6, now 11 days old.
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metabolic derangement (hypoglycemia, hypothermia), the
EEG may appear severely abnormal although the cause is
reversible and did not persist long enough to produce a sig-
nificant degree of permanent brain injury. It is important to
know the clinical circumstances during and just prior to
obtaining the EEG.

Serial EEGs are helpful for determining the neurological
prognosis. Clancy and Chung found that serial recordings
provided more useful prognostic information than did any
single recording [55]. Aso and colleagues studied 32 infants
who underwent autopsy and were found to have periventri-
cular–intraventricular hemorrhage [56]. Twenty-seven had
parenchymal pathology including periventricular leukomala-
cia, ischemic neuronal sclerosis, pontosubicular necrosis,
cerebral infarction, or cerebral hemorrhage. The severity of
the pathological changes was highly correlated with the grading
of the severity of the EEG background abnormalities. In a study
of 119 near-term infants with severe respiratory failure, a burst–
suppression pattern or electrographic seizures on two or more
recordings was predictive of a poor prognosis (death, severely
abnormal developmental score, or cerebral palsy), but a single
such recording in this series was not predictive [57].

Timing of a brain insult may be suggested by an abnor-
mally dysmature EEG. Tharp described a case of an infant
whose abnormal EEG at several hours of age showed many
dysmature features. The delivery was complicated by an
abnormal fetal heart rate suggesting fetal distress, and the
question was whether the intrapartum distress was the cause
of the infant's severe encephalopathy. The infant died and
the autopsy revealed changes that had occurred 7–10 days
prior to death [26].

Timing of an insult may also be suggested by the changes
(or lack of changes) that occur over time. It takes several days
for positive rolandic sharp waves (PRSW) to appear in cases
of periventricular leukomalacia [58,59]. If such findings are
present in the first days of life and persist with little change, it
suggests that the insult occurred prior to delivery. If the
changes are more dynamic, i.e., appear then disappear on
serial EEGs over several weeks, the likelihood is that the
encephalopathy was more acute.

ECMO is a situation where EEG can be useful for helping
follow the child's encephalopathic condition. Infants undergo-
ing ECMO are often quite encephalopathic from their original
insult or are pharmacologically paralyzed, so clinical assess-
ment can be difficult. In children undergoing ECMO, two or

more severely abnormal EEG patterns (burst–suppression
or electrographic seizure tracings) are strongly predictive of
an abnormal neurological outcome [57]. The majority of the
infants in this study by Graziani et al. had moderate to severe
EEG abnormalities before ECMO. The authors concluded that
fetal and neonatal complications that were associated with
the severe cardiorespiratory failure were responsible in large
part for the neurologic sequelae in ECMO survivors.

Another question specific to ECMO is whether cannula-
tion of the right common carotid artery damages the right
cerebral hemisphere. Studies looking at EEGs performed
during ECMO have not shown a predilection for lateralized
abnormalities over the right side, and therefore conclude that
carotid artery cannulation is relatively safe [60,61].

The amplitude-integrated EEG (aEEG) is often used for
monitoring brain activity in the ICU setting. It comprises a
simplified display of EEG displayed graphically and provides
an impression of cerebral activity over a longer time span
than routine EEG displays. The EEG signal is acquired from
just 1–2 scalp locations, usually the central-parietal regions.
The EEG signal is displayed in a time-compressed fashion on
a semi-logarithmic scale (Fig. 17.8). Most devices simultan-
eously display the raw EEG tracing, and two-channel devices
permit interhemispheric comparisons.

The display shows the degree of continuity of the cerebral
activity. In general, there is good correlation between aEEG
and EEG for the assessment of background activity [62].
Because of the time-compressed nature of the data output,
sleep–wake cycles can be documented, and these may be
important predictors in the recovery of the hypoxic–ischemic
infant or the maturation of the preterm CNS [63,64].
In general, lower voltages and increased bandwidth indicate
depressed brain activity, but may also be consistent with
an immature pattern. As with the standard EEG, clinical
interventions that may affect aEEG voltages include surfac-
tant administration, tracheal suctioning, sedative and para-
lytic medication, hypotension, acidosis, hypoglycemia, and
pneumothorax [65].

Use of aEEG in the neonatal population began in the
1980s, with initial studies focusing on monitoring of asphyxi-
ated newborns [66]. Continuous aEEG has been used to
monitor seizures and to document the efficacy of pharmaco-
logic interventions. While this can be a valuable adjunct to
routine EEG monitoring, there are limitations, such as a
likelihood that aEEG will miss short-duration, low-amplitude
seizures, and those localized outside the area monitored by
the aEEG [67]. Seizures on aEEG may appear as a distinctive
deviation from the baseline activity, but this needs to be
correlated initially with confirmed seizure activity on the
source EEG tracing in order to avoid misinterpreting such
things as rhythmic artifact as seizures.

There is increasing use of aEEG to investigate the matur-
ation of the preterm CNS. Correlations between aEEG find-
ings and preterm brain injury such as intraventricular
hemorrhage and posthemorrhagic hydrocephalus have also
been reported [68,69].

Table 17.1. Various encephalopathic EEG patterns and their prognostic
significance

EEG background patterns Percent with favorable outcome

Isoelectric 0–5

Burst–suppression 0–15

Low-voltage undifferentiated 15–30

Excessively discontinuous 40–50

Diffuse slow activity 15–20
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Amplitude-integrated EEG recording has predictive value
in the management of term newborns with hypoxic–ischemic
encephalopathy (HIE). Recovery of background voltage pat-
terns and the onset of sleep–wake cycles on aEEG have been
shown to be predictive of neurodevelopmental outcome at
18–22 months of age. The earlier the recovery of sleep–wake
cycles occurs, the better the outcome [63,70]. Neurologic
examination coupled with aEEG demonstrated an enhanced
capability to predict persistent encephalopathy in this patient
population [71]. A study of brain cooling for the treatment of
HIE enrolled infants with moderate to severe neonatal enceph-
alopathy and abnormal aEEG. Head cooling was of no benefit
in infants with the most severely abnormal aEEG [72]. These
studies indicate that aEEG can help in the selection of patients
most likely to benefit from hypothermia. A meta-analysis
demonstrated the ability of aEEG to predict poor outcome
with 91% sensitivity in infants with HIE [73].

Correlation with specific disorders
Brain malformations
Lissencephaly
Lissencephaly, a disturbance of neuronal migration associated
with agyria or pachygyria, is associated with an abnormal EEG
pattern in the neonatal period. Abnormal high-amplitude rhyth-
mic fast frequencies have been described. There may be poor
reactivity to stimulation and absent sleep–wake changes [74,75].

Aicardi syndrome
Aicardi syndrome comprises agenesis of the corpus callosum,
characteristic ocular lesions, and infantile spasms. EEG find-
ings in the neonatal period include abnormal, poorly synchron-
ized bursts, usually in the setting of burst–suppression [76,77].

Holoprosencephaly
Holoprosencephaly, a malformation of the brain characterized
by some degree of failure of separation of the forebrain, may
show suggestive EEG changes in the neonatal period as well.
The EEG in the region of the dorsal cyst is low-voltage or
isoelectric. The EEG in regions overlying the cortical tissue

shows prolonged runs of rhythmic alpha and theta patterns, as
well as fast beta (ictal) discharges. Multifocal spikes and poly-
spikes can also be seen, especially when cortical malformations
accompany holoprosencephaly [77].

Metabolic encephalopathies
Maple syrup urine disease
A unique, mu-like rhythm has been described in association
with maple syrup urine disease. This pattern, characterized by
rhythmic 5–7Hz activity, can be distinguished from similar
patterns occurring in normal infants and those with other
encephalopathies, so it may be relatively specific for maple
syrup urine disease [78].

Pyridoxine dependency
The EEG may be particularly suggestive of pyridoxine depend-
ency in the setting of medically refractory neonatal seizures. In
one study, burst–suppression and a pattern of high-amplitude
bilateral slow waves were very suggestive of pyridoxine
dependence [79,80]. Furthermore, the response to treatment
(with pyridoxine) provides additional evidence for this disorder.

Non-ketotic hyperglycinemia
The EEG may be suggestive of non-ketotic hyperglycinemia.
A burst–suppression pattern is common, and may evolve over
time to hypsarrhythmia. A burst–suppression pattern with
superimposed midline seizures and cortical myoclonus has
been described in one study [81–83].

Hyperammonemia
A burst–suppression pattern, excessive discontinuity (short of
true burst–suppression), or a pattern of multifocal sharp waves
may be present in the setting of citrullinemia or ornithine
transcarbamylase deficiency. The improvement (or worsening)
of the EEG during therapeutic interventions can provide
evidence of the treatment efficacy [55,84].

Intraventricular hemorrhage
The EEG has a limited role in the diagnosis of intraventricular
hemorrhage, but has proven helpful in assessing the prognosis

Fig. 17.8. Amplitude-integrated EEG in a healthy term infant. Example shows 3.5-hour recording. Broad portions of band correlate with quiet sleep;
narrow portions correlate with active sleep. See color plate section.
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for neurological outcome [85]. The EEG can provide prognostic
information beyond that apparent from brain-imaging studies
[86]. In a series of 88 EEGs from 35 infants with autopsy-
proven intraventricular hemorrhage, the EEG correlated better
with the overall brain abnormalities than with the grade
of intraventricular hemorrhage [56]. In another study, the
continuity of background activity was not affected by intra-
ventricular hemorrhage, but there was depression of the EEG
background activity during the onset or extension of periven-
tricular–intraventricular hemorrhage [87].

Periventricular leukomalacia
PRSW are an EEG pattern associated with deep white-matter
injury. A number of studies have shown the predictive value of
PRSW [88]. PRSW have been associated with periventricular
leukomalacia. In a study of 301 premature infants, the absence
of PRSW was correlated with a favorable motor development
in 98.2% [10]. When very frequent (2/minute), they were
strongly predictive of severe spastic diplegia. They were not
specifically associated with social and language developmental
abnormalities. PRSW also precede the appearance of the typ-
ical changes of cystic periventricular leukomalacia as detected
by ultrasound, though ultrasound-detected echodensities may
appear earlier [89].

Stroke
Focal or hemispheric voltage attenuation may occur when
infants have had large-vessel infarction [90–92]. In some cases
EEG changes will precede those on ultrasound or CT.

Infectious disease
Encephalitis
Herpes simplex meningoencephalitis is a potentially devastat-
ing infectious disease in infants. EEG changes are often non-
specific, but a pattern of temporal or multifocal periodic sharp
waves has been described in infants (though this periodic pat-
tern is more common in older children and adults) [93,94].
EEG changes are likely to precede changes on neuroimaging

studies, and the imaging changes most characteristic of
neonatal herpes may only be apparent late [95,96].

The EEG in other forms of encephalitis often shows abnor-
malities, but most reports are case reports, and findings are
usually non-specific [97,98]. Presumably the background EEG
changes again support a neurological prognostication [52].

Meningitis
Meningitis can cause devastating brain injury in the neonate.
The EEG has been a useful tool for helping predict long-term
neurological outcome in neonates with meningitis [99,100]. In
a study of 29 infants with culture-proven meningitis, the
degree of background abnormality correlated with outcome.
Infants with normal or mildly abnormal background EEGs
were normal at follow-up, whereas those with markedly abnor-
mal EEGs died or had severe neurological sequelae. EEGpatterns
were non-specific, although some well-recognized patterns such
as PRSW suggested a more specific pathology [90].

Maternal drug use
Scher and colleagues have reported the effects of cocaine and
other illicit drugs on the EEG of neonates [101]. Cocaine
produced abnormalities in the spectral correlations between
homologous brain regions at birth, while alcohol, marijuana,
and tobacco use were found to affect state regulation and
cortical activities.

Conclusion
When obtained in a timely manner, and when appropriate
questions are being asked, the EEG will provide useful infor-
mation about acute and chronic brain processes in the neo-
nate. This chapter has stressed the importance of looking at
the EEG in the context of the clinical setting and in conjunc-
tion with other diagnostic studies. Not enough emphasis can
be placed on the importance of clear communication between
the clinicians caring for the infant, the EEG technologist, and
the electroencephalographer.
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Chapter

18 Neuroimaging in the evaluation
of pattern and timing of fetal
and neonatal brain abnormalities
Patrick D. Barnes

Introduction
In this updated review, current and advanced neuroimaging
technologies are discussed, along with the basic principles of
imaging diagnosis and guidelines for utilization in fetal, peri-
natal , and neonatal brain abn ormalities [1,2]. Thi s includes
pattern of injury and timing issues, with special emphasis on
neurovascular disease and the differential diagnosis. In the
causative differentiation of static encephalopathies (e.g., cerebral
palsy, CP) from progressive encephalopathies, specific categor-
ies and timing are addressed. These include developmental
abnormalities, trauma, neurovascular disease, infections and
inflammatory processes, and metabolic disorders. Although a
rare but important cause of progressive perinatal encephal-
opathy, neoplastic processes are not considered in detail
here. Molecular and genetic technologies continue to advance
toward eventual clinical application.

Neuroimaging technologies and general
utilization
Imaging modalities may be classified as structural or func-
tional [1– 12] . Struct ural imaging modaliti es provide spatial
resolution based primarily on anatomic or morphologic data.
Functional imaging modalities provide spatial resolution
based upon physiologic, chemical, or metabolic data. Some
modal ities may actually be consi dered to prov ide both struc-
tural and functional information.

Ultrasonography (US) is primarily a structural imaging
modality with some functional capabilities (e.g., Doppler:
Fig. 18. 1a,b) [1 – 8,13 – 26]. It is readily access ible, portab le, fast,
real-tim e and mult iplanar. It is less expen sive than other cross-
sectional modalities and relatively non-invasive (non-ionizing
radiation). It requires no contrast agent and infrequently
needs patient sedation. The resolving power of US is based
on variations in acoustic reflectance of tissues. Its diagnostic
effectiveness, however, continues to be dependent upon the
skill and experience of the operator and interpreter, and there
are issues regarding inter-observer reliability and accuracy

[1 – 8,13 – 26]. Also, US requi res a windo w or path unimpeded
by bone or air for cranial and spinal imaging. The most
common uses of US are (1) fetal and neonatal screening,
(2) screening of the infant who cannot be examined in the
radiology department (e.g., premature neonate with intracra-
nial hemorrhage, ECMO, intraoperative), (3) when important
adjunctive information is quickly needed (e.g., cystic versus
solid, vasc ularity, vascula r flo w [Dop pler: Fig. 18.1a,b], or
increased intracranial pressure), and (4) for real-time guidance
and monitoring of invasive diagnostic or therapeutic surgical
and interve ntional procedure s [1 –8,13 ].

In recent years, advanced US techniques have been intro-
duced into clin ical practice [1 –8,1 3]. The develop ment of
high-resolution transducers, improvements in color Doppler
signal processing, and new scanning techniques have signifi-
cantly improved our ability to visualize structural, vascular,
and cerebrospinal fluid abnormalities in the neonatal brain.
Examples are the mastoid view to better visualize the posterior
fossa, power Doppler and transcranial Doppler (TCD) to
evaluate intracranial hemodynamics (e.g., resistive indices,
RI: Fig. 18.1 a,b), and the grade d fo ntanel compr ession Do p-
pler technique to evaluate hydrocephalus. Another advance in
US technolog y that has yet to be transla ted is the developmen t
of vascular US contrast agents to amplify reflected sound
waves. Potential applications include the detection of slow
flow and the assessment of organ perfusion. Computerized
analysis of textural features is another development that has
promised increased sensitivity and specificity, but has not
been transla ted to clin ical practice [13].

Computed tomography (CT) is also primarily a structural
imaging modality that has some functional capabilities (e.g.,
CT angio graphy) [1 – 8]. Altho ugh using ionizing radiation,
current-generation multidetector CT (MDCT) effectively col-
limates and restricts the x-ray exposure to the immediate
volume of interest, particularly when using the ALARA stand-
ard for pediatric patients, which adjusts radiation dose relative
to age, size, and anatomic region [27]. Direct imaging is usually
restric ted to the axial plane (Fig. 18. 1c– e). Reformatti ng from
axial sections to other planes (e.g., coronal or sagittal) is
now the MDCT standard. Projection scout images may
provide information similar to plain films but with less spatial
resolution. CT of the pediatric CNS is usually done using
either the conventional or the helical/spiral technique. CT
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requires sedation in infants and young children more often
than does US but less often than MRI. The more rapid MDCT
technology, however, has allowed a significant reduction in the
need for sedation or anesthesia. The neonate or very young
infant, for example, may be examined bundled while asleep
after a feeding or during a nap. CT occasionally needs intra-
venous iodinated contrast enhancement, but cerebrospinal
(CSF) contrast opacification is rarely needed. High-resolution
bone and soft-tissue algorithms are important for demonstrat-
ing fine anatomy (e.g., skull base). Advances in computer
display technology include image fusion, two-dimensional

reformatting, three-dimensional volumetric and reconstruction
methods, segmentation, and surface rendering techniques.
These high-resolution display techniques are used for CT
angiography and venography, craniofacial and spinal imaging
for surgical planning, and stereotactic image guidance of
radiotherapy, interventional, and neurosurgical procedures.

The role of CT has been further redefined in the context
of accessib le and reliable US and MRI [1 – 12,1 5,28,29] . US is
the procedure of choice for primary imaging or screening of
the brain and spinal neuraxis in the neonate and young infant.
When US does not satisfy the clinical inquiry, or an acoustic
window is not available, then CT becomes the primary modal-
ity for brain imaging in children, especially in acute or emer-
gent presentations. This is especially important for acute
neurologic presentations. In these situations, CT is primarily
used to screen for acute or subacute hemorrhage, focal or
diffuse edema, herniation, fractures, hydrocephalus, tumor
mass, or abnormal collection (blood, pus, air, CSF, etc.). Other
primary indications for CT include the evaluation of bony
or air-space abnormalities of the skull base, cranial vault,
orbit, paranasal sinuses, facial bones, and temporal bone.
Additionally, CT is the definitive procedure for detection
and confirmation of calcification. It is also important in the
bony evaluation of a localized spinal column abnormality (e.g.,
trauma). Contraindications to CT in childhood are unusual,
particularly with the proper application of radiation protec-
tion (ALARA standard), the appropriate use of non-ionic
contrast agents, the proper administration of sedation or
anesthesia, and the use of vital monitoring.

When CT is used, intravenous enhancement for blood
pool effect (e.g., CT angiography) or blood–brain barrier
disruption is additionally recommended for the evaluation of
suspected or known vascular malformation, neoplasm,
abscess, or em pyema [1 – 4,28,29 ]. Enhan ced CT may help
evaluate a mass or hemorrhage of unknown etiology and
identify the membrane of a chronic subdural collection. By
identifying the cortical veins, enhanced CT may distinguish
prominent low-density subarachnoid collections (benign
extracerebral collections or benign external hydrocephalus of
infancy) from low-density subdural collections (e.g., chronic
subdural hematomas or hygromas). It also may help differen-
tiate infarction from neoplasm or abscess, serve as an indicator
of disease activity, for example in degenerative or inflammatory
disease and vasculitis, or provide a high-yield guide for stereo-
tactic or open biopsy. Ventricular or subarachnoid CSF-
contrast opacification may further assist in evaluating or
confirming CSF compartment lesions or communication
(e.g., arachnoid cyst or ventricular encystment). As a rule,
MRI is the preferred alternative to contrast-enhanced CT in
the circumstances just enumerated.

Nuclear Medicine (NM) is primarily a functional imaging
techno logy [1 – 8]. NM in volves imaging of the biolog ical
distributions of administered radioactive pharmaceuticals.
Whereas positron emission tomography (PET) has the unique
ability to provide specific metabolic tracers (e.g., oxygen util-
ization and glucose metabolism) the wider availability, relative

(a)

(c) (d) (e)

(b)

(f) (g)

(h) (i) (j)

Fig. 18.1. Normal infant and child brain. Ultrasound (US) images of term
neonate: (a) coronal US; (b) sagittal US þ Doppler with resistive indices (RI).
Computed tomography (CT) images of (c) term neonate, (d) 2-month-old
infant, and (e) 2-year-old child show progress of maturation, including
myelination. Sagittal T1 magnetic resonance images (MRIs) of (f) term neonate
and (g) 1-year-old infant show progress in brain growth, myelination of the
corpus callosum (arrows), and pituitary maturation. T2 MRIs of (h) 20-week
fetus, (i) term neonate, and (j) 2-year-old child show progress in maturation,
i.e., decreasing water content, increasing myelination and cortication.
See color plate section.
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simplicity, and rapid technical advancement of single photon
emission computed tomography (SPECT) allows more prac-
tical functional assessment of the pediatric CNS. Clinical and
investigative applications have included the assessment of brain
development and maturation, focus localization in refractory
childhood epilepsy (e.g., ictal perfusion SPECT, interictal
PET), assessment of tumor progression versus treatment
effects in childhood CNS neoplasia (perfusion and thallium
SPECT, 18FDG -PET), the evalu ation of oc clusive cerebro vas-
cular disease for surgical revascularization (e.g., perfusion
SPECT), the diagnosis of brain death (perfusion SPECT), the
use of brain activation techniques (e.g., perfusion SPECT,
PET) in the elucidation of childhood cognitive disorders, the
assessment of CSF kinetics (e.g., in hydrocephalus, CSF leaks),
and sp ina l-colum n scr eening (skeletal SPE CT) [1–8].

Magnetic resonance imaging (MR, MRI) is both a
structur al and fun ctional imaging modal ity [1 –12] . MRI uses
magnetic fields and radio waves. It is one of the less invasive or
relatively no n-invasive imagin g tech nologies (Fig. 18.1f – j).
Furthermore, the MRI signal is exponentially derived from
multiple parameters (e.g., T1, T2, proton density, T2*, proton
flow, proton relaxation enhancement, chemical shift, magnet-
ization transfer, and molecular diffusion). MRI also employs
many more basic imaging techniques than other modalities
(e.g., spin echo, inversion recovery, gradient echo, and chem-
ical shift imaging methods). Advancing MRI capabilities
have further improved its sensitivity, specificity, and efficiency
[1–12,30]. These include the fluid attenuation inversion recovery
technique (FLAIR), fat-suppression short TI inversion recovery
imaging (STIR), and magnetization transfer imaging (MTI) for
increased structural resolution. Fast and ultrafast MRI tech-
niques (fast spin echo, fast gradient echo, echo planar imaging,
parallel imaging) have also been developed to reduce imaging

times, improve structural resolution, and provide functional
resolution (e.g., fetal imaging). Important applications include
MR vascular imaging (MR angiography and venography,
MRA) and perfusion MRI (PMRI), diffusion-weighted
imaging (DWI), CSF flow and brain/cord motion imaging,
brain activation techniques, and MR spectroscopy (MRS). Fast
and ultrafast imaging techniques are also being used for fetal/
obstet rical imaging [31 –36] , morpho metrics , treatm ent plan-
ning, and “real-time” MRI-guided surgical and interventional
procedures.

The role of MRI in imaging of the develop ing CNS is
defined by its superior sensitivity and specificity in a number
of area s as compa red to US and CT [1 – 12,15,19 – 24,26,28 –36] .
MRI has also obviated or redefined the roles of invasive
procedures (e.g., myelography, ventriculography, cisternogra-
phy, angiography). MRI provides multiplanar imaging with
equivalent resolution in all planes without repositioning the
patient. Bone does not interfere with soft-tissue resolution,
although metallic objects often produce signal void or field
distortion artifacts. Some ferromagnetic or electronic devices
(e.g., ferrous aneurysm clips and pacemakers) pose a hazard,
and MRI is usually contraindicated in these cases. MRI usually
requires longer exam times than does US and CT, and patient
sedation or anesthesia is often required in infants and younger
children, since image quality is easily compromised by motion.
However, MRI may be successfully done in a large percentage
of stable neonates and young infants using the “bundle and
feed” technique. MRI may not be as readily accessible to the
critically ill pediatric patient as is US or CT, and it may not be
feasible in emergencies or for intensive care cases unless
magnet-compatible vital monitoring and support is available.
This is particularly important for the unstable neonate (e.g.,
using an MRI-compatible incubator) [12] (Fig. 18.2a).

ml

Cho

Cr

Amino
acids

Lipids

4

(a) (b)

(c) (d)

3 2

Frequency (ppm)
1 0

Fig. 18.2. Advanced MRI techniques: (a) MR-compatible
incubator; (b) DTI white-matter tractography (arrows);
(c) fMRI (primary visual cortex activation: arrow); (d) MR
spectroscopy (see text). See color plate section. Courtesy of
Ashok Panigrahy, MD, Children’s Hospital Los Angeles [12].
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MRI demonstrates superior sensitivity and specificity in
a number of circumstances, particularly with the addition
of new structural and functional techniques such as FLAIR,
STIR, MTI, DWI, PMRI, and MRS [1–12,15,19–24 ,2 6,2 8–36 ].
The FLAIR sequence attenuates the signal from flowing water
(i.e., CSF) and increases the conspicuity of non-fluid-water-
containing lesions lying in close approximation to the
CSF-filled subarachnoid and ventricular spaces. The STIR
technique suppresses fat signal to provide improved con-
spicuity of water-containing lesions in regions where fat
dominates (e.g., orbit, head and neck, spine). The MTI method
suppresses background tissues and increases conspicuity for
vascular flow enhancement (e.g., MRA) and gadolinium
enhancement.

MRI is the imaging modality of choice in a number of
clinica l situa tions [1 – 12,1 5,19 – 24,26,28 – 36]. These includ e
developmental delay (e.g., static encephalopathy vs. neuro-
degenerative disease); unexplained seizures (especially focal),
unexplained neuroendocrine disorder, or unexplained hydro-
cephalus; the pretreatment evaluation of neoplastic processes
and the follow-up of tumor response and treatment effects;
suspected infectious, postinfectious, and other inflammatory
or non-inflammatory encephalitides (e.g., encephalitis, post-
infecti ous demyeli nation, vasculit is); migratio nal and other
submacroscopic dysgeneses (e.g., cortical dysplasia); neuro-
cutaneous syndromes (e.g., neurofibromatosis 1, tuberous
sclerosis); intractable or refractory epilepsy; vascular diseases,
hemorrhage, and the sequelae of trauma.

MRI frequently offers greater diagnostic specificity than
does CT or US for deline ating vascula r a nd hemo rrhagic
processes. This includes the clear depiction of vascular struc-
tures and abnormalities based on proton flow parameters and
software enhancements not requiring the injection of contrast
agents (e.g., MRA). MR angiography (MRA) techniques may
additionally be used to differentiate arterial from venous
occlusiv e diseas e [1 – 12,15,1 9– 24,26,28 – 36]. Usi ng gradien t
recalled echo (GRE) magnetic susceptibility techniques, MRI
also provides more specific identification and staging of
hemorrhage and clot formation according to the evolution of
hemo globin bre akdown. MRI is often reserv ed for more
definitive evaluation of hemorrhage and as an indicator or
guide for angiogra phy in a numb er of special situa tions. MRI
may be used to evalu ate an atypic al or unexplain ed intracra-
nial hemorrhage by distinguishing hemorrhagic infarction
from hematoma and by distinguishing among the types
of vascular malformations (e.g., cavernous vs. arteriovenous
malformations). MRA may obviate the need in some cases of
vascular malformation for conventional angiography in the
follow-up of surgery, interventional treatment, or radiosurgery.

In the evaluation of intracranial vascular anomalies
(e.g., vascular malformation, aneurysm), MRI may identify
otherwise unsuspected prior hemorrhage (i.e., hemosiderin)
[1 – 12,15,19 – 24,26,28 – 36] . When CT demonstrat es a non-
specific focal high density (calcification vs. hemorrhage),
MRI may provide further specificity, for example, by distin-
guishing an occult vascular malformation (e.g., cavernous

malformation) from a neoplasm (e.g., glioma). It may further
assist US or CT in differentiating benign infantile collections
(i.e., external hydrocephalus) from subdural hematomas
[28,29] . MRI of ten also prov ides definiti ve evalu ation of mus-
cular and cutaneous vascular anomalies (i.e., hemangiomas,
vascular malformations) that arise in parameningeal locations
(e.g., head and neck, paraspinal) and extend to involve the
CNS directly or are associated with other CNS vascular or
non-vascular abnormalities.

MR spectroscopy (MRS) offers a non-invasive in vivo
approac h to bio chemical analysis [1 – 12,37– 40] (F ig. 18.2d) .
Furthermore, MRS provides additional quantitative informa-
tion regarding cellu lar me tabolites, since signal intensi ty is
linearly related to steady-state metabolite concentration.
MRS can detect cellular biochemical changes prior to the
detection of morphological changes by MRI or other imaging
modalities. MRS may therefore provide further insight into
both follow-up assessment and prognosis. With recent
advances in instrumentation and methodology, and utilizing
the high inherent sensitivity of hydrogen 1, single-voxel and
multivoxel proton MRS is now carried out with relatively
short acquisitions to detect low-concentration metabolites in
health y and diseased tissues. Phosph orus-31 spectro scopy has
also been developed for pediatric use. Currently, MRS has
been primarily used in the assessment of brain development
and matu ration (Fig. 18.3 ), perinat al brain inju ry, childh ood
CNS neoplasia versus treatment effects, and metabolic and
neurod egenerati ve disorders [39 – 40].

Perfusion MRI (PMRI) has been developed to evaluate
cerebral perfusion dynamics through the application of a
dynamic contrast-enhanced T2*-weighted MR imaging
techni que [1 – 4,8,12,3 1,41]. This tech nique has been used to
qualitate and quantitate normal and abnormal cerebrovascular
dynamics of the developing brain by analyzing hemodynamic
parameters including relative cerebral blood volume, relative
cerebral blood flow, and mean transit time, all as comple-
mentary to conventional MR imaging. Non-contrast-
enhanced methods of PMRI have also been developed (e.g.,
flow-activated inversion recovery, FAIR; arterial spin labeling,
ASL; blood oxyg en level det erminatio n, BOLD) [41]. Curren t
and advanced applications of these perfusion techniques
include the evaluation of ischemic cerebrovascular disease
(e.g., hypoxia–ischemia, moyamoya, sickle cell disease), the
differentiation of tumor progression from treatment effects,
and brain activati on imaging [1 – 4,8,12,3 1,41]. One of the
most active areas of research is the localization of brain activ-
ity, an area previ ously dom inated by NM incl uding SPECT
and PET.

Funct ional MRI (fM RI) is the term inology often applied
to brain activation imaging in which local or regional changes
in cerebral blood flow are displayed that accompany stimula-
tion or activation of sensory (e.g., visual, auditory, somatosen-
sory), motor , or co gnitive cent ers [1 – 4,12 ]. fMRI is providin g
important information regarding the spatial distribution of
sensory, motor, and cognitive function and functional impair-
ment (Fig. 18.2 c). Also, it may serve as a guide for safer and
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more effective interventions including microneurosurgery
or conformal radiotherapy, for example in the ablation of
tumors, vascular malformations, and seizure foci. More
recently, fMRI is being used to evaluate brain development
and maturation in the neonate and young infant, including the
effect s of inju ry and post- injury rep air and recovery [12].

Using echo planar or line-scan spin echo techniques,
diffusion-weighted imaging (DWI) provides information based
upon differences in the rate of diffusion of water molecules, and
it is especially se nsitive to c ellular chan ges [1–12, 30,40 ,42–53] .
The rate of diffusion, or apparent diffusion coefficient (ADC),
is higher for free or pure water than for macromolecular
bound water. The ADC varies according to the microstruc-
tural or physiologic state of a tissue. Fractional anisotropy
(FA) is a vector measurement of the directionality of diffusion
using diffusion tensor imaging (DTI) methods and also
varies with the microstructural environment, both develop-
menta lly and path ologically [53] (Fig. 18.2b) . Thi s met hod
is especially helpful in assessing axonal development and
injury, including myelination and synaptogenesis (connectiv-
ity). Current clinical applications of DWI and DTI include
the assessm ent of brain maturat ion, the evaluat ion of a cute
injury, and the analysis of the sequelae of inju ry (Fig. 18.4).
A particularly important application of DWI is in the early
detection of diffuse and focal ischemic injury. The ADC of
water is reduced within minutes of an ischemic insult and
progressively so within the first hour. High-intensity abnor-
malities are demonstrated on DWI, along with low-intensity
abnormalities on calculated ADC images, at a time when
conventional MRI is negative, and this likely reflects cellular
injury (e.g., necrosis) with primary or secondary energy fail-
ure. Further investigations are under way regarding the roles

of DWI, PMRI, and MRS in the early diagnosis and treatment
of potentially reversible ischemic injury.

Motion-sensitive MRI techniques are not only used to
evaluate vascular flow (e.g., MRA) and perfusion, but may
also be used to demonstrate the effect of pulsatile cardiovascu-
lar flow on other fluid tissues (e.g., CSF) and on non-fluid
tissues such as the brain and spinal cord. Using cardiac or
pulse gating, these MRI techniques may be used to evaluate,
preoperatively and postoperatively, abnormalities of CSF
dynamics (e.g., hydrocephalus, hydrosyringomyelia), as well
as abnormalities of brain motion (e.g., Chiari malformation),
and spinal cord moti on (e.g., teth ered cord syndro me) [1 – 4].
A number of non-gated MRI techniques (e.g., propeller
imaging) are also being used to reduce motion artifact and
improve image quality.
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Fig. 18.3. H-1 MR spectroscopy of the
developing brain with (a) infant spectra, (b) adult
spectra, and (c) maturation time constants for
brain regions. Dermon J, Barnes PD, Spielman
D. Spatiotemporal mapping of cerebral maturation
in childhood using 2D MR spectroscopic imaging.
American Society of Neuroradiology, 2002.

Fig. 18.4. DTI with FA
map in preterm neonate as a
quantitative display of white-
matter development (arrows)
of the internal capsule and
corpus callosum [12].
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Guidelines and principles of imaging
diagnosis
Developmental abnormalities
Congenital abnormalities of the CNS may be developmental
or acquired in origin, and may result from defective forma-
tion, postformational destruction, or disordered maturation
[1,2,4, 5,54]. Thes e are prob ably best classified accor ding to
gestat ional timi ng (Tab le 18.1 ), and includ e disorders of dorsal
and ventral neural tube formation; disorders of neuronal, glial,
and mesenchymal formation; neuroclastic processes (encepha-
loclastic, myeloclastic); and disorders of maturation (myelin-
ation and cortical maturation). These are classified in six
group s (I – VI) in Ta ble 18.1. Developm ental anomali es often
detected by US (prenatal or postnatal) or CT are the gross
formational macrostructural defects of categories I–IV and
the gross neuroclastic macrostructural lesions of category V
[1,2,4, 5,54]. Howe ver, MRI alw ays provid es more compl ete
delineation of these defects. This is especially true for those
abnormalities involving the ventricular system or containing
CSF. These include cep haloceles (Fig. 18. 5), hydroce phalus,
hydranencephaly, holoprosencephaly, absent septum pelluci-
dum, hypogen esis of the corpu s call osum (Fig s. 18.5 – 18.7),
porencephaly, open schizencephaly, the Dandy–Walker–Blake
spectrum (Fig. 18.7 ), a nd arac hnoid cysts. US may no t clearly
distinguish hydranencephaly (absent cerebral mantle) from
severe hydrocephalus (attenuated cerebral mantle). This is
usually clarified by CT or MRI (F ig. 18.8). Ot her gross mac ro-
structural anomalies often detected by US or CT include
Chiari II malformation, lissencephaly, and vascular malforma-
tions such as the Galenic malformation. Any “cystic” lesion
detected by US should be examined with Doppler to deter-
mine if it is vascular in nature. Neuroclastic processes
are destructive lesions of the already formed CNS and
may result from a variety of prenatal or perinatal insults
includ ing hypoxia – ischemia and infection (Tab le 18.1). MRI
may often demonstrate subtle macrostructural abnormalities
not revealed by US or CT (e.g., periventricular leukomalacia)
[1 – 12,15,17 ,19 – 24,26,33].

MRI is important when the US or CT fails to satisfy the
clinical investigation. MRI often provides a more complete
delineation of complex macrostructural CNS anomalies for
diagnosis, treatment, prognosis, and genetic counseling
[1,2,4, 5,33,54] . In fa ct, ultrafast MRI techniqu es are being
increasingly used prenatally to evaluate for fetal CNS abnor-
malities in at-risk pregnancies or as detected by obstetrical US
[31 – 36] (Figs. 18.5 – 18.7). Furtherm ore, MRI is oft en indicated
if more specific treatment is planned beyond simple shunting
of hydrocephalus. Intraoperative guidance may be provided
by real-time and Doppler US. Patients with craniosynostosis
are best evaluated with 3DCT. Those with multiple suture
involvement, especially when it is associated with craniofacial
syndromes, may require more extensive evaluation beyond
3DCT, including CT venography, MRI, and MR venography
(jugular venous steno-occlusive disease with collateralization).

MRI is often required to structurally delineate the more
subtle macrostructural anomalies arising as disorders of

Table 18.1. Classification of CNS malformations by gestational timing

I. Disorders of dorsal neural tube development (3–4 weeks)

Anencephaly

Cephaloceles

Dermal sinus

Chiari malformations

Spinal dysraphism

Hydrosyringomyelia

II. Disorders of ventral neural tube development (5–10 weeks)

Holoprosencephalies

Agenesis septum pellucidum

Optic and olfactory hypoplasia/aplasia

Pituitary – hypothalamic hypoplasia/aplasia

Cerebellar hypoplasia/aplasia

Dandy Walker spectrum

Craniosynostosis

III. Disorders of migration and cortical organization (2–5 months)

Schizencephaly

Neuronal heterotopia

Agyria/pachygyria

Lissencephaly

Polymicrogyria

Agenesis corpus callosum

IV. Disorders of neuronal, glial, and mesenchymal proliferation, differentiation,
and histiogenesis (2–6 months)

Micrencephaly

Megalencephaly

Hemimegalencephaly

Aqueductal anomalies

Colpocephaly

Cortical dysplasias

Neurocutaneous syndromes

Vascular anomalies

Malformative tumors

Arachnoid cysts

V. Encephaloclastic processes (> 5–6 months)

Hydranencephaly

Porencephaly

Multicystic encephalopathy

Encephalomalacia

Leukomalacia

Hemiatrophy

Hydrocephalus

Hemorrhage

Infarction

VI. Disorders of maturation (7 months – 2 years)

Hypomyelination

Delayed myelination

Dysmyelination

Demyelination

Cortical dysmaturity

Note:
See references [2,4,54].
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migratio n and co rtical organiz ation (catego ry III: Fig. 18.9 ) or
as disorders of proliferation, differentiation, and histiogenesis
(catego ry IV: Fig. 18.10) [1, 2,4,5,33 ,54]. The pe rfusional and
metabolic characteristics of these anomalies (e.g., focal cortical
dysgenesis, hemimegalencephaly) may be investigated with
SPECT and PET, respectively, in children with medically
refractory partial epilepsy who are candidates for surgical
ablation. For added precision, the SPECT or PET data may
be fused with the MRI data to provide a higher-resolution
spatial display of the functional information. MRS, DWI, DTI,
and PMRI with fMRI are also contributing to the evaluation
and treatm ent of these patien ts [4,12,3 0]. MRI is no w the
preferred modality for the screening and definitive evaluation

of the dysgenetic, neoplastic, and vascular manifestations
of the neurocu taneous syn drome s (Fig. 18.1 1). After initia l
screening with US or CT, MRI is also considered the primary
technology for treatment planning and follow-up of vascular
ma lf orma tio ns and devel opmenta l tumo rs [1,2,4,30]. A lt ho ugh
arachnoid cysts are often readily delineated by US or CT, MRI
is usually necessary for confirmation (i.e., to exclude solid
tumor) and for surgical planning. FLAIR or DWI may readily
distinguish an arachnoid cyst from other lesions (e.g.,
dermoid–epidermoid, fibrillary astrocytoma). Maturation
(i.e., myelination and cortical maturation) and disorders of
maturation (category VI) may be precisely assessed only
by MRI [1, 2,4,5,30 ,33,54] (F ig. 18.1 f– j). The MRI findings ,

(a) (b) (c)

C

C

C

Fig. 18.7. Dandy–Walker cyst (C): (a) fetal sagittal
T2 MRI; (b) neonatal axial CT; (c) sagittal T1 MRI with
hypogenesis of the corpus callosum (arrow).

(a) (b)

H

C

Fig. 18.5. (a) Fetal sagittal T2 MRI, showing cervico-occipital cephalocele
(posterior arrow), Chiari III malformation (anterior arrow), agenesis of the
corpus callosum, and microcephaly. (b) Neonatal sagittal T1 MRI, showing
occipital meningoencephalocele (C) with kinked brainstem (arrow) and
hydrocephalus (H).

(a) (b)

Fig. 18.6. Agenesis corpus callosum on (a) fetal axial T2 and (b) neonatal
sagittal T1 MRI (see Fig. 18.1. f,g) [50].

(a) (b)

H

H

Fig. 18.8. Hydranencephaly on (a) sagittal and (b) axial T1 MRI. Only a small
portion of cortex is present frontally (arrows).

(a) (b)

Fig. 18.9. Microlissencephaly: neonatal (a) sagittal and (b) axial T1 MRI,
showing microcephaly with agyric cortex.
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however, are often non-specific regarding causation, particu-
larly in the first year of life, because of the watery character
of the immature brain. DTI and MRS may add specificity
to the diagnostic evalu ation of these infa nts [1 – 12,37 – 40]
(Figs. 18.2 – 18.4).

Neurovascular disease
Neurov ascular diseas e characterist ically prese nts as an acute
neurologic event (e.g., neonatal encephalopathy). However, a
recently discovered but fixed deficit (e.g., hemiplegia, spastic
diplegia, hypotonia) may be the first indication of a remote
prenatal or perinatal neurovascular injury. Imaging assists in
the clinical evaluation and differentiation of hypoxia–ischemia,
hemorrhage, and occlusive vascular disease [1–12 ,3 0].

Hypoxia–ischemia
In gen eral, the patte rn of injury associated with hypoxic –
ischemic encephalopathy (HIE), or other insults (e.g., reperfu-
sion), varies with the severity and duration of the insult as well
as with the gestational (or corrected) age (GA) of the fetus,
neonate , or infan t at the time of the insult or insults [1 – 12]
(Tab le 18.2 ). Di fferent brain struc tures are more vulnerab le
than others to the different types of HIE insults (e.g., partial
prolonged, profound, combined) at different stages of brain
development (e.g., formational vs. postformational GA, pre-
term vs. term vs. full-term or post-term GA). Brain tissues
in the arterial border zones or watersheds (intervascular
boundary zones), brain tissues with high metabolic demands,
mature or actively maturing tissues, and tissues with higher
concentrations of neuroexcitatory amino acids are particularly
vulnerable to HIE and to other insults (e.g., hypoglycemia,

t r au ma , i nf ec ti on , s e i z u re s) [ 1–12 ,5 5–61]. Prenatal or perinatal
partial prolonged HIE (e.g., one or more insults of hypoxia/
hypoperfusion) may be associated with periventricular border-
zone/watershed injury to th e preterm fetu s or neonate (e.g., 27–35
weeks G A) [ 1 – 12,55,57 ,62 – 75]. Subty pes of white- matter injury
of prematurity (i.e., “encephalopathy of prematurity”) include
the classic focal/multifocal “cystic” type of periventricular
leukomalacia (PVL), the focal/multifocal “noncystic” (gliotic)
form of PVL, and the diffuse white-matter gliosis injury pattern
(Figs. 18.12 – 18.15). The path ogenes is may include not only
hypoxia–ischemia but other factors such as infectious or
inflammatory processes (e.g., maternal infection, chorioamnio-
nitis, funisitis, fetal inflammatory response, cytokine-mediated
injury) whether occurring in the preterm, or term, fetus or
neonate [7,66,70 ]. Prenatal or perina tal parti al prolon ged HIE
during term gestat ion (e. g., 37– 42 weeks GA) may produce a
cortical and subcortical border-zone/watershed cerebral injury
(Figs. 18.16, 18.1 7). A tra nsitional parti al prolon ged HIE
pattern (cortical/subcortical/periventricular) may be seen in
the late preterm to early mid-term GA (e.g., 36–38 weeks) or
withmore severe injuries. Fetal or neonatal brain injurymay also
occur with more profound HIE insults (e.g., anoxia or circulatory
arrest) and involve the thalami, basal ganglia (especially
putamina), brainstem (especially midbrain), cerebellar vermis,

Fig. 18.10. Hemimegalencephaly:
neonatal axial T2 MRI shows larger right
hemisphere with unilateral
ventriculomegaly and abnormal
cortication.

(a) (b)

Fig. 18.11. Tuberous sclerosis with periventricular and subcortical tubers
(arrows) on (a) neonatal sagittal T1 and (b) axial T2 MRI.

Table 18.2. Imaging patterns of hypoxic–ischemic encephalopathy (HIE)

Hemorrhage

Germinal matrix – intraventricular hemorrhage

Choroid plexus – intraventricular hemorrhage

Subarachnoid hemorrhage

Hemorrhagic infarctions

Partial prolonged HIE

Preterm: White-matter injury of prematurity (e.g., periventricular
leukomalacia)

Term/full-term/post-term: Cortical/subcortical injury (borderzone,
watershed, parasagittal)

Intermediate: combined or transitional pattern

Ulegyria

Cystic encephalomalacia

Profound HIE

Thalamic and basal ganglia injury

Brainstem injury

Cerebellar vermian injury

Hippocampal injury

Cerebral white-matter injury

Paracentral injury

Global injury (prolonged profound)

Combined profound and partial prolonged (or prolonged profound) HIE

Total asphyxia pattern (including cystic encephalomalacia)

Notes:
Depends on gestational age, chronological age, duration and severity
of the insult.
See references [2– 8].
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hippocampi, paraventricular white matter, and perirolandic
cortex [1–12,55,57,76–80 ] ( Fi gs . 1 8 .18 , 1 8. 19 ). Th is ty pe o f
injury may also vary with GA (thalamic greater than putaminal
involvement in the preterm GA; putaminal, hippocampal, and
paracentral injury more common in the term GA). Combined
partial prolonged plus profound HIE patterns (e.g., total
asphyx ia) may also occur [1 –12, 76– 80] (Fig. 18. 20).

US, CT, or MRI (e.g., DWI) may demonstrate evolving
edema, necrosis, or hemorrhage in the hyperacute, acute,
and subacu te phases [1 –12] (Figs. 18.12 – 18.20). The edema
of non-hemorrhagic HIE (e.g., partial prolonged type) usually
evolves over 1–7 days and often peaks between 36 and 72 hours
(2–4 days by US, CT) following the insult(s) and depending
upon reperfusion (and other “insults”). US may show hyper-
echogenicity, and CT may show hypodensities with decreased
gray–white matter differentiation. Complete loss of gray–white
differe ntiation may corre late with peak ede ma [60 ,61]. In the
early phases of the injury, the neuroimaging findings may
be non-specific as to causation. The differential diagnosis

includes HIE, multifocal occlusive vascular infarction, infection,
metabolic derangement (e.g., hypoglycemia, hyperbilirubin-
emia, fluid-electrolyte imbalance),metabolic or connective tissue
disorder, and venous thrombosis (e.g., coagulopathy) [1–12 ].
Associated hemorrhage may be subarachnoid, germinal matrix
and intraventricular hemorrhage (e.g., preterm fetus or neo-
nate), choroid plexus/intraventricular hemorrhage (e.g., term
fetus or neonate), and cerebral or cerebellar hemorrhage (e.g.,
hemorrhagic infarction). Their imaging characteristics are
described in the next section.

According to the evidence-based medical literature, the
sensitivity and specificity of MRI depends on the techniques
used and the timi ng of the imaging [2, 4,6,40,45,78 ]. Co nven-
tional MRI may show characteristic T1 hypointensities/
T2 hyperintensities (12–48 hours), followed by T1 hyperinten-
sities (as early as 2–4 days), and then T2 hypointensities
(as early as 6–7 days). These T1 and T2 changes may last
for a number of weeks to a month. DWI may be abnormal
before conventional MRI and show restricted diffusion with
decreased ADC as increased intensity on DWI and decreased
intensi ty on A DC maps [2,8,40,45] . Di ffusion abnorm alities
may tend to evolve for up to 2–3 weeks. Knowledge of these
evolv ing intensity features is parti cularly importan t in order to
avoid misinterpretation regarding pattern of injury and timing
[40]. Do ppler with resist ive indices (e. g., RI < 60) or MRS (e.g.,
elevated lactate, elevated glutamate, elevated lipids, decreased
N-acetyl-aspartate [NAA]) may provide additional early indi-
cators of timi ng and outcom e [2,6,8,14,3 7,40,81] . The more
subtle ischemic PVL lesions (e.g., cystic phase) may be better
delineated by US (2–6 weeks after insult(s)) than by CT or
MRI, in which the density and intensity character of immature

(a) (b) Fig. 18.12. Cystic PVL: (a) US, acute edema phase (confluent
increased echoes – arrows); (b) US, subacute cystic phase (hypoechoic
foci with surrounding increased echoes – arrows).

(a) (b)

Fig. 18.13. Cystic PVL: (a) axial T2 and (b) coronal FLAIR MRI, chronic
cystic phase (arrows).

(a) (b) (c)
Fig. 18.14. Non-cystic PVL with foci of gliosis
(arrows) as high intensities on (a) sagittal and (b) axial
T1 MRI, plus mineralization or hemorrhages (arrows)
as low intensities on (c) axial GRE MRI.
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white matter often obscures the injury. However, CT and MRI
often show gray-matter injury better than US, and MRI dem-
onstrates non-cystic white-matter injury better than US or CT
[4,8,19 – 24,26]. Furt her developme nts of PMRI, DWI, and
MRS have further improved the diagnostic sensitivity and
specif icity of MRI [4,8,12,30, 40]. In fact, DWI has demon-
strated restricted diffusion in the acute phase of PVL when US,
CT, and conventional MRI are negative or non-specific. Such
advances may facilitate the early institution of neuroprotective
measures to treat potentially reversible primary injury (necro-
sis, apoptosis) and secondary injury (reperfusion, transneural
degene ration) in HIE [82]. These advanced MRI technique s
may also assist in distinguishing HIE from other causes of

encephalopathy, including common metabolic derangements
(e.g., hypoglycemia, hyperbilirubinemia), rarer inborn errors
of metabolism, and non-metabolic conditions (e.g., infection).

The long-term result of HIE is a static encephalopathy (i.e.,
CP) and imaging may demonstrate injury in the chronic
phases (> 14–21 days after the insult(s)) including porence-
phaly, hydranencephaly, atrophy, chronic periventricular leu-
komalacia, cystic encephalomalacia, gliosis, or mineralization
in a characte ristic distribu tion as descr ibed abov e [1 – 12]
(Figs. 18.12 – 18.20). The chroni c changes are be st demon-
strated by MRI. In general, for pattern of injury and timing
purposes, two pieces of imaging evidence are optimally desired:
(1) late imaging, and preferably MRI, beyond 2–3 years of age

(a) (b) (c)
Fig. 18.15. Diffuse PVL (high intensities – arrows) on
(a) near-term axial T2 and (b,c) older infant axial FLAIR MRI.

(a) (b) (c)

(d)

Fig. 18.16. Partial prolonged HIE: acute phase with
watershed injury (arrows) on (a) sagittal T1, (b) axial T2, and
(c) axial DWI; (d) chronic phase with cortical atrophy and
ulegyria (arrow) on axial CT.

(a) (b) (c)
Fig. 18.17. Very severe partial prolonged HIE: acute–
subacute phase with (a) low-density cerebral peak edema
(arrows) on axial CT and (b) high-intensity cerebral restricted
diffusion (arrows) on axial DWI; (c) chronic phase with cystic
encephalomalacia (arrows) on axial T1.
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when the brain is greater than 90% mature (no more water of
immaturity), in order to get a final, permanent injury pattern
for causative etiology and GA timing; and (2) early postnatal
(and/or prenatal) imaging, and preferably MRI, in order to
evaluate evolution in the acute, subacute, and chronic phases,
so that timing as to “day range” relative to the perinatal and
peripa rtum perio ds may be as sessed [1 – 12,4 0].

Intracranial hemorrhage
Intracranial hemorrhage may result from parturitional trauma,
HIE, a coagulopathy (e.g., thrombocytopenia, disseminated
intravascular coagulopathy [DIC], extracorporal membrane
oxygenation [ECMO]), vasoocclusive disease (e.g., thrombo-
philia with venous thrombosis), or it may be idiopathic
[1 – 12,28,29 ,83]. He morrhag e may occasi onally be as sociated
with infection (e.g., herpes simplex virus 2). Vascular malfor-
mations producing intracranial hemorrhage are rare in the
neonate and young infant and usually not encountered until
later childhood (i.e., arteriovenous malformations [AVM],

cavernous malformations, developmental venous anomalies,
and telang iectasia s) [1 –12,2 8,29]. Aneurysm s are exceed ingly
rare in children but may be developmental, associated with a
syndrome (e.g., Turner syndrome), or related to trauma (e.g.,
dissection) or infection (i.e., mycotic aneurysm). The vein of
Galen malformations are subclassified as choroidal, mural, and
AVM types. They rarely hemorrhage, and more commonly
present in infancy with congestive heart failure, cerebral ische-
mia, or hydrocephalus.

US or CT remains the primary imaging choice in
acute sit uations [1 – 12,2 9]. As mention ed above, there may
be subarachnoid hemorrhage, germinal matrix and intraven-
tricular hemorrhage (e.g., premature fetus or neonate), chor-
oid plexus/intraventricular hemorrhage (e.g., term fetus or
neonate), and cerebral or cerebellar hemorrhage (e.g., hemor-
rhagic infarction). The hemorrhage usually appears hyper-
echoic on US and high-density on CT in the acute to subacute
phases (range 3 hours – 7 days) unless there is associated
coagulopathy. With evolution and resolution, the hemorrhage

(b) (c) (d)

(e)
Ch

Cr
NA

L

(a)
Fig. 18.18. Profound HIE: acute phase with
(a) bilateral basal ganglia and thalamic
hyperechogenicity (arrows) on US; (b) hypodensities
(arrows) on CT; high intensities (arrows) on (c) axial
DWI and (d) T1/FLAIR MRI; and (e) inverted lactate
doublet (L) on MRS.

(a) (b) (c)
Fig. 18.19. Profound HIE: chronic phase with (a–c) bilateral
hippocampal, putaminal, thalamic, and paracentral high intensities
(arrows) on axial FLAIR MRI.

(a) (b) (c)

Fig. 18.20. Term combined HIE: subacute phase with (a) basal
ganglia and thalamic high densities (short arrows) plus cerebral low
densities (long arrows) on CT; chronic phase with (b) basal ganglia
and thalamic hypointense mineralization (arrows) on axial GRE plus
(c) hypointense cystic encephalomalacia (arrows) on axial T1 MRI.
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becomes isoechoic to hypoechoic and isodense to hypodense
(> 7–10 days).

MRI may offer more specific characterization of the
hemo rrhagic compon ent w ith regard to timing (Tab le 18.3).
Acute intracranial hemorrhage, particularly subarachnoid,
may be specifically diagnosed by CT or lumbar puncture for
CSF analysis. Although FLAIR may identify subarachnoid
hemorrhage as hyperintensity and GRE may identify acute
hemorrhage in any location as hypointensity, MRI often pro-
vides better specif icity be yond the acute ph ases [2,4,29,84]
(Tab le 18.3 ). Hemorr hagic manifesta tions and sequelae of
HIE in the premature infant readily detected by US include
germinal matrix hemorrhage (GMH grades I–IV), intraven-
tricular hemorrhage (IVH), periventricular hemorrhagic
infarction (a.k.a. grade IV), and posthemorrhagic hydrocepha-
lus [1 – 13,2 5] (Fig s. 18.21, 18.22). Choro id plexus hemor rhage
and hemorrhagic infarction in the term infant are also easily
demonstrated. Portable US may effectively delineate the
potential hemorrhagic or ischemic sequelae of ECMO.

Although CT has been more reliable, high-resolution US using
transfontanel and transcranial approaches, including the mas-
toid view, may detect extracerebral hemorrhage (subdural and
subarachnoid) and posterior fossa collections (cerebellar or
subdur al) [1 –13, 25]. Co lor Dopp ler US, MRA, and CTA are
all able to identify and distinguish the types of Galenic mal-
formati ons, and prov ide follow-up (Fig. 18.23). Angi ography
is more specifically directed to the definitive interventional or
surgical management of these and other vascular anomalies.
Real-time Doppler US provides intraprocedural guidance and
monitoring. The long-term sequelae of intracranial hemor-
rhage are often better demonstrated by MRI than by CT
(e.g., hydrocephalus, atrophy, encephalomalacia, porencephaly,
calcification, hemosiderin).

Occlusive neurovascular disease and sequelae
Occlusive neurovascular disease in the fetus, newborn, and
infant may be arterial or venous in origin, and typically results
in focal or multifocal lesions within the distribution of the

Table 18.3. MRI of intracranial hemorrhage and thrombosis

Stage Biochemical form Site T1 MRI T2 MRI

Hyperacute (þ edema) [< 12 hours] Fe II oxy Hb Intact RBCs Isointense–Low i High i

Acute (þ edema) [1–3 days] Fe II deoxy Hb Intact RBCs Isointense–Low i Low i

Early subacute (þ edema) [3–7 days] Fe III met Hb Intact RBCs High i Low i

Late subacute (� edema) [1–2 weeks] Fe III met Hb Lysed RBCs (extracellular) High i High i

Early chronic (� edema) [> 2 weeks] Fe III transferrin Extracellular High i High i

Chronic (cavity) Fe III ferritin and hemosiderin Phagocytosis Isointense–Low i Low i

Notes:
RBCs, red blood cells; þ, present; �, absent; Hb, hemoglobin; Fe II, ferrous; Fe III, ferric.
See references [2,4,29,84,98].

(a) (b) (c) Fig. 18.21. (a) Hyperechoic grade III and (b) grade IV
GMH–IVH (arrows), and (c) posthemorrhagic hydrocephalus
on coronal US.

(a) (b) Fig. 18.22. (a) Hyperechoic grade IV IVH with periventricular hemorrhagic
infarction (arrows) on coronal US; (b) posthemorrhagic hydrocephalus with
porencephaly (long arrow) on axial CT with shunt catheter (short arrow).
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occlud ed vessel or vess els [1 – 12] (Tab le 18.4). Arter ial oc clu-
sive disease may be partial or complete, and may be due
to embolization, thrombosis, or stenosis. The result may be
ischemic infarction or hemorrhagic infarction followed
by atrophy. Arterial occlusive disease may occur as a prenatal
or perinatal event (emboli of placental origin, fetal heart, or
involuting fetal vessels), as a complication of infection (e.g.,
meningitis), with congenital heart disease, or from a hyper-
coagulopathy (thrombophilias, prothrombotic disorders)
[85 – 93]. The throm bophilias may be genetic or acquire d,

Table 18.4. Occlusive neurovascular disease in the fetus, neonate, and infant

Idiopathic

Cardiac disease

Congenital

Acquired

Vascular maldevelopment

Atresia

Hypoplasia

Traumatic

Dissection

Vascular distortion

Air or fat emboli

Vasculopathy

Moyomoya

Fibromuscular dysplasia

Marfan syndrome

Takayasu arteritis

Kawasaki disease

Vasculitis

Polyarteritis nodosa

Lupus

Vasospasm

Migraine

Ergot poisoning

Subarachnoid hemorrhage

Drugs

Cocaine

Amphetamines

l-asparaginase

Oral contraceptives

Hypercoagulopathy (thrombophilias)

Protein S deficiency

Protein C deficiency

Antithrombin III deficiency

Factor V (Leiden) & prothrombin mutations

Antiphospholipid antibody (lupus, anticardiolipin)

Heparin cofactor II deficiency

(a)

G G

(b) Fig. 18.23. Vein of Galen (G) vascular malformation
(choroidal type) on (a) sagittal T2 and (b) lateral MRA.

Dehydration/hypernatremia

HIE/DIC

Sepsis/DIC

Polycythemia/hyperviscosity

Nephrotic syndrome

Oncologic disease

Hemolytic uremic syndrome

Hemoglobinopathies

Sickle cell disease

Infection

Meningoencephalitis

Sepsis

Metabolic disease

Homocystinuria

Dyslipoproteinemia

Fabry disease

Mitochondrial cytopathies

Familial lipid disorders

Other

Emboli from involuting fetal vasculature

Placental vascular anastomoses (twin gestation)

Co-twin fetal death

Fetofetal transfusion

ECMO

Catheterized vessel

Note:
See references [2– 5,90].
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and include protein C and S deficiencies, activated protein C
resistance, antiphospholipid antibody (lupus, anticardiolipin),
antithrombin III deficiency, factor V Leiden, prothrombin gene
mutation, methylene tetrahydrofolate reductase (MTHFR),
homocysteine, factors VIII/IX/XI, anemia, polycythemia, and
others. These are risk factors that are often provoked by
“triggers” that may include acute systemic disease (e.g., dehy-
dration, infection, trauma, hypoxia–ischemia) and chronic
systemic disease (e.g., hematologic disorders, connective tissue
disorde rs, lup us) [90]. Other cause s incl ude tr auma (e. g.,
dissection), arteriopathies (e.g., moyamoya), and metabolic
disorders (e.g., mitochondrial cytopathies). Conditions com-
monly associated with cortical or dural venous sinus occlusive
disease include infection, dehydration, perinatal encephalo-
pathy, cyanotic congenital heart disease, polycythemia, other
hyperc oagulab le states, DIC , and traum a [1 – 12,85– 94] .
Color Doppler US may be used as a non-invasive tool
for initial identification and monitoring of these infants.
MRI is more sensitive and specific than US or CT for ischemic
infarction, hemorrhagic infarction, and venous thrombosis
[2 – 5,7,12,3 0,88,90] (Figs. 18.24, 18.25). MRA or CTA may
also contribute to the diagnosis of arterial or venous occlusion
and clarify (or obviate) the need for cerebral angiography,
particularly when anticoagulation or thrombolysis is being
considered. As mentioned earlier, PMRI, DWI, and MRS are
contributing to the early diagnosis and timely treatment of
ischemic insults. The long-term sequelae of infarction include
atrophy, encephalomalacia, gliosis, mineralization, and poren-
cephaly. These may be better shown by MRI than by CT.

Acute myelopathy due to HIE, vascular occlusion, hemor-
rhage, or vascular malformation is extremely rare in the peri-
natal period. Spinal MRI is the definitive procedure to evaluate
spinal cord infarction or hemorrhage (see section on trauma,
below). Spinal angiography is necessary to evaluate for vascu-
lar malformation in anticipation of interventional or surgical
therap y [2, 4].

Trauma
With improvements in resolution and the use of additional
views (e.g., mastoid view), US may be used as the primary
modality for evaluating the newborn with parturitional
trauma. CT, however, is usually relied upon for delineating
skull and scalp injury (e.g., subgale al hemato ma: Fig. 18.2 6),
extracerebral hemorrhage (e.g., subarachnoid or subdural),

posterior fossa hemorrhage, and direct (e.g., contusion, shear)
versus indirect (e.g., HIE ) brain injury [1– 12,2 9,94 – 100]. CT is
sufficiently sensitive and specific for acute hemorrhage and
the complications or sequelae of fractures (e.g., depression,
grow ing fracture , leptomenin geal cyst ) (Fig. 18.2 7). Occasion-
ally, skull films will demonstrate a skull fracture not shown
by CT. It may occasionally be difficult to distinguish fracture

(a) (b) (c) Fig. 18.24. Middle cerebal arterial infarction (arrows):
(a) acute phase with edema on axial DWI; (b) subacute
phase on CT; (c) chronic phase on axial T2 with
hemiatrophy.

(a) (b)

(c) (d)

Fig. 18.25. Venous thromboses (short arrows) with hemorrhages and
infarctions (long arrows) on (a,b) axial CT, (c) axial T1, (d) axial GRE in infant
with hypercoagulable state.

(a) (b)

Fig. 18.26. Large bilateral subgaleal hematomas (arrows) on CT with
(a) bone and (b) soft tissue algorithms.
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from sutures, synchondroses, and their variants or anomalies
(e.g., fissures, accessory sutures, intrasutural bones). MDCT
with 3D surface reconstructions may possibly be needed. MRI
is probably necessary when neurologic deficits are present and
the CT is negative or non-specific. In this situation MRI may
reveal lesions such as brainstem infarction, traumatic axonal
(shear) injury, and cortical contusion, or sequelae such as
gliosis, microcystic encephalomalacia, and hemosiderin
deposition. MRI is often more specific than CT for hemor-
rhage beyond the hyperac ute/acu te stage (Tab le 18.3). Color
Doppler US, contrast-enhanced CT, or MRI may distinguish
external hydrocephalus (dilated subarachnoid spaces) from
chronic subdural hematomas (e.g., child abuse and its mimics)
when non-enhanced CT demonstrates non-specific extracer-
ebral co llection s [29]. Furtherm ore , hemo siderin as demon-
strated by MRI is confirmation of a previous hemorrhage. In
children with atypical intracranial hemorrhage on CT (e.g.,
hemorrhage out of proportion to the history of trauma, hem-
orrhage of varying age), MRI may show an existing vascular
malformation, a hemorrhagic neoplasm, or other findings
indicating the need for distinguishing child abuse from its
mimic s [29 ].

Initial evaluation of spine trauma (e.g., fracture/disloca-
tion) may include plain films or US, but MDCT (including 2D
reformatting and 3D surface reconstructions) is preferred.
Abnormality on preliminary imaging, changing clinical signs,
or unexplained brain injury may provide the indication for
spinal MRI [2,4,29 ], incl uding a STIR sequenc e. An existi ng
spinal anomaly or mass should be ruled out. MRI is the
procedure of choice to fully evaluate acute spinal injury (e.g.,
intraspinal hemorrhage, cord contusion, cord edema, transec-
tion, brachial plexus injury, ligamentous injury), and the
sequelae of spinal injury (e.g., hydrosyringomyelia, cystic mye-
lopathy, myelomalacia).

Infections and inflammatory processes
US or CT is often initially used to delineate CNS infection and
its sequelae or complications. However, MRI is clearly superior
for early detection, including the use of diffusion imaging, and
for demonstrating the precise nature and extent of involvement
using T2, FLAIR, GRE, and gadolinium-enhanced sequences
(e.g., CMV) [1–12 ,1 01–103]. This includes meningoencephalitis

due to TORCH infections (i.e., toxoplasmosis, other [e.g.,
syphilis], rubella, cytomegalovirus [CMV], herpes simplex
virus [HSV2], human immunodeficiency virus [HIV]), and
neonatal meningitis (e.g., Group B Streptococcus, Listeria,
Gram-negative) (Figs. 18.28–18.33). Less common but increas-
ingly prevalent causes of subacute and chronic CNS inflam-
mation are the granulomatous meningoencephalitic infections
(e.g., tuberculosis, spirochete, fungal, parasitic), particularly in
immunocompromised hosts. The imaging pattern is often
asymmetric and progressive. Such findings may include sub-
arachnoid exudate, ventriculitis, edema, cerebritis, infarction,
hydrocephalus, effusion, empyema, abscess, and in the chronic
phase cystic encephalomalacia, atrophy, gliosis, and calcification.

Recurrent infectious or non-infectious CNS infection (e.g.,
meningitis) may require investigation for a “parameningeal
focus” (e.g., sinus or mastoid infection, dermal sinus, primitive
neurenteric connection, CSF leak after trauma, dermoid–
epider moid) [1 –12] . Brain abscess or empy ema may be asso-
ciated with Gram-negative meningitis (e.g., Citrobacter) in the
neonate. Suppurative collections related to sinus infection,
trauma, surgery, sepsis, the immunocompromised state, or
uncorrected cyanotic congenital heart disease primarily occur
in older children. MRI is the imaging modality of choice for
definitive evaluation and follow-up. Multiplanar T2, FLAIR,
GRE, and DWI sequences are often necessary, along with
gadolinium-enhanced T1 images, in order to delineate collec-
tions requiring drainage. Contrast-enhanced stereotactic MRI
or CT and intraoperative US may provide additional guidance
for surgery.

Plain films or SPECT have been used in the past for
screening of suspected spinal-column infection (discitis, osteo-
myeli tis) [2, 5]. MRI , howev er, is now preferre d for definiti ve
diagnosis, treatment planning, and follow-up. CT may further
assist in the delineation of bony involvement. MRI is also the
procedu re of choice for ev aluating spinal neuraxis infection .
STIR sequences and fat-suppressed gadolinium-enhanced
techniques are particularly important for demonstrating
suppurative collections (e.g., epidural abscess).

Metabolic, toxic, and neurodegenerative
disorders
In the evaluation of neonatal encephalopathy and develop-
mental delay (e.g., static encephalopathy vs. progressive
encephalopathy), MRI is the only modality that can provide
an accurate assessment of brain maturation based on myelin-
ation and cortical develop ment [2 – 5,7,8,12 ,30,38,3 9,104 –107]
(Figs. 18.1–18.4). The clinical hallmark of a metabolic, toxic, or
neurodegenerative disorder is “progressive” neurologic impair-
ment in the absence of another readily identifiable process.
These are to be distinguished from the “non-progressive”
encephalopathies, for example, due to maldevelopment,
hypoxia–ischemia, or infection. These disorders may be
exogenous and internal (e.g., hypoglycemia, hyperbilirubine-
mia) or external (e.g., fetal alcohol syndrome). The endogen-
ous disorders (e.g., inborn errors of metabolism) are not as

(a) (b)

Fig. 18.27. Right frontal cranial depression (arrows) on CT with
(a) soft tissue and (b) bone algorithms.
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rare as previously considered, and some are specifically treat-
able. Many are genetic and heredofamilial disorders such
that genetic counseling and prenatal screening are important.
Metabolic disorders may be classified in a number of ways
including anatomic predilection (e.g., gray matter, white
matter, both) and metabolic defect. Diagnosis is primarily a
clinical one and may involve metabolic testing, genetic evalu-
ation, or biopsy of CNS or extra-CNS tissues. MRI is superior
to US and CT in evaluating disease extent and anatomic
distribution. Occasionally MRI may demonstrate characteris-
tic imaging findings (e.g., kernicterus, Zellweger disease). MRS
contributes to the specific metabolic characterization of these
disorde rs [39]. Stere otactic CT or MRI may serve as a guid e
for biopsy.

The classification of metabolic diseases may be biochem-
ical, molecul ar, gen etic, patholog ical, or clin ical [2 – 5,7,8,12 ,
30,38,3 9,104– 113] (Tab le 18. 5). These disorde rs are often

(a) (b) (c) Fig. 18.28. Congential CMV on (a) fetal T2 and (b) neonatal
T1 þ (c) GRE MRI including dysplastic (microcephaly,
undergyration) and encephaloclastic (cavitations) components
plus T1 hyperintense/T2 hypointense mineralization (arrows).

(a) (b)

Fig. 18.29. Congenital CMV: (a) calcification (arrows) on CT; (b) diffuse
polymicrogyria (arrows) on axial T2 MRI.

H H P
P

(a) (b)

Fig. 18.30. Congenital toxoplasmosis: (a,b) CT with hydrocephalus
(H), porencephaly (P), and calcifications (arrows).

(a) (b)

Fig. 18.31. Congenital rubella on (a) CT and (b) T2 MRI, including
calcifications (short arrows) and leukoencephalitis (long arrows) with
white-matter low densities and T2 high intensities.

(a) (b)

S

S

Fig. 18.32. HSV2 encephalitis on CT: (a) subacute phase, including
hemorrhages (arrows); (b) chronic phase, with encephalomalacia, subdural
collections (s), and calcifications (arrows).

(a) (b)

Fig. 18.33. Citrobacter meningitis: (a,b) CT with contrast-enhancing
abscesses (arrows), ventriculitis, and hydrocephalus.
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Table 18.5. Metabolic, toxic, and neurodegenerative disorders

Lysosomal disorders

Lipidoses

Fabry, Gaucher's and Niemann–Pick disease

GM1 gangliosidosis

GM2 gangliosidosis (Tay–Sachs and
Sandhoff diseases)

Neuronal ceroid lipofuscinosis

Mucopolysaccharidoses (MPS)

Hurler, Scheie, Hurler–Scheie

Hunter

Sanfilippo A–D

Morquio A & B

Matoreaux-Lamy

Sly

Mucolipidoses

Mannosidosis, Fucosidosis, Sialidosis

Lysosomal leukodystrophies

Metachromatic leukodystrophy

Globoid cell leukodystrophy (Krabbe)

Peroxisomal disorders

Adrenoleukodystrophy complex

Neonatal leukodystrophy

Zellweger syndrome

Infantile Refsum's syndrome

Rhizomelic chondrodysplasia punctata

Hyperpipecolic acidemia

Cerebrotendinous xanthomatosis

Other leukodystrophies

Pelizaeus–Merzbacher disease

Canavan's disease

Alexander's disease

Cockayne's syndrome

Leukodystrophy with calcifications

Mitochondrial (respiratory oxidative) disorders

Leigh's disease

Kearns–Sayre syndrome

MELAS syndrome

MERRF syndrome

Alper's syndrome (poliodystrophy)

Menkes' disease (trichopoliodystrophy)

Marinesco-Sjogren syndrome

Infantile bilateral striatal necrosis

Lebers hereditary optic atrophy

L-Carnitine deficiency

Amino acid disorders

Phenylketonuria

Homocystinuria

Non-ketotic hyperglycinemia

Maple syrup urine disease

Glutaric aciduria, type I

Glutaric aciduria, type II

Methylmalonic and propionic acidurias

Urea cycle defects (e.g., OTC deficiency)

Oculocerebrorenal syndrome

Pyridoxine dependency

Carbohydrate and other storage disorders

Galactosemia

Glycogen storage diseases (i.e. Pompe)

Carbohydrate-deficient glycoprotein
syndrome

Niemann-Pick

Gaucher

Farber

Infantile sialidosis

Liver metabolic disorders

Wilson's disease (hepatolenticular degeneration)

PKAN

Hyperbilirubinemia (see toxic encephalopathies)

Hepatocerebral syndromes (see toxic
encephalopathies)

Diseases of the cerebellum, brainstem, and spinal cord

Friedreich's ataxia

Olivopontocerebellar atrophies

Ataxia–telangiectasia

Carbohydrate-deficient glycoprotein syndrome

Infantile neuraxonal dystrophy

Other metabolic and neurodegenerative diseases

Juvenile multiple sclerosis

Molybdenum cofactor deficiency

3-Hydroxy-3-methylglutaryl-coenzyme A lyase
deficiency

Idiopathic leukoencephalopathy

Diseases of the basal ganglia

Sulfite oxidase deficiency

Parathyroid disease

Tuberous sclerosis

Down's syndrome

Progressive encephalopathy with basal
ganglia calcifications and CSF lymphocytosis

Inflammatory, toxic, and anoxic conditions

Radiation therapy

Renal tubular acidosis and osteoporosis

Huntington's disease

Fahr's disease

PKAN

Cockayne

Wilson

Toxic encephalopathies

Exogenous internal toxicities

Hyperbilirubinemia

Hepatocerebral syndromes

Hypoglycemia

Hypothermia and hyperthermia

Paraneoplastic toxins

Hemolytic uremic syndrome

Uremia

Ion imbalance disorders

Endocrinopathies

Porphyria

Exogenous external toxicities

Vitamin deficiencies/depletions

Vitamin B1

Folate

Vitamin B12

Biotin

Vitamin K

Vitamin C

Vitamin D

Toxins

Mercury poisoning

Methanol

Toluene

Carbon monoxide

Cyanides and sulfides

Lead

Alcohol

Cocaine and heroin

Anticonvulsants

Drug-induced

Methotrexate

Cyclosporine

Tacrolimus

Carmustine, cytosine arabiniside

Note:
See references [2,4,5,106,107].
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categorized according to the metabolic defect. Such a classifica-
tion includes the lysosomal disorders (e.g., Krabbe), peroxisomal
defects (e.g., Zellweger), the mitochondrial disorders (e.g.,
Leigh, Menkes), organic and aminoacidopathies (e.g., non-
ketotic hyperglycinemia), disorders of carbohydrate metabol-
ism (e.g., glycogen storage disease), liver metabolic disorders,
and miscellaneous. Certain clinical features that assist in
directing the initial evaluation of these patients may also
provide a basis for classification (e.g., macrocephaly in maple
syrup urine disease). The ideal radiological classification
would categorize the diseases by the anatomic distribution of
the pathological process using CT and MRI. Unfortunately,
most of these conditi ons affect multiple sites, and consi derable
overlap in appearance is found. However, a practical imaging
classification may be based on the predominant areas of
involvement including the white matter (subcortical, periven-
tricular), gray matter (cortical, deep), basal ganglia, brainstem,
cerebellum, spinal cord, and peripheral nervous system
[2,5,12 ,7,8,12, 39, 104 – 107].

Disorders primarily affecting cortical gray matter
Endogenous metabolic disorders which primarily, or predomi-
nantly, affect the cortical gray matter include the storage dis-
eases that result from lysosomal enz yme defects [2,5,39 ,107].
However, these findings are often non-specific, and the
differential diagnosis may include diffuse cortical atrophy
due to any number of causes. Other considerations include
the end stage of a static encephalopathy (e.g., post-HIE or
post-infection), or “atrophy” related to chronic systemic dis-
ease, malnutrition, or certain types of therapy (e.g., steroids).

Disorders primarily affecting deep gray matter
Metabolic disorders may primarily involve the deep gray
matte r (includi ng minerali zation) [2,5,3 9,107,110 – 113]. Those
disorders primarily involving the corpus striatum (i.e., caudate
and putamen) include the mitochondrial disorders, organic
and aminoacidopathies, juvenile Huntington's disease, Wilson
disease, and Cockayne's syndrome. Those disorders primarily
involving the globus pallidus include the aminoacidopathies,
hyperbilirubinemia, pentothenate kinase associated neuro-
degeneration (PKAN, formerly Hallervorden–Spatz disease),
and toxic expo sure (e.g., carb on dioxide) (Figs. 18.3 4, 18.3 5).
It is unusual to see isolated involvement of the thalami in any
of the metabolic disorders. However, thalamic involvement
may be an early or dominant feature of Krabbe disease or

GM2 gangliosidosis. It may also be seen in the infantile form
of Leigh disease along with extensive brainstem, basal ganglia,
and cerebral white-matter involvement. In general, the differen-
tial diagnosis, depending on the clinical picture and timing of
the imaging, may also include profound HIE, hypoglycemia,
toxic exposure (e.g., methane, cyanide), osmolar myelinolysis,
striatal necrosis, and meningoencephalitis.

Disorders primarily affecting white matter
Those disorders which primarily, or predominantly, affect
the white matter are known as the leukoencephalopathies
[2,5,39 ,107 – 109]. Tradi tionally, leukoen cephalopath ies have
been divided into dysmyelinating and myelinoclastic dis-
orders. In dysmyelinating disorders an intrinsic (inherited)
enzyme deficiency results in the disturbed formation, destruc-
tion, or turnover of the essential components of myelin. They
are also referred to as the leukodystrophies. The pattern of
damage is symmetrical in both hemispheres, has diffuse
margins, often spares the arcuate fibers, and consistently
involves the cerebellar white matter. The leukodystrophies
are primarily associated with the lysosomal and peroxisomal
disorders (e.g., metachromatic leukodystrophy, Krabbe leuko-
dystrophy, and the adrenoleukodystrophy complex [ALD]),
and with diseases of white matter (e.g., Pelizaeus–Merzbacher,
Canavan, Alexander, and Cockayne). Included in the differen-
tial diagnosis is infantile-onset leukoencephalopathy with swell-
ing (macrocephaly) and mild clinical course. Early central
white-matter involvement may suggest Krabbe (also, abnormal
thalami), ALD, phenylketonuria, maple syrup urine disease
(MSUD: Fig. 18.34), or Lowe syndrome. The lack of myelination

(a) (b)

Fig. 18.34. Maple syrup urine disease in neonate with globus pallidus
(short arrows) and white matter (long arrows) edema on (a) axial CT and
(b) axial T2 MRI.

(a) (b) (c) Fig. 18.35. Bilirubin encephalopathy and kernicterus on MRI
with (a,b) globus pallidus and subthalamic T1 hyperintensity
(arrows) in subacute phase, and (c) T2 hyperintensity (arrows)
plus atrophy in chronic phase.
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(hypomyelination) may suggest Pelizaeus–Merzbacher disease
or Menkes' disease. In myelinoclastic disorders, the myelin
sheath is intrinsically normal until it yields to exogenous or
endogenous myelinotoxic factors. The pattern of damage is
asymmetric, is sharply demarcated, irregularly involves the
subcortical arcuate fibers, and may spare the cerebellum.
Examples are the infectious and postinfectious demyelinating
diseases (e.g., TORCH, HIV, SSPE, ADEM) and the vasculi-
tides (e.g., lupus). Non-specific white-matter abnormalities
may be seen with a variety of metabolic, neurodegenerative,
infectious, postinfectious, toxic, and vascular processes. In
this situation, the clinical findings must be relied upon. An
important example is posterior reversible leukoencephalopathy
(e.g., hypertension, transplant, cyclosporine, renal disease).
Also, it is important to remember that the most common causes
of cerebral white-matter abnormalities (particularly periventri-
cular) and prominent Virchow–Robin spaces in children with
developmental delay are the static leukoencephalopathies

(e.g., maldevelopmental, undermyelination, postinflammatory,
postischemic, idiopathic).

Disorders affecting both white matter and cortical gray matter
A number of metabolic disorders involve both gray and white
matte r [2,5,39,107 – 109]. Those disorders assoc iated with cor-
tical atrophy along with white-matter involvement include
lysosomal disorders such as the lipidoses and mucopolysac-
charidoses (also, associated skeletal dysplasia), and mitochon-
drial disorders such as Alper disease and Menkes' disease.
If there is a diffuse cortical dysgenesis (e.g., lissencephaly,
polymicrogyria) associated with white-matter abnormalities,
then peroxisomal disorders such as Zellweger syndrome
should be considered along with congenital infections (e.g.,
cytomegaloviral), and the congenital muscular dystrophies
(e.g., Fukuy ama, Walker – Warbur g, Santav uor i) (F ig. 18.36).

In hypoglycemia, there is predominant involvement of the
parieto-occipital gray and white matter, and especially the
primary visual cor tex (Fig. 18.3 7). Thi s pattern is to be distin-
guished from a predominant posterior border-zone HIE and
from dural venous sinus thrombosis primarily in the distribu-
tion of the straight sinus, posterior superior sagittal sinus, and/
or the inferior sagittal sinus.

Disorders affecting both white matter and deep gray matter
Disorders associated with deep gray-matter involvement, in
addition to white-matter abnormalities, include those with pri-
marily corpus striatum involvement (Leigh [Fig. 18.38], MELAS,
Wilson's, Cockayne), those with predominant thalamic abnor-
malities (Krabbe, GM2 gangliosidoses), and those with primarily
globus pallidus involvement (Canavan, MSUD, methylmalonic/
propionic acidopathy, Kearns–Sayre) [2,5,39,107–11 3]. S ul fi te
oxidase deficiency also involves the basal ganglia and white
matte r and can mimic HIE [114] (Fig. 18.3 9). Inc luded in

(a) (b)

D H H

Fig. 18.36. Walker–Warburg with Dandy–Walker malformation (D) on
(a) sagittal T1 plus (b) cobblestone lissencephaly (arrows) with extensive
white-matter dysplasia and hydrocephalus (H) on axial T2 MRI.

(a) (b) (c)

(d) (e)

Fig. 18.37. Hypoglycemia with parieto-occipital
involvement (arrows) in the subacute phase with
edema as (a) low density on CT, and as high
intensity on (b) DWI and (c) T2 MRI; also (d,e) the
chronic phase with atrophy and gliosis on T2 MRI.
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the differential diagnoses, depending on the clinical context, are
profound HIE, osmolar myelinolysis, bilirubin encephalopathy
(kernicterus), toxic exposure, and infectious or postinfectious
processes (e.g., TORCH, HIV, ADEM).

MR spectroscopy (MRS) in metabolic disorders
Proton (hydrogen-1) MRS using both short and long TE
acquisitions (e.g., TEs 35, 144) is being increasingly used
clinically to evaluate brain development and maturation, as
well as patients with me tabolic and other diso rders [12,38,3 9].
The normal MR brain spectra show an evolution from the
immature infantile pattern (e.g., decreased N-acetyl-aspartate
[NAA] relative to choline [Ch]) to the mature, adult pattern
(e.g., incr eased NAA to Ch) (F ig. 18.3). Altho ugh many of
the metabolic and neurodegenerative disorders have specific
biochemical markers, most of the disorders have no differen-
tiating features. Non-specific MRS abnormalities are those
that reflect brain destruction and reactive changes including
delayed maturation, neuronal loss, axonal degeneration,
demyelination, and gliosis. Alterations in metabolites are often
displayed as a ratio relative to the reference metabolite, creat-
ine (Cr), an energy marker. In disorders in which there is
predominant neuronal degeneration (i.e., loss of cell bodies,
axons) and atrophy, or oligodendroglial loss, the major MRS
finding is a decrease in N-acetyl-aspartate (NAA), a neuronal
(neurons including axons) and immature oligodendroglial

marker. In disorders in which there is predominant loss of
myelin sheaths with secondary axonal degeneration and gliosis
(e.g., demyelination), the characteristic spectral abnormalities
are characterized by elevated lipids, a marker for myelin
destruction; elevated choline (Ch), a marker of membrane
turnover (e.g., myelin, glial); variable increases in lactate (L),
a marker of anaerobic glycolysis; elevated glutamate/glutam-
ine (Glx), neuroexcitatory amino acid markers; and elevated
myoinositols (mI), also an osmolyte and glial marker. Associ-
ated neuronal (e.g., axonal) or oligodendroglial damage is
indicated by a decrease in NAA.

More specific MRS abnormalities may be seen in a number
of diso rders [39]. Abn ormal MRS spectra have been reported
with some of the lysosomal defects such as Niemann–Pick
disease (abnormal lipid peak at 1.2 ppm), the mucopolysac-
charidoses (decreased NAA late), and metachromatic leuko-
dystrophy (decreased NAA, Ch, and Cr; increased mI and L).
MRS abnormalities have been observed with a number of
the peroxisomal disorders including adrenoleukodystrophy
(decreased NAA with increased Ch, Glx, mI, lipids, and L)
and Zellwe ger syndrome (decrease d NAA with increased
lipids and Glx). Other leukodystrophies associated with
observed MRS findings are Canavan disease (increased NAA
with decreased Ch and Cr plus increased mI and L), Alexander
disease (decreased NAA with increased L), and Pelizaeus–
Merzbacher disease (normal early; decreased NAA and
increased Ch late). Primary and secondary disorders of energy
metabolism have been associated with MRS findings of
decreased NAA and increased L, including mitochondrial
disorde rs such as Leig h disease and MELAS (F ig. 18.38).
Similar findings, however, are present with acute/subacute
hypoxia–ischemia (plus elevated Glx, decreased Cr, and
increased lipids) (F ig. 18.18). Aminoa cidopath ies with report-
edly abnormal spectra include phenylketonuria (increased
phenylalanine peak at 7.37 ppm), maple syrup urine disease
(abnormal peak at 0.9 ppm), and non-ketotic hyperglycinemia
(elevated glycine peak at 3.55 ppm). Other metabolic disorders
associated with abnormal MRS findings include the creatine
deficiencies (decreased, absent Cr), hepatic encephalopathy
(increased Glx with decreased inositols and Ch), and hyper-
osmolar states (increased inositols, Cr, and Ch). Neoplastic
processes characteristically show elevated Ch/Cr, decreased
NAA/Cr, and decreased NAA/Cr ratios. Inflammatory
processes may be differentiated from neoplastic and other
proces ses by the sup pressed mI peak [12].

Summary
US and CT may provide important screening information,
particularly with regard to hemorrhage, trauma, hydrocepha-
lus, infection, and gross macrostructural anomalies. However,
current and advanced MRI techniques provide more definitive
macrostructural, microstructural, and functional imaging
information in both the early and late assessment of fetal
and neonatal CNS injuries.

(a) (b)
Ch

L

Cr

NA

Fig. 18.38. Leigh syndrome with basal-ganglia lesions (arrows) and
white-matter involvement: (a) axial T2 MRI; (b) lactate doublet (L) on MRS.

(a) (b)

Fig. 18.39. Sulfite oxidase deficiency with thalamic (short arrows) and
diffuse white-matter involvement (long arrows) on (a) axial T1 and (b) T2 MRI.
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Chapter

19 Light-based functional assessment of the brain

Ken Brady and Chandra Ramamoorthy

Introduction
Jobsis first described the measurement of cerebral oxyhemo-
globin saturation using near-infrared spectroscopy (NIRS) in
1977 [1]. This work was immediately recognized for its pro-
found clinical implications, especially in the neonatal arena,
and the search for the ideal neurologic neonatal monitor
began. In 1985, when the NIROS-SCOPE was used on three
infants in the neonatal intensive care unit (NICU) at Duke
University, Brazy et al. made the following claim:

For effective measurement of cerebral oxygen sufficiency in a
sick newborn, an instrument should be non-invasive, be adaptable
at the bedside, not interfere with patient care, and give continuous
rapid information. The signals should directly assess brain oxygen
delivery and utilization and be sensitive to small changes. The
NIROS-SCOPE appears to fulfill these basic requirements [2].

Available for many years, NIRS-based monitors of cerebral
oxygenation have held the promise to fill the gap in neonatal
neuromonitoring, but at this writing they are neither standard
of care nor ubiquitous. Signs point to increased marketing of
NIRS-based cerebral oximetry monitors to healthcare facilities
in the United States, particularly to NICUs. In an effort to
prepare clinicians for this impending deployment, we sum-
marize in this chapter three decades of work done with NIRS
to develop the cerebral oximeters available today.

Some view NIRS-based cerebral oximetry as purely an
investigational tool. However, it is noteworthy that (1) the
cerebral oximeter is frequently employed in the congenital
cardiac surgical arena at major medical centers, and (2) com-
peting companies have marketed cerebral oximeters that have
been approved by the United States Food and Drug Adminis-
tration (FDA). Moreover, based on the results of a show-of-
hands survey following a lecture regarding cerebral oximetry
that was presented during a meeting of congenital cardiac
surgeons in 2007 (Congenital Heart Surgeons' Society Annual
Meeting, October 28–29, 2007, Chicago, Illinois), practitioners
in attendance unanimously reported the use of cerebral oxi-
metry at their facilities. This informal survey occurred after
the speaker had summarized the clinical data evaluating

cerebral oximetry and concluded that the data are insufficient
to establish use of this device as the standard of care. At first
blush, then, the consensus acceptance may seem counterintui-
tive. However, experience shows this to be a common fate of
medical monitoring devices: without evidentiary data to sup-
port their outcome benefit, the medical community begins to
use them nonetheless. Randomized trials of monitoring
devices that are already in widespread use are practically and
ethically difficult to perform, so without proven – or disproven –
benefit, their use becomes the de facto standard of care.
Unless a randomized controlled clinical trial is performed in
the very near future with cerebral oximetry, we believe that
this same outcome can be expected for NIRS-based cerebral
oximetry in the NICU.

Theory
Light in the near-infrared spectrum has three physical proper-
ties that make it useful for diagnostic assessments: it penetrates
tissue, it is non-ionizing, and it is absorbed differentially by
relevant chromophores, depending on their oxygen-binding
state. The excellent penetrance of light in the wavelength range
of 650–950 nm is the result of minimal absorbance by the
tissue, with the exception of a few species of chromophores.
Within this spectroscopic window, tissue penetrance and
chromophore absorption are both sufficient to assess tissue
at the depth of the cerebral cortex. Unlike other forms of
radiation with this degree of penetrance, near-infrared light
is non-ionizing; therefore, it forms the substrate of a safe
monitoring modality.

Two chromophores that absorb near-infrared light are
hemoglobin and cytochrome. Hemoglobin has been the pri-
mary subject of NIRS-based monitoring attempts, because
of its obvious central role in oxygen delivery to the brain.
Cytochrome aa3 is the terminal enzyme in the mitochondrial
electron transport system, and the oxidation–reduction state
of cytochrome aa3 may reflect oxygen availability at the cellu-
lar level. Therefore, interest in measuring this parameter with
NIRS persists. Although not marketed in the United States,
the NIRO 500 cerebral oximeter (HamamatsuPhotonics;
Hamamatsu City, Japan) is commercially available and does
report the redox state of cytochrome aa3.

When near-infrared light is emitted across a tissue (e.g.,
brain) and detected at its exit of the tissue, absorption of the
light can be used to calculate chromophore concentration
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using variants of the Beer–Lambert equation, conceptually
simplified:

A ¼ � log I=Io

� �
¼ "�LC

where A is absorbance, I0 is the intensity of light before
passing through the tissue, and I is the intensity of light after
passing through the tissue. Absorbance of the near-infrared
light by a particular chromophore is a function of the path
length (L), the concentration of the chromophore in that path
(C), and the molar absorptivity of the chromophore at the
specific wavelength used (el).

Near-infrared absorption can be used to calculate oxygen-
ated and deoxygenated hemoglobin concentration because
the known molar absorptivities of the hemoglobin species
for each wavelength differ according to the oxygenation state.
Permutations of the equation exist to account for scattering of
light outside of the interoptode vector and light absorption
by other chromophores or non-chromophores. However, the
basic principle remains: light of a known intensity is directed
across a known path that contains a chromophore with known
absorptive properties. The recovered light intensity is used to
calculate absorbance, and absorbance is converted to concen-
tration. Using multiple wavelengths of light allows for the
separate measurement of oxygenated hemoglobin and total
hemoglobin. Thus, the percentage of oxygenated hemoglobin
is determined. These somewhat simplified relationships are
applied to both arterial pulse oximeters and cerebral oximeters.

Intracranial and extracranial hemoglobin measurements
are distinguished by the use of more than one sensing optode
and the creation of varying path lengths. Shallow arcs of light
travel across skin and skull but do not penetrate the cerebrum.
Deep arcs of light cross skin, skull, dura, and cortex. Subtract-
ing the absorbance measured in the narrow arc from that
measured in the deep arc leaves absorbance that is due to
intracerebral chromophores, and this processing renders the
cerebral specificity of cerebral oximetry. Herein lies one of the
distinguishing features of cerebral oximeters when compared
to pulse oximeters. Cerebral oximeters use spatial resolution
techniques to differentiate cortical from extracranial blood,
where pulse oximeters differentiate pulsatile (arterial) from
non-pulsatile (venous/capillary) blood. Although arterial
oxygen saturation is useful for quantifying pulmonary function,
it is not useful for determining the adequacy of substrate
delivery to the brain. Cerebral venous oxygen saturation
is the more illuminating measurement to describe the ratio
of cerebral oxygen delivery to the cerebral metabolic rate of
oxygen consumption (CMRO2).

Regional cerebral oximetry is a reflection of all of the
hemoglobin in the cerebral path length, which is estimated
to include 70% venous, 5% capillary, and 25% arterial blood.
Given these relative arterial and venous contributions, trans-
cranial cerebral oximetry readings are consistently higher
than, but closely correlated to, jugular venous oximetry read-
ings [3,4]. In theory at least, a cerebral oximeter should be as
useful as a jugular vein oximeter without the invasiveness. Low

venous oxygen saturation in the brain is a sign of inadequate
oxygen delivery for the CMRO2 and signals ischemic condi-
tions for the brain. Validation of NIRS-based monitors has
focused on the potential of this modality to alert providers to
the presence of an ischemic milieu.

Cerebral oximeters currently in clinical use
The ability of NIRS to accurately quantify the concentrations
of oxygenated, deoxygenated, and total hemoglobin in the
cortex has been a subject of considerable debate [5,6]. Two
factors have consistently confounded the accuracy of cortical
NIRS: first, variable scattering of the near-infrared light causes
variations in the path length between the emitter and detector
[7,8]; second, variability in tissue composition causes variable
non-hemoglobin absorbance of the infrared light.

The three main monitors that are commercially available
are the NIRO 500, the INVOS cerebral oximeter, and more
recently the Foresight monitor. Each of them uses a differen-
tial path length factor that is a laboratory-derived estimation
of the actual path length of near-infrared light as it is reflected
between optodes. To resolve variations in path length due to
light scattering, some experimental cerebral oximeters employ
phase-shift analysis (in so-called frequency-domainNIRSor time-
resolvedNIRS) to calculate the actual path length [9,10].Monitors
also differ in the number of wavelengths used and therefore
the number of chromophores quantified in the light path.

The INVOS cerebral oximeter (Somanetics; Troy, MI,
USA) is the cerebral oximeter most commonly used in the
United States, and it employs two wavelengths of light, 730
and 810 nm, to report the ratio of oxyhemoglobin to total
hemoglobin (rSO2i ) in the light path. The equation used to
determine rSO2i requires an assumption that the noise from
light-path variation and the noise from background absorp-
tion equally affect the calculation of oxyhemoglobin and
deoxyhemoglobin concentrations. Therefore, it is believed that
the effects are canceled in the ratio. Because of its inability
to demonstrate an absolute calibration, the INVOS monitor is
approved by the FDA as a trend-only monitoring device.

The NIRO 500 uses four wavelengths of light: 775, 810,
850, and 910 nm. Additional wavelengths allow for determin-
ation of cytochrome aa3 concentrations in addition to the
hemoglobin species concentrations, and the NIRO series
monitors report a tissue oxygen index, which is also the
percentage of calculated oxygenated hemoglobin relative to
total hemoglobin. Hamamatsu has not marketed a NIRS-
based monitor with FDA approval in the United States, but
its monitors are used elsewhere.

A more recent FDA approval for the Foresight monitor
(Casmed; Branford, CT, USA) allows a claim for absolute
cerebral oximetry measurements. Four light wavelengths are
used in the instrument: 690, 778, 800, and 850 nm. The pur-
pose of the additional wavelengths is to better discriminate
non-hemoglobin sources of infrared absorption, which in
theory leads to a more accurate calculation of oxygenated
and total hemoglobin concentrations [11]. The Foresight
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monitor also reports the percentage of oxygenated hemoglobin
relative to total hemoglobin as a cerebral tissue oxygen satur-
ation (SCTO2).

In addition to differences in the light spectra used, the
monitors listed above have differences in optode spacing and
path-length calibrations. Because of these differences, studies
of NIRS-based monitoring with one device do not provide
data that are not necessarily applicable to the other devices.
All of these monitors report a ratio of oxygenated to total
hemoglobin in their output, so the effects of path length
variability and background absorption are at least partially
mitigated. When the absolute tissue concentrations of hemo-
globins are used in attempts to quantify cerebral blood volume
or cerebral blood flow, the inherent ambiguities in the meas-
urements become more significant.

Validation of cerebral oximetry
The validation of cerebral oximetry will be discussed in two
domains to explore the accuracy and potential impact of
NIRS-based cerebral monitoring. Data that show the accuracy
of NIRS when compared against gold-standard cerebral
physiologic monitoring will be considered first, followed by a
summary of data from clinical applications of cerebral oximetry.

Comparing cerebral oximetry to a gold standard
Oximetry reported by NIRS-based monitors has been valid-
ated by comparing non-invasive cerebral oximetry to the
saturation of oxygen in the jugular vein (SjvO2). The use of
jugular vein oximetry as a gold standard for validation of the
cerebral oximetry highlights one of the limitations in the
validation process. Because no physiologic monitor other than
the cerebral oximeter measures tissue oxygen saturation, the
best standard for comparison is the jugular bulb oximeter –
a monitor that has only a small clinical relevance in pediatrics.
When considering the ratio of arterial to venous blood
in brain tissue, it is understandable that cerebral oximetry
monitors track – but normally read higher than – the jugular
oxyhemoglobin saturation readings. Results have been incon-
sistent between studies, which have included small numbers of
patients and/or animals.

In piglet studies of cerebral oximetry during deep
hypothermic circulatory arrest, a strong correlation between
cerebral oximetry and SjvO2 was reported [12]. Reductions
of cerebral oximetry have also been correlated to reductions
in phosphate energy stores (adenosine triphosphate and
phosphocreatine) quantified by mass spectroscopy in animals,
suggesting a detrimental metabolic consequence to the low
oximetry measurement [13].

When cerebral oximetry was compared with SjvO2 in
40 children with congenital heart lesions only a modest asso-
ciation (r¼ 0.69) was found as well as a bias for high oximetry
readings at lower SjvO2 states and lowoximetry readings at higher
SjvO2 states [7]. A similar study of 30 children undergoing
cardiac catheterization reported a higher correlation (r¼ 0.93)
over a range of SjvO2 values from 31% to 83% [14]. In a

study of 17 neonates on venovenous extracorporeal membrane
oxygenation, NIRS-derived cerebral oximetry compared favor-
ably against SjvO2 [15].

Validating NIRS as a modality is complicated by the diver-
sity of monitoring devices used. It is not clear that validating
one monitor validates the others, as they use different optode
configurations, wavelength spectra, and modifications of the
Beer–Lambert equation to derive cerebral oximetry values. As
noted above, evidence supports the conclusion that cerebral
oximetry correlates with cerebral tissue oxygen saturation, but
the first FDA approval was granted for monitoring trends
only, as calibration of the absolute value of oximetry was not
proven to be reliable. NIRS-based oximeters understandably
have enjoyed the widest clinical application in the pediatric
cardiac operating rooms, where a baseline can be established
for each patient against which the changes in cerebral oxim-
etry are compared during and after cardiopulmonary bypass. In
the intensive care unit, establishing a baseline for an unstable
patient can be more difficult. The absence of an absolute
normal value for cerebral oximetry has been an obstacle to
the implementation of NIRS-based neuromonitoring in the
NICU. The recent FDA approval of the foresight device with
an absolute rather than a trend monitor may have overcome
this obstacle, but this device is relatively new and studies using
the device in premature neonates are not yet published. Hence,
despite a decade-long use of NIRS in the pediatric world, the
relevance of cerebral oximetry still remains a question.

The ischemic threshold
To be useful as a monitor of cerebral ischemia, cerebral
oximetry should alert the provider to injuriously low tissue
oxygen levels. Defining the ischemic threshold in the absolute
sense with the monitors in clinical use has been challenging.

A more rigorous definition of the ischemic threshold for
cerebral oximetry was attained using frequency-domain NIRS
in neonatal piglets. EEG abnormalities as well as perturbations
of brain tissue ATP and lactate concentrations were used as a
standard to quantify ischemic conditions. The baseline cere-
bral oximetry in the piglets was 68%. Cerebral oximetry cor-
related well with both sagittal sinus oximetry (r¼ 0.98) and
cerebral blood flow measured by laser–Doppler (r¼ 0.89).
Lactate levels increased at cerebral oximetry readings of
� 44%. Minor and major EEG abnormalities were seen at
cerebral oximetry thresholds of 42% and 37% respectively,
and ATP reductions occurred at cerebral oximetry readings
< 33% [16]. Clinical studies commonly use a cerebral oxim-
etry measurement of � 45%, or a 20% reduction from baseline,
as the ischemic threshold.

Relevance of cerebral oximetry to
clinical outcome
NIRS-based cerebral oximetry has already found acceptance in
the congenital cardiac surgery specialty, notwithstanding the
limited data to suggest that it has a measureable impact on
outcome. Therefore, data that support the use of cerebral
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oximetry are largely limited to children undergoing heart
surgery, and are observational in design.

In a study of 26 infants undergoing cardiopulmonary
bypass (CPB) and deep hypothermic circulatory arrest, neu-
rologic complications were reported in three patients who had
lower intraoperative cerebral oximetry than their counterparts
who did not have neurologic complications [17].

In a non-randomized prospective study, 250 children had
multimodal neuromonitoring, including EEG, transcranial
middle cerebral artery ultrasonography (TCD), and cerebral
oximetry during cardiac surgery. The authors reported that
cerebral desaturations from baseline (20% reduction) were the
most common (58%) recorded monitoring event, followed by
TCD changes. Interventions by the cardiac team consisting of
anesthesiologists, surgeons, and perfusionists were recorded
along with monitoring events. Postoperative gross neurologic
sequelae were noted in 26% of patients with monitoring events
that were not treated, but were only seen in 6% of cases
when monitoring changes prompted therapy. Disturbingly,
7% of patients without any monitoring events also had adverse
neurologic sequelae [18].

More recently, cerebral oximetry readings of < 45% for a
cumulative time exceeding 180 minutes were shown to be
associated with new ischemic lesions in 22 patients with hypo-
plastic left heart syndrome who had the Norwood procedure.
Magnetic resonance imaging was performed before and 9 days
after surgery in this cohort, and 73% of patients had new
lesions, or worsening of lesions, detected preoperatively [19].
No long-term outcome studies exist to show the clinical sig-
nificance of these MRI changes. Similarly, McQuillen et al.
reported new white-matter injury (WMI) that correlated with
prolonged periods of cerebral desaturation in neonates under-
going open heart surgery [20].

Initial studies of CPB and deep hypothermic circulatory
arrest with near-infrared monitoring were observational
[21,22]. These studies are important because their results were
consistent with our understanding of bypass and circulatory
arrest, a consistency that was considered validation of the
monitoring modality. The studies also contributed to an
understanding of the physiology of injury in this setting.
Cerebral oxygenation was monitored using NIRS during
CPB in 15 pediatric patients who ranged in age from 1 day
to 6 years. Oxyhemoglobin, hemoglobin, and oxidized cyto-
chrome aa3 were compared between nine patients who had
undergone repairs during deep hypothermic CPB without
circulatory arrest, and six patients who had CPB with deep
hypothermic circulatory arrest. The authors found that, in the
continuous-bypass group, oxyhemoglobin decreased during
CPB and cooling but returned to control levels during
rewarming. However, in the group with deep hypothermic
circulatory arrest, both oxidized cytochrome aa3 and oxyhe-
moglobin decreased dramatically during circulatory arrest;
oxidized cytochrome aa3 did not return to baseline levels and
deoxyhemoglobin was elevated, even upon rewarming and ini-
tiation of CPB. These findings indicate that brain cellular
metabolism may undergo sustained impairment after deep

hypothermic cardiac arrest, and that it may persist even after
adequate flow and oxygenation have been established [21,22].

Neonates with patent ductus arteriosus (PDA) were moni-
tored during pharmacologic ductus closure with indometha-
cin. Regional cerebral oxygen tissue saturation and arterial
blood pressure levels were both significantly lower than those
of matched controls who did not have a PDA(33� 5 mmHg
vs. 38� 6 mmHg and 62%� 9% vs. 72%� 10%, respectively).
After treatment with indomethacin, the differences between
subjects and controls were not significant [23]. While this
study does not suggest that application of NIRS-based moni-
toring confers an outcome benefit to patients with a PDA, the
result of the study does contribute to the understanding of
the possible adverse cerebrovascular effects of a PDA.

The current clinical use of cerebral oximetry is commonly
justified based on observational data, physiologic rationale,
and the non-invasive nature of the monitor [24,25]. The
existing clinical studies reporting results of NIRS monitoring
are largely observational. However, there are costs associated
with additional monitoring, and concerns may reasonably be
raised that the evidence does not yet support a change in the
standard of care. Findings such as those described above
linking prolonged cerebral desaturation to neuroimaging
evidence of injury should be considered in the balance, and
suggest the importance of further investigations.

Interpreting abnormal cerebral oximetry
Cerebral oximetry in its current configuration reports the
percentage of oxygen-saturated hemoglobin in brain tissue.
Because most of the hemoglobin is on the venous side of the
circulation, it is a reflection of the ratio of oxygen delivery and
the metabolic rate of oxygen consumption. Given that most
oxygen delivered to the brain is hemoglobin-bound in the
arterial blood, this oxygen delivery can be accounted for by
few physiologic variables:

O2Del ¼ CBF	 HbO2½ 

where CBF is cerebral blood flow and [HbO2] is the concen-
tration of arterial oxygenated hemoglobin. [HbO2] is
the product of the total hemoglobin and the arterial oxygen
saturation (%Sat). CBF is governed by the ratio of cerebral
perfusion pressure (CPP) and cerebrovascular resistance,
which is itself a function of vessel radius to the fourth power
(r4) and blood viscosity (η).

Simplified, clinically relevant parameters stand out in this
equation:

O2Del / CPP	 r4 	 Hb½ 
 	%Sat
�

It is important to note that the above equation is distinct
from the equation usually used to quantify oxygen delivery
to other organs, as that equation has cardiac output in the
place of cerebral blood flow. Blood flow is preferentially
diverted to the brain in shock states, and thus cerebral blood
flow may be preserved despite a low cardiac output. Heart rate
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and stroke volume are therefore less important than the cere-
bral perfusion pressure in considering cerebral desaturation.
This distinction also highlights the fact that optimizing cere-
bral circulation does not necessarily optimize the circulation
to other organs, such as the kidney and gut. When a patient
has a decrement in cerebral oximetry, the above equation is
helpful in determining the root cause (Table 19.1).

Future possibilities with clinical
near-infrared spectroscopy
Measures of cerebral blood volume
and cerebral blood flow
In addition to measuring oxyhemoglobin saturation, NIRS can
also be used to derive the more fundamental hemodynamic
parameters of cerebral blood volume and cerebral blood flow
by injecting the patient with vascular tracers such as indocya-
nine green, which has an absorption spectrum in the infrared
range [26,27]. Alternatively, blood volume can be calculated
with NIRS using oxyhemoglobin as a blood tracer, but this
technique requires the induction of fluctuations in arterial
oxygen saturation. The oxyhemoglobin tracer method was used
to study 27 infants with perinatal asphyxia, and a hyperemic
response was described with a characteristic increase in cerebral
blood flow and volume post ischemia that was sensitive for poor
outcome at 1 year follow-up. These infants also showed blunted
responses in the cerebral vasculature to changes in carbon
dioxide tension [28]. As perturbations of vasocycling in the
cerebrovasculature have been implicated in the development of
intraventricular hemorrhage and periventricular leukomalacia,
the ability to quantify both the volume and flow of blood in
the neonatal brain may open a window toward understanding
these mechanisms and their link to neonatal brain injury [29].

Somatic regional oximetry
Attempts have been made to use NIRS to monitor the
adequacy of oxygen delivery to the kidney and other organs
using NIRS technology. By placing the cerebral oximetry

probes of the INVOS monitor over the flank at T10–L2, the
proponents of this practice report rSO2 readings that are
reflective of renal perfusion and metabolism. Somatic and
cerebral rSO2 monitoring was compared in nine patients
who had a stage I palliation of hypoplastic left heart syndrome.
During cooling, regional cerebral perfusion was used and the
cerebral rSO2 readings were higher than baseline, whereas the
somatic rSO2 was near critical ischemic levels. After bypass,
the cerebral rSO2 readings were significantly lower than
pre-bypass levels and the somatic rSO2 readings were higher than
pre-bypass levels. The authors propose a mechanism of elevated
cerebrovascular resistance induced by cooling and CPB [30].

Cerebral rSO2 and somatic rSO2weremeasured during cross-
clampof the aorta in another study of 26 patients with coarctation
of the aorta. A decrement of oxygenation below the crossclamp
was seen in all of the patients, but when stratified by age, neonates
(n¼ 11) and infants (n¼ 5) were seen to have much greater
reductions in somatic desaturations than were older children
(n¼ 10). It was suggested that the older children had more
robust collateralization of the post-coarctation vasculature [31].

Critics of the somatic monitoring technique cite a lack
of calibration of intersensor spacing and path length factors
for the probes used in renal monitoring. However, the poten-
tial clinical role of neonatal splanchnic organ monitoring with
near-infrared technology is intriguing.

Visible light spectroscopy
Somatic monitoring can also be achieved using visible light
spectroscopy (VLS), a new technology that allows real-time
early detection of tissue ischemia using visible light in the
wavelength range of 475–600 nm [32]. Shorter-wavelength vis-
ible light does not penetrate tissue as readily as near-infrared
light, so VLS gives an assessment of hemoglobin oxygen
saturation in thin, small-volume and shallow-tissue samples,
typically mucosal. Conventional pulse oximetry becomes
unreliable at extremes of hypoxia, hypothermia, or vasocon-
striction, whereas VLS is not affected by these conditions. VLS
was used in five children undergoing cardiopulmonary bypass

Table 19.1. Variables affecting cerebral oxygen saturation

Variable Clinical example

O2 delivery

CPP: cerebral perfusion
pressure

Patients with hypotension, elevated intracranial pressure, or elevated jugular venous pressure can have inadequate cerebral
perfusion pressure.

r4: resistance vessel radius Resistance vessels are dilated by hypercarbia and hypoxia. They are restricted by hypocarbia and vasospasm. Blood flow to
the brain is profoundly affected by small changes in resistance vessel radius. Cardiopulmonary bypass cannulae can also cause
a fixed resistance to the brain vascular circuit.

[Hb]: concentration of
hemoglobin

Anemia can be associated with perisurgical patients and with hemodilution at the initiation of cardiopulmonary bypass.

%Sat: arterial oxygen
saturation

Cardiopulmonary disease that causes hypoxia can be optimized with lung recruitment and management of the
pulmonary-to-systemic blood flow ratio (Qp/Qs).

η: viscosity Hyperviscous blood can be seen in patients with excessive hematocrits, leukemia, and patients with sickle cell disease who
are overtransfused. Viscosity due to red cell mass is decreased by increasing serum osmolarity.

O2 consumption The cerebral metabolic rate of oxygen consumption is increased by fever, seizure, and arousal. It is decreased by hypothermia,
coma, and sedation.
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with antegrade cerebral perfusion, a condition which renders
pulse oximetry non-functional. In these patients, antegrade
perfusion was shown to provide adequate cerebral perfusion
by cerebral oximetry monitoring, but VLS monitoring of
the esophagus showed inadequate somatic perfusion [33].
There is a potential for mucosal microvascular monitoring of
the neonate at risk for necrotizing enterocolitis with VLS.

Autoregulation analysis
Cerebral oximetry has been used to quantify cerebrovascular
pressure autoregulation. Cerebrovascular pressure autoregula-
tion is defined as the maintenance of a constant cerebral blood
flow in the face of changing cerebral perfusion pressure. This
process protects the brain during transient changes in the
arterial blood pressure from diminished or excessive blood
flow. However, premature infants have been shown to possess
an immature cerebrovascular pressure autoregulation mechan-
ism [34]. The limits of autoregulation in the infant brain, and
especially the premature infant brain, are not known. Critical
illness, especially sepsis and systemic inflammatory responses,
further tax the protection of autoregulatory reserve [35–38].

Slow changes in arterial blood pressure cause slow changes
in cerebral blood flow when autoregulation is absent (pressure
passivity). The waveform analysis that quantifies the relation-
ship between the arterial blood pressure and cerebral blood
flow can be performed as a linear correlation of resampled
waves (after filtering out high-frequency harmonics) or as a
cross-spectral analysis of coherence. Assuming constant
oxygen consumption, hemoglobin, and arterial oxygen satur-
ation, the NIRS-derived measure of cerebral oximetry can be
used as a surrogate for cerebral blood flow. The linear correl-
ation method was tested in piglets using the INVOS monitor
and was found to be sensitive and specific for detecting loss of
autoregulation due to hypotension [39].

Clinical work using a cross-spectral analysis of coherence
between cerebral oximetry and arterial blood pressure (an index
of pressure passivity) suggests that this modality has a potential
role in the prevention of postnatally acquired hemorrhage and
stroke. Pressure passivity was seen to occur using this method
in 87 of 90 premature infants. Prematurity, low birthweight,
hypotension, and maternal hemodynamic compromise were all
associated with increased time in a pressure-passive state [40].
In another series of 32 very-low-birthweight and premature
infants, 47% of the 17 patients who demonstrated pressure
passivity developed germinal matrix hemorrhage, periventri-
cular leukomalacia, or both, compared with 13% of the infants
with apparently intact autoregulation [41]. A continuous

monitor of autoregulation using NIRS has the potential
to identify neonates at risk for neurologic injury, but it may
also identify arterial blood pressures that allow for improved
autoregulatory function.

Summary
NIRS is an important monitoring modality for the critically ill
neonate. While still considered in a developmental phase,
NIRS-based cerebral oximeters have been approved by the FDA
and are widely applied in the perioperative care of children
with heart disease. The lack of randomized controlled clinical
trials showing a benefit of cerebral oximetry monitoring
in patient outcome seems to suggest that the rapid increase
in deployment of the monitor is premature. However, a para-
digm for evaluating monitoring modalities before intro-
duction into clinical practice has not been established. Most,
if not all, of the monitoring devices used in intensive care
settings have failed to generate this level of data. Even when a
monitor is non-invasive, the insight gained from monitoring
impacts clinical decision making, and adds to patient care
costs. Antepartum heart-rate monitors and infant cardio-
respiratory monitors are two examples of non-invasive modal-
ities that became universally applied without evidence of
outcome benefit [42,43]. The pulse oximeter is the staple of
anesthetic and intensive care monitoring, and is considered
standard of care for all critically ill patients. A recent Cochrane
review of the use of perioperative pulse oximetry concluded
that available data show that pulse oximetry can detect hypox-
emia, but that the use of pulse oximetry has not been shown to
have a measurable effect on outcome [44]. Even the use of the
pulse oximeter, therefore, is elevated to standard of care on
the basis of physiologic principles and observational data alone
[45]. Cerebral oximetry is currently on a similar trajectory.

It is probable that NIRS-based monitors have found a more
successful market in the congenital cardiac specialty than in the
neonatal specialty because of practical considerations. Because
the first clinical models are useful as trend-only devices,
a baseline setting is required. Surgical patients can provide a
baseline setting obtained prior to incision, but neonates in
active resuscitation at birth or in a clinically unstable state in
the NICU cannot. With recent technical advances, the precision
of cerebral oximeters has seen improvement. As these improve-
ments transition from the bench to the marketplace, we can
expect to see an amplified role for this modality in the care
of critically ill neonates. It remains to be seen if this increased
level of monitoring will result in prevention of ischemic and
hemorrhagic brain lesions in the premature infant.

References
1. Jobsis FF. Non-invasive, infra-red

monitoring of cerebral O2 sufficiency,
blood volume, HbO2-Hb shifts and
blood flow. Acta Neurol Scand Suppl
1977; 64: 452–3.

2. Brazy JE, Lewis DV, Mitnick MH,
et al. Noninvasive monitoring of cerebral

oxygenation in preterm infants:
preliminary observations. Pediatrics 1985;
75: 217–25.

3. Rais-Bahrami K, Rivera O, Short BL.
Validation of a noninvasive neonatal
optical cerebral oximeter in veno-
venous ECMO patients with a
cephalad catheter. J Perinatol 2006;
26: 628–35.

4. Yoxall CW, Weindling AM, Dawani NH,
et al. Measurement of cerebral venous
oxyhemoglobin saturation in children
by near-infrared spectroscopy and partial
jugular venous occlusion. Pediatr Res
1995; 38: 319–23.

5. Greisen G. Is near-infrared spectroscopy
living up to its promises? Semin Fetal
Neonatal Med 2006; 11: 498–502.

Chapter 19: Light-based functional assessment of the brain

237



6. Sorensen LC, Greisen G. Precision of
measurement of cerebral tissue
oxygenation index using near-infrared
spectroscopy in preterm neonates.
J Biomed Opt 2006; 11: 054005.

7. Daubeney PE, Pilkington SN, Janke E,
et al. Cerebral oxygenation measured by
near-infrared spectroscopy: comparison
with jugular bulb oximetry. Ann Thorac
Surg 1996; 61: 930–4.

8. Kurth CD, Uher B. Cerebral hemoglobin
and optical path length influence near-
infrared spectroscopy measurement of
cerebral oxygen saturation. Anesth Analg
1997; 84: 1297–305.

9. Nelson LA, McCann JC, Loepke AW,
et al. Development and validation of a
multiwavelength spatial domain near-
infrared oximeter to detect cerebral
hypoxia–ischemia. J Biomed Opt 2006;
11: 064022.

10. Duncan A, Meek JH, Clemence M, et al.
Measurement of cranial optical path
length as a function of age using phase
resolved near infrared spectroscopy.
Pediatr Res 1996; 39: 889–94.

11. Rais-Bahrami K, Rivera O, Short BL.
Validation of a noninvasive neonatal
optical cerebral oximeter in veno-venous
ECMO patients with a cephalad catheter.
J Perinatol 2006; 26: 628–35.

12. Abdul-Khaliq H, Troitzsch D, Schubert
S, et al. Cerebral oxygen monitoring
during neonatal cardiopulmonary bypass
and deep hypothermic circulatory arrest.
Thorac Cardiovasc Surg 2002; 50: 77–81.

13. Nollert G, Jonas RA, Reichart B.
Optimizing cerebral oxygenation during
cardiac surgery: a review of experimental
and clinical investigations with near
infrared spectrophotometry. Thorac
Cardiovasc Surg 2000; 48: 247–53.

14. Abdul-Khaliq H, Troitzsch D, Berger F,
et al. Regional transcranial oximetry
with near infrared spectroscopy (NIRS)
in comparison with measuring oxygen
saturation in the jugular bulb in infants
and children for monitoring cerebral
oxygenation. Biomed Tech (Berl) 2000;
45: 328–32.

15. Rais-Bahrami K, Rivera O, Short BL.
Validation of a noninvasive neonatal
optical cerebral oximeter in veno-venous
ECMO patients with a cephalad catheter.
J Perinatol 2006; 26: 628–35.

16. Kurth CD, Levy WJ, McCann J. Near-
infrared spectroscopy cerebral oxygen
saturation thresholds for hypoxia–
ischemia in piglets. J Cereb Blood Flow
Metab 2002; 22: 335–41.

17. Kurth CD, Steven JM, Nicolson SC.
Cerebral oxygenation during pediatric
cardiac surgery using deep hypothermic
circulatory arrest. Anesthesiology 1995;
82: 74–82.

18. Austin EH, Edmonds HL, Auden SM,
et al. Benefit of neurophysiologic
monitoring for pediatric cardiac surgery.
J Thorac Cardiovasc Surg 1997; 114:
707–17.

19. Dent CL, Spaeth JP, Jones BV, et al.
Brain magnetic resonance imaging
abnormalities after the Norwood
procedure using regional cerebral
perfusion. J Thorac Cardiovasc Surg
2006; 131: 190–7.

20. McQuillen PS, Barkovich AJ, Hamrick
SE, et al. Temporal and anatomic risk
profile of brain injury with neonatal
repair of congenital heart defects. Stroke
2007; 38: 736–41.

21. Greeley WJ, Bracey VA, Ungerleider
RM, et al. Recovery of cerebral
metabolism and mitochondrial
oxidation state is delayed after
hypothermic circulatory arrest.
Circulation 1991; 84: III400–6.

22. Greeley WJ, Kern FH, Ungerleider RM,
et al. The effect of hypothermic
cardiopulmonary bypass and total
circulatory arrest on cerebral
metabolism in neonates, infants, and
children. J Thorac Cardiovasc Surg 1991;
101: 783–94.

23. Lemmers PM, Toet MC, van Bel F.
Impact of patent ductus arteriosus and
subsequent therapy with indomethacin
on cerebral oxygenation in preterm
infants. Pediatrics 2008; 121: 142–7.

24. Hoffman GM. Neurologic monitoring
on cardiopulmonary bypass: what are we
obligated to do? Ann Thorac Surg 2006;
81: S2373–80.

25. Andropoulos DB, Stayer SA, Diaz LK,
et al. Neurological monitoring for
congenital heart surgery. Anesth Analg
2004; 99: 1365–75.

26. Leung TS, Aladangady N, Elwell CE,
et al. A new method for the
measurement of cerebral blood volume
and total circulating blood volume using
near infrared spatially resolved
spectroscopy and indocyanine green:
application and validation in neonates.
Pediatr Res 2004; 55: 134–41.

27. Patel J, Marks K, Roberts I, et al.
Measurement of cerebral blood flow in
newborn infants using near infrared
spectroscopy with indocyanine green.
Pediatr Res 1998; 43: 34–9.

28. Meek JH, Elwell CE, McCormick DC,
et al. Abnormal cerebral haemodynamics
in perinatally asphyxiated neonates
related to outcome. Arch Dis Child Fetal
Neonatal Ed 1999; 81: F110–15.

29. von Siebenthal K, Beran J, Wolf M, et al.
Cyclical fluctuations in blood pressure,
heart rate and cerebral blood volume
in preterm infants. Brain Dev 1999; 21:
529–34.

30. Hoffman GM, Stuth EA, Jaquiss RD,
et al. Changes in cerebral and somatic
oxygenation during stage 1 palliation of
hypoplastic left heart syndrome using
continuous regional cerebral perfusion.
J Thorac Cardiovasc Surg 2004; 127:
223–33.

31. Berens RJ, Stuth EA, Robertson FA, et al.
Near infrared spectroscopy monitoring
during pediatric aortic coarctation
repair. Paediatr Anaesth 2006; 16:
777–81.

32. Benaron DA, Parachikov IH, Friedland
S, et al. Continuous, noninvasive,
and localized microvascular tissue
oximetry using visible light
spectroscopy. Anesthesiology 2004;
100: 1469–75.

33. Heninger C, Ramamoorthy C, Amir G,
et al. Esophageal saturation during
antegrade cerebral perfusion: a
preliminary report using visible light
spectroscopy. Paediatr Anaesth 2006;
16: 1133–7.

34. Helou S, Koehler RC, Gleason CA, et al.
Cerebrovascular autoregulation during
fetal development in sheep. Am J Physiol
1994; 266: H1069–74.

35. Dammann O, Leviton A. Maternal
intrauterine infection, cytokines, and
brain damage in the preterm newborn.
Pediatr Res 1997; 42: 1–8.

36. Dammann O, Drescher J, Veelken N.
Maternal fever at birth and non-verbal
intelligence at age 9 years in preterm
infants. Dev Med Child Neurol 2003;
45: 148–51.

37. Leviton A, Paneth N, Reuss ML,
et al. Maternal infection, fetal
inflammatory response, and brain
damage in very low birth weight
infants. Developmental Epidemiology
Network Investigators. Pediatr Res
1999; 46: 566–75.

38. Slater AJ, Berkowitz ID, Wilson DA,
et al. Role of leukocytes in cerebral
autoregulation and hyperemia in
bacterial meningitis in rabbits. Am
J Physiol 1997; 273: H380–6.

Section 3: Diagnosis of the infant with brain injury

238



39. Brady KM, Lee JK, Kibler KK, et al.
Continuous time-domain analysis of
cerebrovascular autoregulation using
near-infrared spectroscopy. Stroke 2007;
38: 2818–25.

40. Soul JS, Hammer PE, Tsuji M, et al.
Fluctuating pressure-passivity is
common in the cerebral circulation of
sick premature infants. Pediatr Res 2007;
61: 467–73.

41. Tsuji M, Saul JP, du Plessis A, et al.
Cerebral intravascular oxygenation

correlates with mean arterial pressure in
critically ill premature infants. Pediatrics
2000; 106: 625–32.

42. American College of Obstetricians and
Gynecologists. ACOG Practice Bulletin.
Clinical management guidelines for
obstetrician–gynecologists, number 70,
December 2005. Intrapartum fetal heart
rate monitoring. Obstet Gynecol 2005;
10: 1453–60.

43. Committee on Fetus and Newborn,
American Academy of Pediatrics.

Apnea, sudden infant death syndrome,
and home monitoring. Pediatrics 2003;
111: 914–17.

44. Pedersen T, Dyrlund Pedersen B, et al.
Pulse oximetry for perioperative
monitoring. Cochrane Database Syst
Rev 2003; (3): CD002013.

45. Horlocker TT, Brown DR. Evidence-
based medicine: haute couture or the
emperor's new clothes? Anesth Analg
2005; 100: 1807–10.

Chapter 19: Light-based functional assessment of the brain

239



Chapter

20 Placental pathology and the etiology
of fetal and neonatal brain injury
Theonia K. Boyd and Rebecca N. Baergen

Introduction
In the context of untoward fetal and/or neonatal outcome, the
purpose of performing placental pathology is to identify
responsible mechanism(s) and their timing with respect to
stillbirth or delivery. Placental pathologic correlates of intra-
uterine stressors resulting in fetal and neonatal brain injury
are fairly well defined. The dilemma arises not in identifying
placental abnormalities but in their interpretation in the clin-
ical context. This is due primarily to a paucity of prospective
studies directly linking specific clinical abnormalities with
placental pathology, which are rarely done in humans as
they present practical and ethical problems. Also, there are
relatively few animal models of induced pregnancy disorders
that have analyzed placental correlates. Instead, associations
have largely arisen from clinically or pathologically driven
retrospective studies. As a result, in an individual case there
is room for interpretation with respect to the likelihood
of abnormal placental findings in contributing to or causing
untoward neurologic outcome. The benefit of gaining a body
of experience in examining placentas and recognizing patterns
of association narrows an individual pathologist's interpretive
variability. Still, there remains scant bedrock of experimental
data upon which to build clinicopathologic interpretation.
Consensus provides a surrogate mode of demonstrating
confidence in placental interpretation, and to this end two
coauthors have collaborated in constructing this chapter. The
information and opinions expressed herein reflect our collect-
ive experience and understanding of the relationship between
placental pathology and intrauterine stressors leading to clin-
ically determined fetal and neonatal brain injury. In some
instances, our opinions diverge; those passages reflect variance
in pathologic interpretation.

Timing intrauterine stress
Meconium
Meconium visually detectable in amniotic fluid is usually
(though perhaps at term not always) released in response to
fetal stress. It has been stated, but not proven, that meconium
is released in small amounts in the last weeks of normal

intrauterine life. If that is true, then there is no convincing
correlate in placentas delivered without a history of meconium
detected during the intrapartum period. Meconium release is
uncommon prior to the third trimester, even in severely
stressed fetuses; thus, in second-trimester premature infants
the absence of meconium does not necessarily equate to the
absence of intrauterine stress.

There is a time lag between the onset of intrauterine stress
and meconium release, as evidenced by hyperacute mechan-
isms of demise (e.g., acute cord prolapse or ruptured vasa
previa), when the fetus dies within 15 or 30 minutes of the
event onset. In those cases, meconium will not be released
prior to demise, despite the fact that the stressor is severe
enough to be rapidly fatal. At the other end of the time
spectrum, if a fetus is chronically stressed in utero, that is,
for many days to weeks, the fetal body may adapt to the
stressor so as not to elicit meconium despite a stressor's
obvious deleterious effect. The window of intrauterine stress
in which meconium is most likely to be seen is between the
hyperacute and chronic phases, namely, from intrauterine
stressors of a duration between hours and days, if demise does
not intervene.

Once meconium is released into the amniotic fluid and
comes into contact with amnion epithelium, it can be taken up
by macrophages into the extraplacental membranes and chori-
onic plate. In general, the longer the elapsed time between the
onset of meconium release and placental delivery, the deeper
the meconium pigment penetrates into the affected tissue
layers. There exists one ex vivo study performed to plot the
time between application of meconium to delivered placentas,
and the appearance of meconium macrophages in the com-
ponent layers of the extraplacental membranes [1].

Meconium-induced vascular necrosis (Fig. 20.1) is a very
important lesion to recognize within the umbilical cord, as it
indicates not only prolonged meconium release due to pro-
longed intrauterine stress, but carries an independent risk of
untoward neonatal outcome due to meconium chemical-
induced alteration of vascular tone [2–4]. Ex vivo studies have
assessed the interval between meconium application to the
umbilical cord surface and the histologic appearance of vascu-
lar necrosis [5,6]. Although the authors did not address this
particular point, it is implicit in these cases not only that
meconium release starts many hours prior to delivery, but
that there is continued release, or at least that the stressor

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
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eliciting its release persists until the time of delivery. In our
experience, this is borne out by clinical and pathologic correl-
ation. Clinically, there is invariably description of abundant
meconium, either thick in quality and/or noted to be of
prolonged duration prior to delivery. Grossly, the placenta
is deeply green or green-brown discolored; umbilical cord
discoloration is also present.

On gross placental examination, meconium released
shortly prior to delivery will discolor the amniotic membranes
and chorionic plate green, perhaps with a patchy distribution,
and the discoloration can be wiped from the amnion surface.
Often recently released meconium is described clinically
as “particulate”; this can also be seen microscopically as
entrapped amorphous orange-brown pigment apposed to the
amniotic surface. Meconium taken into the tissue, however,

remains green even with handling (Fig. 20.2a). Meconium of
long-standing duration appears green-brown to brown
grossly. This green-brown or brown discoloration may also
occur with blood breakdown pigment (biliverdin, hemosi-
derin), and green discoloration can also be seen sometimes
in chorioamnionitis (neutrophil myeloperoxidase): thus
green and brown gross discolorations are not restricted to
meconium alone.

Microscopically, meconium uptake is seen as an orange-
brown, non-refractile macrophage cytoplasmic pigment
(Fig. 20.2b). Particulate surface meconium, not yet taken up
into tissue macrophages, has the same hue but appears
amorphous and globular. However, not all brown-hued cyto-
plasmic macrophage pigment represents meconium. Some-
times the pigment is related to blood breakdown products;
but at times there exists pigment that is not attributable to
meconium or bleeding – some authors have suggested this
represents lipofuscin, a non-pathologic pigment resulting
from the cytoplasmic accumulation of metabolic by-products.
In these circumstances, there is no clinical or grossly visible
correlate of meconium, and none of the ancillary membrane
features that may be associated with meconium discharge
(reactive “atypia,” amnion necrosis, amnion edema, chorion
epithelial necrosis). Utilizing a constellation of findings
strengthens the ability to discriminate clinically insignificant
macrophage pigment from potentially pathologic meconium.

As a corollary, evidence exists to support the contention
that meconium can induce neutrophil chemotaxis via non-
infectious, but toxic, chemical components of bile acids [7–9].
Histologically, this may mimic “chorioamnionitis” considered
to be of infectious origin. However, in the setting of meconium
chemotaxis the fetal inflammatory response is commonly more
advanced than the maternal inflammatory response. This view

Fig. 20.1. Meconium-induced umbilical vascular necrosis. Outer wall
myocytes exhibit pyknosis in the presence of meconium macrophages.
See color plate section.

Fig. 20.2. (a) Gross meconium staining: the fetal surface is discolored green to green-brown; the surface typically feels diffluent (“slimy”) on palpation.
(b) Microscopic meconium uptake into membrane macrophages: through the microscope, meconium appears as a globular or amorphous orange-
brown pigment; note the reactive amnion and amnion necrosis due to meconium. See color plate section.
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is not universally shared among pathologists with placental
expertise, however.

There is a general correlation between the thickness
of clinically identified meconium and the combination of
chronicity and severity of the stressor that elicited its release.
Moderate to thick meconium occurs in conditions of overt
and/or prolonged intrauterine stress, and according to the
clinical literature is associated with an increased risk of
adverse outcome [10,11]. Amniotic fluid volume may be one
factor that mitigates meconium density; regardless, thick
meconium is a marker of non-acute fetal stress.

Microscopically, the density of meconium macrophages
reflects meconium thickness, while, as stated above, the depth
to which meconium macrophages penetrate reflects the inter-
val between meconium discharge and delivery.

Nucleated red blood cells
In principle, nucleated red blood cells (NRBCs) are not found
under normal conditions within the fetal circulation, includ-
ing that of the placental fetal vascular tree, after the first
trimester. In practice, rare NRBCs, either by visual or auto-
mated count, may be seen in uncomplicated deliveries. NRBCs
represent the immature erythrocyte series (normoblasts) still
containing their nuclei. They are normally seen in sites of
erythropoiesis, such as the fetal liver and bone marrow, prior
to enucleation and release into the peripheral circulation as
mature erythrocytes comprised entirely of oxygen-carrying
cytoplasm. However, when stimulated, preformed NRBCs
are released into the peripheral circulation. These cells have
round, dense, hyperchromatic nuclei, and the tinctorial cyto-
plasmic qualities of their enucleate counterparts (Fig. 20.3).
Conditions that stimulate intrauterine release of NRBCs include
acute and chronic hypoxic stress, anemia, infection, and
maternal diabetes. Initially, preformed normoblasts circulate
(normoblastemia), but with prolonged stimulation ever more
primitive NRBCs are seen in addition to elevated normoblasts,
a likely combination of release and enhanced erythropoiesis.
In conditions of prolonged persistent hypoxic stress that

permit intrauterine survival, such as alloimmune hemolytic
anemia or chronic fetomaternal hemorrhage, the most primi-
tive nucleated erythrocytes – erythroblasts – are released into
the fetal circulation (erythroblastosis). In these circumstances,
erythropoiesis is markedly accelerated, often in atypical
visceral sites (e.g., kidney, pancreas).

Pure hypoxic stimulation is mediated by the release of
erythropoietin. The factors(s) that mediate NRBC release in
infection are not well understood. One possible mechanism
may be non-specific release of hematopoietic elements in
response to cytokine stimulation, perhaps due to immaturity
of the fetal immune system and its signals [12]. A second
potential mechanism may include a component of hypoxic
stimulation in the setting of infection, perhaps mediated by
erythropoietin [13,14]; however, these two potential pathways
are scantily supported by experimental data.

The timing of NRBC release in response to stimulation
has undergone a conceptual shift. Older literature stated that
erythropoiesis occurred prior to the appearance of peripher-
ally circulating erythrocytes, meaning the interval between
stimulus and release was on the order of days or more. More
recent literature indicates that stimulation leads to release of
preformed NRBCs, truncating the time interval between
stimulus and response. In this latter model, stimulus-driven
erythropoiesis occurs only when the stimulus is prolonged.
Thus, both acute and chronic modes of hypoxic stress can
induce normoblastemia [15,16].

How long after a hypoxic stimulus does it take to detect
circulating NRBCs? In our experience, and supported by some
literature, NRBCs can begin to be seen within about an hour
to a few hours following the onset of hypoxia. With continued
intrauterine hypoxic stress, the number of NRBCs will con-
tinue to rise, such that at any given time point NRBC values
will reflect both the chronicity and severity of the stimulus
eliciting their production and/or release. Erythroblastosis, on
the other hand, occurs only in conditions of chronic persistent
hypoxia, lasting weeks rather than hours or days.

How long after the cessation of a hypoxic stimulus,
for example interruption by parturition, does it take for circu-
lating NRBCs to disappear? As a general principle (in one
author's experience), the rate of fall approximately mirrors
the rate of rise. Thus, a hypoxic stressor of some hours' onset
prior to delivery will elicit NRBC release that concomitantly
falls also within hours, perhaps up to a day (as opposed to days
or weeks) following delivery. In contradistinction, chronic
hypoxic stress results in postnatal NRBCs that fall over days
to a week or more [17–19]. Persistent elevation of NRBC
counts for several days following delivery should also suggest
other causes, such as congenital infection or maternal diabetes.

NRBCs are counted in peripheral blood in reference to the
normally nucleated peripheral blood cells, the leukocytes (white
blood cells, WBCs). This can be done microscopically, as
NRBCs are discriminated based upon their nuclear and cyto-
plasmic morphology frommyeloid and lymphoid leukocytes. In
the laboratory, NRBCs can also be discriminated from leuko-
cytes by automated separation. In histologic evaluation, and in

Fig. 20.3. Nucleated red blood cells (NRBCs) are identified by their round
hyperchromatic nuclei and pink-red cytoplasm. NRBCs of this proportion
indicate non-acute hypoxic stress, in this case from a stillbirth due to umbilical
cord hypercoiling. See color plate section.
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most laboratory reports, the NRBC count is expressed as a
number per 100 WBCs. Some laboratories instead, or also,
report an absolute NRBC count, expressed as the number of
NRBCs per mm3. In our experience, semi-quantitative counts
or estimates of NRBCs per 100 WBCs correlate well with
automated counts in initial neonatal laboratory values, if drawn
within a short time after delivery. In uncomplicated deliveries,
there is excellent correlation between automated absolute
NRBC counts and automated counts expressed per 100 WBCs
[20]. Absolute counts are preferred if the leukocyte count is
abnormally high or low, or rapidly changing. However, counts
greater than 2000/mm3 should be considered elevated.

While the majority of the clinical literature supports reli-
ability in using nucleated red blood cell counts and/or clearance
times to assess the timing and severity of hypoxic stress in
utero [21–25], conflicting results have been reported [26]. The
latter may reflect limitations in the use of dichotomous rela-
tive NRBC counts (< or > 10 NRBCs per 100 WBCs) rather
than continuous absolute NRBC counts (NRBCs per mm3).

Acute blood flow disruption, fetal
hemorrhage, and anemia
Acute interruption of maternal or fetal blood flow can occur
from obstruction or disruption of blood vessels. Acute inter-
ruption of maternal blood flow to the placenta is generally
caused by uterine rupture, placental abruption, or maternal
circulatory collapse, while interruption of fetal blood flow
is usually caused by disruption of large fetal vessels in the
placenta or acute cord obstruction.

Traumatic uterine rupture may occur as a result of a
motor-vehicle accident, abdominal trauma, or dehiscence of
a previous cesarean section scar. Uterine rupture is often
associated with life-threatening maternal hemorrhage necessi-
tating hysterectomy, and it may lead to sudden, severe fetal
hypoxia sufficient to cause severe neurologic injury or death
[27]. Pathologic examination of the uterus can identify the site
of the uterine rupture and the associated dissection of blood
through the uterine wall. In acute abruption, the placenta
separates from the uterus prior to delivery of the infant with
loss of blood flow to the placental tissue underlying the abrup-
tion. It is estimated that an acute abruption of 50% will lead
to fetal demise [28]. Lesser degrees of separation and more
chronic abruptions can lead to sublethal injury [29–31]. If
cesarean section is performed, direct visualization of placental
detachment is possible, and bleeding from the torn decidual
vessels will result in a retroplacental hematoma. Gross exam-
ination of the delivered placenta will often show compression
of the villous tissue underlying the hematoma. Within a few
hours, villous stromal hemorrhage with also develop, and over
the next few days there are progressive indications of ischemic
change in the underlying chorionic villi and eventual infarc-
tion [32]. In the following days to weeks, the clot organizes
and the villous infarction becomes a firm, tan-white scar.
However, many acute abruptions extend over time, and thus
the pathologic changes may be of different ages.

Interruption of fetal blood flow most often is caused by
trauma. It may occur through any fetal vessel, from the
umbilical vessels and their tributaries coursing over the chori-
onic plate, down to the villous capillaries [33,34]. Interruption
of fetal blood flow is usually associated with acute fetal blood
loss and anemia, which in turn may lead to hypotension and
significant neurologic injury or death. Disruption of larger
vessels will result in a large fetal hemorrhage relatively quickly,
potentially leading to severe hypovolemia and circulatory col-
lapse, while hemorrhage from small vessels tends to be more
chronic but may still be quite significant. The most common
etiology of large-vessel hemorrhage is disruption of velamen-
tous or membranous vessels. As these vessels travel in the
membranes without the protection of Wharton's jelly, they
are quite susceptible to damage. The umbilical cord itself can
rupture but this, fortunately, is a rare event. Most cord rup-
tures are partial but still lead to severe fetal hemorrhage and
anemia, with a significant risk of neurologic injury in the
infants who survive. The etiologies of cord rupture are very
rare but include excessive traction on the cord during delivery
from either a short cord [33] or abnormal placental adherence
in placenta accreta [31], or from friability of the cord due to
aneurysms of the umbilical vessels [34], hemangiomas [34],
necrotizing funisitis [35], or meconium-induced myonecrosis
[36]. Cord rupture most often occurs at the site of its placental
attachment [37]. When fetal vessels or the umbilical cord are
disrupted, careful, directed pathologic examination is neces-
sary to document the specific underlying lesion as well as to
confirm that the rupture is not a post-delivery event. In some
cases, subtlety of findings or lack of clinical correlative infor-
mation may make diagnosis problematic. However, placental
findings indicative of severe fetal anemia are quite straightfor-
ward. Since the blood content, and therefore the color, of the
villous tissue is generally reflective of the fetal hematocrit, in a
significant fetal anemia the placental parenchyma is usually
strikingly pale (Fig. 20.4) [38]. On microscopic examination,

Fig. 20.4. Cut section of a formalin-fixed placenta from a severe
fetomaternal hemorrhage. Note the markedly pale parenchymal tissue.
See color plate section.
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one finds a marked increase in fetal nucleated red blood cells
and villous edema. The fetal blood vessels may also appear
relatively “empty” of blood [31,32].

Fetal hemorrhage from the villous capillaries will cause
fetal blood to escape into the intervillous space, resulting in a
fetomaternal hemorrhage. This is thought to develop from
damage to the trophoblastic cover of the chorionic villi [32],
but in most cases there is no history of trauma and the exact
cause is obscure. Fetomaternal hemorrhage is seen with
increased frequency in the presence of placental choriocarci-
nomas and large placental chorangiomas [37]. In many cases,
there are multiple episodes of bleeding leading to chronic
blood loss. Placental findings include evidence of fetal anemia
as described above and, in some cases, multiple or large inter-
villous thrombi. Definitive diagnosis rests on identification
of fetal blood in the maternal circulation, most commonly
determined by the Kleihauer–Betke test although other tests,
such as the Apt test or flow cytometry, are also used. The
Kleihauer–Betke test is reported as a percentage of fetal red
blood cells in the maternal circulation. Confounding factors in
interpretation include a falsely low result when the mother and
infant have ABO-incompatible blood types, which causes the
fetal blood cells to be quickly cleared from the maternal
circulation, or a falsely high result when there is maternal
persistence of fetal hemoglobin. Since fetal cells persist in the
maternal circulation for up to a month or more, performing
the test is useful even if it is not done immediately after
delivery. It is strongly recommended that it be performed in
any case in which neonatal anemia is diagnosed or there is an
unexplained stillbirth.

A specific type of acute exsanguination takes place in
monozygotic twins with monochorionic placentas. In these
placentas, vascular anastomoses between the two placentas
are always present to some degree. In a minority of cases,
there is a dominant artery-to-vein anastomosis, causing a
chronic shunt of blood from one twin, the donor, to the other
twin, the recipient. This is the basis for the twin-to-twin
transfusion syndrome, also called chronic twin-to-twin trans-
fusion. The donor twin suffers from lack of growth, anemia,
and hypovolemia while the recipient twin suffers from
edema, congestion, and hypervolemia. Both are at risk for
heart failure, death, and neurologic injury [31,32,38]. How-
ever, even when this condition is not present, there is always
the potential for acute transfusion of blood from one twin to
the other in monochorionic placentas [31]. If one twin dies in
utero, the dead twin becomes a “sink” into which the surviving
twin bleeds. The surviving twin will be severely anemic and the
corresponding placenta will be markedly pale. Depending on
the size of the anastomoses, hemorrhage can lead to a variety
of outcomes from minimal blood loss to profound neurologic
injury or death, all of which will occur within a matter of
minutes of death of the co-twin [38]. This type of “acute”
transfusion of blood accounts for a significant portion of the
increased morbidity and mortality seen in monochorionic
twins [32]. The previous theory that embolization of throm-
botic material from the dead twin causes damage to the

surviving twin makes little sense and has been shown to be
untenable [32].

Trauma is an important cause of fetal hemorrhage and
may result from fetal blood sampling, cordocentesis, amnio-
centesis, fetal transfusion, or by direct needle puncture of the
fetus during various procedures [31,32]. Blood will often be
present in the amniotic fluid, causing a “port wine” discolor-
ation of the fluid. Trauma to the umbilical cord can cause
formation of a hematoma, which can be identified as an
elongated, fusiform swelling of the cord, with a dark red
discoloration and dissection of blood through Wharton's jelly.
In very acute injury to fetal vessels, extravasated fresh blood
may be visible in the site of the trauma. In subacute injury,
there may be hemolysis of the extravasated blood leading to
a reddish discoloration of the umbilical cord or fetal surface
of the placenta, most prominent in the area of trauma.
With remote injury, an organizing blood clot can be visible
with hemosiderin deposition that will stain the surface yellow
to brown. On microscopic examination, hemosiderin-laden
macrophages will be visible, and the presence of an organizing
hematoma can provide an estimate of the timing of the
traumatic event.

Severe fetal anemia may also occur without trauma or
disruption, but it still has the same potential for neurologic
injury and death. Other causes include infections, such as
parvovirus, which have a predilection for red blood cells,
Rh incompatibility (erythroblastosis fetalis), genetic disorders
associated with red blood cell destruction, such as hemolytic
anemia, or disorders associated with poor production, such as
thalassemia. Clinical suspicion and specific diagnostic tests
are needed to confirm these conditions in most cases.

Mechanisms of umbilical cord blood-flow
compromise
Umbilical cord compression and obstruction
Most types of cord obstruction are associated with compres-
sion of the umbilical cord through some type of mechanical
force. Compression may be from the fetus itself, as in cord
entanglements, membranous vessels, or prolapse, or may be
from an abnormal configuration of the cord such as a true
knot, abnormal coiling, abnormal length, or a constriction. All
have been associated with adverse outcome including fetal
demise, neurologic injury, and abnormal developmental out-
come [29–32,33,39,40]. Often, structural abnormalities occur
together: for example, entanglements and knots are frequently
associated with long cords, and excessive coiling is often seen
with constrictions. If obstruction is sudden and complete, fetal
death will usually result, and in those that do survive, signifi-
cant neurologic damage is likely [29,32,39,41–44]. The same is
true for prolonged partial obstruction. Thus, long-standing
conditions such as long cords, hypercoiling, constrictions,
and velamentous insertions are significantly more common
in infants with cerebral palsy [30,39,43,44]. Experimental
studies in lambs have shown that intermittent partial cord
occlusion leads to the development of cerebral necrosis and
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serious neurologic damage [45]. Furthermore, in these condi-
tions, there is often an acute exacerbation of obstruction
during delivery: for example, a cord entanglement or knot
may tighten during fetal descent in labor or membranous
vessels may become compressed after membrane rupture with
loss of the cushioning effect of the amniotic fluid. In cord
compression, the umbilical vein, being more distensible than
the arteries, will be compressed more easily, and Doppler
studies have confirmed that cord obstruction and compression
lead to impeded venous return from the placenta [41]. Placen-
tal venous and capillary congestion will result, and often the
fetus can develop some degree of hypovolemia and anemia.
In acute compression, placental examination will show
marked distension of the umbilical vessels, particularly the
vein, tributaries of the umbilical vein in the chorionic plate,
and villous capillaries. Direct compression of a portion of
the cord by fetal parts or the cervix may also cause some
non-specific localized degenerative change of Wharton's jelly
or the umbilical vessels.

Chronic cord compression develops from the same type
of mechanical forces that lead to acute compression. Except
for cord entanglement and prolapse, the cord abnormalities
are easily diagnosed by gross examination of the placenta.
Chronic obstruction of blood flow through the venous circu-
lation leads to venous stasis in the short term and vascular
thrombosis in the long term, which can further embarrass
the fetal blood supply. The resultant thrombotic lesions are
called fetal thrombotic vasculopathy (see below). Not only
have the underlying causes of cord compression been associ-
ated with adverse outcome, the resultant thrombotic lesions
in the placenta have also been associated with poor outcome
including stroke due to thromboembolic phenomenon
[29,40,46,47].

Umbilical cord coiling and constriction
The umbilical cord is usually twisted to the left or counter-
clockwise, in a ratio of about 7 : 1 [32]. The direction of coiling
is not associated with handedness, but right twisting has been
associated with placenta previa and perinatal hemorrhage [48].
The direction and amount of coiling is established early in
gestation and can be seen by sonography as early as the ninth
week. Normally the number of coils in the cord is about 0.2
coils per 1 cm of cord, which is referred to as the coiling index
[41]. The origin of umbilical cord coiling has long been
debated, but studies suggest that it is due, at least in part, to
fetal activity in utero. Thus hypocoiling reflects fetal inactivity,
while hypercoiling reflects increased fetal activity, at least
to some degree [32]. Absent or minimal coiling is rare, but
when present has an ominous prognosis, as it is associated
with fetal distress, increased perinatal mortality, fetal demise,
fetal anomalies, and chromosomal errors [41,49–51]. Hyper-
coiling, on the other hand, has been associated with preterm
labor, fetal demise, fetal asphyxia, and chronic fetal hypoxia
[41,49–51]. It is also seen more frequently in cords with
constrictions and those of excessive length, both of which are
also associated with adverse outcome [40,41].

A significant reduction in the diameter of the umbilical
cord is referred to as constriction, stricture, torsion, or coarc-
tation (Fig. 20.5). Constrictions are most commonly found
near or at the insertion into the fetal abdomen, and they are
seen with increased frequency in long or hypercoiled cords [50].
Obstruction of blood flow occurs by the same mechanism as
with excessive coiling, namely, compression of umbilical
vessels by the cord itself. Some authors have been skeptical
about this lesion, suggesting that it is merely secondary to fetal
demise, gradually diminishing Wharton's jelly at the fetal end
of the cord [52], or a primary deficiency of Wharton's jelly
[53]. However, there is often congestion on one side of the
constriction and thrombosis of fetal vessels, which is proof
that it is not an artifact at least in those cases. Furthermore, if
these were artifacts, they would be seen in the majority, if not
all, fetal demises – and that is not the case. Hypercoiling and
constriction, like other types of mechanical obstruction, can
lead to fetal thrombotic vasculopathy. There have been many
publications demonstrating the poor outcome of umbilical
cord stricture, including fetal demise, fetal growth restriction,
and fetal intolerance to labor [32,41–43].

The excessively long or short cord
The umbilical cord is, on average, 55–61 cm in length at term
[54]. The cord lengthens throughout gestation, although
growth slows after 28 weeks. At 6 weeks post-conception the
cord has an average length of 0.5 cm, by the fourth month it is
between 16 and 18 cm, and by the sixth month it is 33–35 cm
[32]. It is interesting to note that measurements of cord length
can shrink up to 7 cm in the first few hours following delivery.
For this reason, and because portions of the cord may be used
for laboratory tests or discarded in the delivery room, accurate
measurement of the entire length of the cord at the time of
birth is optimal. However, attempts to convince delivering
physicians of the importance of such measurements have
generally failed. For this reason, the diagnosis of a short cord
is generally not possible in the pathology laboratory.

Fig. 20.5. Portion of umbilical cord with constriction in the center of the
figure. The cord is discolored green due to long-standing meconium staining.
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As with umbilical cord coiling, cord length has been
correlated with fetal activity in utero [32]. This is supported
by the fact that short cords are present in conditions where
there is intrauterine constraint due to uterine anomalies,
amnionic adhesions, or ectopic pregnancies [33], or where
there is decreased fetal movement due to neurologic condi-
tions, skeletal dysplasias, or other anomalies [55]. The rela-
tionship between long cords and excessive fetal movements is
more difficult to assess because of the lack of data on prenatal
movements and follow-up on the potential “hyperactivity” in
infants with long cords [56,57]. There does appear to be a
genetic component as well, since mothers with a history of a
long cord are at increased risk of a long cord in subsequent
pregnancies [40].

There is no consensus on the minimum length for a
diagnosis of an excessively long cord, with definitions ranging
from 70 cm to 90 cm. This inconsistency is due in part to the
lack of accurate measurement of cord length at the time of
delivery such that pathologists are left with a cord length of
“at least” a certain measurement rather than the true meas-
urement. A retrospective study of over 38 000 placentas found
that excessively long cords occurred in 3.95% of placentas and
that right coiling, cord entanglement, hypercoiling, and true
knots were more common in long cords [40]. In addition,
long cords are associated with histologic findings of villous
capillary congestion and fetal thrombotic vasculopathy
[40,58] as well as evidence of intrauterine hypoxia such as
chorangiosis and increased nucleated red blood cells [40]. It
appears that such long or hypercoiled cords have increased
resistance to flow, which may lead to greater pressures in
the fetal circulation [40,59], and this is supported by the
presence of cardiac enlargement and hypertrophy in fetuses
with long cords [59]. Fetal growth restriction, intrauterine
demise, and neonatal coagulation disorders are all seen with
increased frequency in long cords. Furthermore, excessive
cord length has been associated with increased morbidity,
including cerebral degenerative changes [58], brain imaging
abnormalities, neurologic injury, and poor long-term neuro-
logic status [40].

As with long cords, the cut-off for short cords is also not
well defined, and figures are reported to be from 32 cm to
40 cm at term. Short cords correlate well with depressed
intelligence quotient (IQ) and with a variety of fetal and
neonatal problems [60]. The essential question is whether the
short cord is due to prenatal problems that caused diminished
activity, or whether the problems resulted from perinatal
complications from delivery of an infant with a short cord.
Extremely short cords, less than 15 cm, are commonly seen
in infants with fetal anomalies, particularly abdominal wall
defects, and spinal and limb deformities. Short cords can cause
problems at delivery as they may prevent descent of the infant
and thus lead to abruption, uterine inversion, and even cord
rupture. If this occurs, serious neurologic sequelae or death
may be the result [32]. These complications may also be seen
even when there is a “relative” short cord created by cord
entanglement.

Cord entanglement, true knots, and cord prolapse
The umbilical cord may become entangled around any fetal
part, but the most common is a nuchal cord, in which the cord
is looped around the fetal neck. Entanglements have been
found as early as 10 weeks' gestation, and nuchal cords in
particular are commonly diagnosed by sonography, but some
of these appear to resolve by delivery [35]. Even so, at term,
the incidence of nuchal cords is 15–20%. Infrequently, mul-
tiple loops of cord may become wrapped around the neck, and
up to eight loops have been reported [32]. Cords may encircle
the neck in an unlocked or locked pattern, the latter having
more severe consequences for fetal outcome [61].

The association of nuchal cords with fetal growth restric-
tion implies that entanglements and their associated cord
compression are long-standing prenatal events [62]. Since
most cord entanglements are relatively loose, they do not lead
to adverse outcome, but they may tighten after membrane
rupture when the infant descends down the birth canal.
If one looks only at tight entanglements, there is an increase
in perinatal complications, low Apgar scores, and fetal demise
[39]. Neonates with nuchal cords are also significantly more
anemic than controls, presumably because of decreased
venous return from compression of the umbilical vein [63].
Rarely, they can be so tight as to lead to hypovolemic shock in
the neonate [63]. A correlation between tight nuchal cords and
cerebral palsy has also been shown [64].

True knots, like cord entanglements, may be tight or loose.
Venous distension distal to the knot and vascular congestion
in the placenta is a characteristic finding in tight knots of
clinical significance (Fig. 20.6). These are often associated with
thrombosis of placental surface veins. The incidence of true
knots is reported to be from 0.4% to 1.2% [32], but they are
more common with long or hypercoiled cords [31,32,40].
Complex knots and cord entanglements are especially frequent
in monoamnionic–monochorionic twins, and cause signifi-
cant morbidity and mortality [32]. True knots have also been

Fig. 20.6. Tight true knot of the umbilical cord. Although congestion was
not present on the placental side of the knot grossly, on histologic section
the umbilical vein was dilated and early thrombosis was identified.

Section 3: Diagnosis of the infant with brain injury

246



associated with variable decelerations on fetal heart tracings,
fetal distress, fetal hypoxia, long-term neurological damage,
and perinatal morbidity [32].

Cord prolapse occurs when the umbilical cord precedes the
presenting fetal part during labor and delivery. Here, the cord
may be acutely compressed by the fetal head during a vaginal
delivery. Prolapse is uncommon, occurring in less than 1% of
deliveries, but has significant perinatal mortality, from 10% to
13% [32]. It can also lead to serious neurologic consequences
for the fetus [32]. Risk factors include abnormal fetal presenta-
tion, preterm labor, multiparity, multiple gestation, low birth-
weight, obstetric manipulation, polyhydramnios, abruption,
placenta previa, and a long cord [65]. Pathologic examination
will reveal acute congestion and, rarely, localized damage to the
umbilical cord at the site of the compression.

Velamentous vessels
The umbilical cord normally inserts on the placenta near or at
the center. In about 7% of term placentas the cord inserts
at the margin, and in about 1%, it inserts into the membranes:
a velamentous insertion [31,32]. Velamentous vessels are pre-
sent in velamentous and furcate insertions of the umbilical
cord, between accessory lobes and occasionally in marginal
cord insertions. These vessels run within the membranes
without the protection of Wharton's jelly and are thus suscep-
tible to thrombosis, compression, disruption, or other trauma.
This is particularly true in velamentous insertions when the
cord inserts far from the placental margin and the vessels have
a long membranous course (Fig. 20.7). Velamentous vessels
are most vulnerable after membrane rupture, when the pro-
tection of the amniotic fluid is lost. Although hemorrhage
from ruptured velamentous vessels occurs only in about 1 in
50 velamentous cord insertions, mortality from the subse-
quent fetal hemorrhage is 58–73% [66]. Velamentous cord
insertions are also associated with abnormal fetal heart-rate

tracings, fetal growth restriction, low birthweight, and low
Apgar scores [32,67]. Velamentous vessels may also be associ-
ated with vasa previa, where the membranous vessels cross the
cervical os, preceding the presenting fetal part. These vessels
may be compressed during labor and cause fetal distress and
hypoxia [68]. If a vaginal delivery is attempted, the membran-
ous vessels will be disrupted and fetal hemorrhage will result.
Depending on the extent of the hemorrhage, exsanguination
and fetal death may result, or there may be serious neurologic
injury in the infants who survive. Examination of the placenta is
essential to document the presence of disrupted velamentous
vessels and hemorrhage into the surrounding membranes. It is
crucial that the suspicion of ruptured velamentous vessels be
communicated to the pathologist prior to examination, so that
extra care can be taken to preserve these findings.

Fetal vascular thrombosis
Obstruction of blood flow through the cord leads to decreased
venous return from the placenta, venous stasis, and subse-
quent thrombosis in the fetal circulation, which can further
embarrass blood supply to the fetus. Thrombosis may occur
not only from cord compression or obstruction but also due to
a hypercoagulable state, maternal diabetes, infection, and other
miscellaneous conditions [69]. There are a number of throm-
botic lesions comprising this group, including occlusive and
non-occlusive thrombi, mural thrombi, intimal fibrin cush-
ions, avascular villi, and villous stromal karyorrhexis [70].
On microscopic examination, recent thrombi contain fibrin,
clot, and extracellular material, which most often does not
completely occlude the vascular lumen (Fig. 20.8). Older
thrombi are recognizable by the presence of calcification
within the vessel wall, indicating duration of many weeks
(Fig. 20.9). In mural thrombi or intimal fibrin cushions, fibrin
is attached to the endothelium or incorporated into the intima
(Fig. 20.10). This is sometimes associated with an increase in

Fig. 20.7. Placenta with a velamentous insertion. Note that the umbilical
cord inserts far from the placental margin and numerous membranous vessels
are present. In this case, there is no disruption of vessels or hemorrhage
in the surrounding membranes. See color plate section.

Fig. 20.8. Fetal vessel in a stem villus with a recent, nearly occlusive
thrombus. See color plate section.
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ground substance, forming the appearance of a vascular cushion.
Lack of blood flow in the fetal circulation will eventually
lead to involution of the “downstream” villi, resulting in the
formation of avascular villi, a process also occurring over a
period of weeks. Avascular villi contain hyalinized stroma and
no fetal vessels, but have a normal-appearing trophoblastic
cover (Fig. 20.11). Villous stromal karyorrhexis is most
commonly, but not exclusively, found in the smaller villous
capillaries [71]. Obstruction of blood flow leads to damage of
the vascular wall, necrosis, and extravasation of blood into
the stroma. Nuclear debris or karyorrhexis will be present in
the villous stroma. This lesion is likely an intermediate lesion
in the evolution of avascular villi [70]. Fetal thrombotic
vasculopathy, the term applied to regional villous stromal
karyorrhexis and/or avascular villi, and fetal vascular thrombosis

in muscularized upstream vessels have been linked to adverse
neurologic outcome [71,72].

Amniotic fluid infection
Amniotic fluid infection can elicit both maternal and
fetal inflammatory responses. Acute chorioamnionitis, a mater-
nal inflammatory response, is defined histologically as acute
inflammatory cells within the fetal membranes: specifically,
the amnion and the chorion. Contrary to what is often sug-
gested, the presence of acute inflammatory cells in the mem-
branes is not a normal response to labor or other influences. It
is usually, and some believe always, indicative of an ascending
bacterial infection, an intrauterine infection. Bacteria ascend
from the vagina through the cervix and into the uterine cavity.
Whether they gain access to the uterine cavity appears to be
due to various host factors in the presence of an intact mucus
plug in the cervix, and not due to the presence of ruptured
membranes. Indeed, most infections arise in the face of intact
membranes, and bacteria have been shown to invade through
these layers to infect the amniotic fluid without membrane
rupture [36]. Initially, when the bacteria first enter the uterine
cavity, the inflammatory response is maternal in origin and is
localized to the membranes in the area of the cervical os. If the
infection goes unchecked, bacteria will gain access to the
amniotic cavity and the fetus will be exposed to bacterial
antigens and other products. Once this happens a fetal inflam-
matory response will ensue. The difference between maternal
and fetal response can be seen quite readily through the
microscope when one observes from which vessels the inflam-
matory cells are migrating. Maternal cells migrating from the
decidua will be present in the extraplacental membranes and
decidua basalis (Fig. 20.12). Maternal cells also migrate from
the blood in the intervillous space and can be found under and
within the chorionic plate. Fetal inflammatory cells will be
seen migrating out of fetal vessels in the umbilical cord (acute

Fig. 20.9. Large fetal chorionic plate vessel with distension and partially
occlusive thrombus. Calcification in the thrombus is indicative of
chronicity. See color plate section.

Fig. 20.10. Large fetal chorionic plate vessel with intimal fibrin cushion.
Note fibrin deposition in the wall of the vessel in the lower left of the
figure and deposition of pale-blue ground substance forming a “cushion.”
See color plate section.

Fig. 20.11. Avascular villi. Focus of villi lacking any villous capillaries
and with marked hyalinization of the stroma indicative of upstream fetal
vascular thrombosis. See color plate section.
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funisitis) and chorionic plate (chorionic plate vasculitis).
Inflammation of chorionic vessels can result in endothelial
damage and even fetal vascular thrombosis. These events
generally occur over a period of days. An alternative perspec-
tive suggests that noxious but non-infectious substances such
as meconium may elicit a neutrophilic placental inflammatory
response (see section on meconium, above).

Ascending infection is a major cause of preterm delivery as
well as neonatal morbidity and mortality, and this is mostly
due to the elaboration of inflammatory mediators or cytokines
by the fetus [36]. The fetal inflammatory response occurs
initially, at least, without infection of the fetus. The fetus is
exposed to bacterial products and elicits an inflammatory
response. This in turn causes the production of numerous
cytokines and inflammatory mediators. In preterm infants, cyto-
kines interfere with maturation of oligodendrocytes. In both
term and preterm infants, there are many systemic and central
nervous system effects caused by cytokines. In particular, the
permeability of the blood–brain barrier is altered, vasoactive
effects lead to hypoperfusion of the brain, and there are
direct toxic effects on brain cells by inflammatory mediators
[30,62,63]. Furthermore, if the fetus becomes infected, usually
the lungs are initially involved and acute bronchopneumonia
develops. This leads to decreased pulmonary function and
oxygenation. If the fetus becomes septic, hypotension and
decreased vascular perfusion will also occur. Therefore, it is
not surprising that the presence of a severe fetal inflammatory
response has been linked to adverse neurologic outcome,
periventricular leukomalacia, and cerebral palsy [30,71–73].

Mechanisms of chronic diminished
placental reserves
Maternal vascular underperfusion
Conditions in this category are secondary to suboptimal utero-
placental underperfusion. Those that are chronic, which are
the majority, are at risk for recurrence in future pregnancies
unless the underlying disorder is modifiable. The common
pathophysiologic pathway is one of maternal vascular disease
that reduces spiral arteriolar perfusion, leading to placental
ischemic changes and placental and fetal growth restriction;
this makes arterioles prone to thrombosis, leading to placental
infarction; and this makes arterioles prone to rupture, leading
to abruption (Fig. 20.13).

Maternal diseases that fall into this category include chronic
hypertension, chronic insulin-dependent diabetes mellitus,
pre-eclampsia, certain forms of autoimmunity such as sys-
temic lupus erythematosus, associated lupus-like antibody
disorders, connective tissue diseases such as scleroderma,
and, rarely, abnormal uterine anatomy with deficient vascula-
ture such as uterine septum. Some authors believe that mater-
nal thrombophilias can also lead to underperfusion, although
this view is not universally accepted.

In severely affected pregnancies, the placenta is invariably
growth-restricted, and exhibits microscopic features of villous
ischemia [74], distal villous hypoplasia, aggregated terminal
villi (Fig. 20.14), so-called villous “hypermaturation,” increased
syncytial knots, intervillous cytotrophoblast/fibrinoid islands,
and decidual arteriopathy. Additional features, as noted above,

Fig. 20.12. Section of extraplacental
membranes with acute chorioamnionitis.
Notice infiltration of numerous neutrophils
within all layers of the membranes: these are
derived from the decidua and thus the
maternal circulation. See color plate section.
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include placental infarction and abruption, which in this
may be multifocal and temporally heterogeneous, reflecting
the multifocal and progressive nature of maternal vascular
abnormalities. The sine qua non of vascular disease is the

microscopic phenotype of decidual arteriopathy. In its milder
form there is persistence of decidual arteriolar smooth muscle,
so-called non-transformation. The more severe form mani-
fests so-called “fibrinoid necrosis,” histologically represented
by hyalinized eosinophilic arterial walls; if lipid-laden macro-
phages are also present, then the term “with acute atherosis”
is applied (Fig. 20.15). These pathologic vessels are thrombo-
genic, leading to placental infarction, and prone to rupture,
resulting in acute abruption.

Fetuses are commonly growth-restricted. This is due
to chronically compromised oxygen and nutrient delivery,
a consequence of suboptimal maternal intervillous blood
flow. Placental growth restriction, also caused by reduced
maternal blood flow, may compound fetal growth restriction
via impaired placental-to-fetal blood flow, manifested by
abnormal Doppler umbilical arterial studies. Chronically
reduced maternal-to-placental blood flow renders the placen-
tal fetal vascular tree underdeveloped, with narrow villous
caliber and diminished generational branching (distal villous
hypoplasia).

The resultant reduction in distal villous fetal vascular cali-
ber and global volume leads to increased placental vascular
resistance by Doppler imaging, and, if severe, to reversed
diastolic umbilical arterial Doppler flow. While many, perhaps
most, live-born fetuses with placental features of underperfu-
sion demonstrate no clinical evidence for neurologic impair-
ment, possibly due to adaptive cerebroprotective mechanisms
of persistent hypoxic stress, there are exceptions, particularly
in very-low-birthweight infants [75,76].

Other conditions associated with diminished placental
reserves, due presumably to maternal immune-mediated
mechanisms, including autoantibody and other immune dys-
regulation, include villitis of unknown etiology (VUE, non-
specific chronic villitis) [77], maternal floor infarction (MFI)
[78], and a disorder likely related to MFI, massive perivillous
fibrin deposition (MPFD) [79]. Indirect evidence for mater-
nal-based pathophysiology in these conditions comes from
(1) high recurrence rates in subsequent pregnancies [80] and
(2) case reports of recurrent pregnancy loss rescue by immu-
nomodulatory therapy during gestation [81–83].

Villitis of unknown etiology, non-specific
chronic villitis (VUE)
Villitis of unknown etiology (VUE) is represented micro-
scopically by maternal T-lymphocyte and histiocyte infiltra-
tion into villous stroma. Affected villi exhibit inflammation-
induced vascular obliteration; when extensive, the term
“obliterative fetal vasculopathy” is used. Extensive villous
involvement by VUE with obliterative fetal vasculopathy is
associated with growth restriction, stillbirth, and neurologic
impairment (Fig. 20.16) [84,85]. As previously mentioned,
with severe VUE there is an increased risk of pathologically
recurrent placental VUE and untoward pregnancy outcome
in future pregnancies. There are no relevant animal models
to date.

Fig. 20.13. Gross pathology of intrinsic maternal vascular disease
leading to chronic maternal vascular underperfusion. Multiple temporally
heterogeneous infarcts, with or without placental abruption (present in
this case, middle section on left). See color plate section.

Fig. 20.14. Some of the microscopic features of chronic maternal
underperfusion: villous ischemic changes, manifested as distal villous
hypoplasia (on left) and villous agglutination (on right). See color plate section.
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Maternal floor infarction (MFI) and massive
perivillous fibrin deposition (MPFD)
Maternal floor infarction (MFI) and massive perivillous fibrin
deposition (MPFD) are likely variant expressions of patho-
logically related if not identical phenomena. MFI is character-
ized by a thick fibrin(oid) rind that coats the basal placenta.
Although commonly referred to as fibrin, the component
products include not only maternal blood-derived fibrin but
also protein-rich extracellular substrate of extravillous tropho-
blast (“X-cell”) derivation, presumably the result of altered
metabolism by cytotrophoblast hypoxia. Grossly, regions
of firm off-white deposits replace the normally spongy red

placenta parenchyma. Microscopically, the maternal inter-
villous space is packed with eosinophilic proteinaceous
material that prohibits blood flow to entrapped villi, leading
to ischemic villous damage of affected villi and reduced flow
to overlying areas unaffected by the fibrin band. MPFD
similarly packs the intervillous space with fibrin(oid), but
the distribution is different. There is a regional serpentine
involvement that may extend the full thickness of the pla-
cental disc (Fig. 20.17). Fetal associations with both MFI
and MPFD include recurrent pregnancy loss, prematurity,
growth restriction, adverse neurodevelopmental outcome,
and stillbirth [86,87]. As with non-specific chronic villitis,
animal models have not been identified or constructed for
experimental evaluation.

Summary
(1) Numerous mechanisms of intrauterine stress exist capable

of leading to fetal morbidity – including neurodisability –
and to fetal and neonatal mortality.

(2) Many, but not all, mechanisms of intrauterine stress
operative in the last half of gestation are hypoxic and/or
infectious in mode.

(3) Most, but not all, mechanisms of intrauterine stress have
specific placental correlates – “footprints” of their presence
during gestation. The presence and extent of placental
pathology depends in part upon timing, as events
occurring shortly prior to delivery may not have time to
manifest pathologic abnormalities.

(4) Sometimes, the absence of placental footprints in the
setting of untoward neonatal outcome is attributable to a
mechanism (e.g., head trauma due to external mechanical
forces) that has no placental correlates.

Fig. 20.15. Decidual arteriopathy. (a) Milder phenotype: non-transformation of spiral arterioles. (b) More severe phenotype: fibrinoid necrosis with acute
atherosis. See color plate section.

Fig. 20.16. Severe chronic villitis. Widespread obliteration of terminal villous
capillaries and distal stem villous vessels (so-called obliterative vasculopathy).
See color plate section.
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(5) The placenta, therefore, is a critical adjunct in assessing
mechanisms and timing of intrauterine stressors.
Furthermore, both the presence and absence of findings
are relevant to clinicopathologic interpretation.

(6) Pathologic interpretation in a given case is in part evidence-
based, but in part must rely on pathology expertise borne of
individual experience and inter-observer consensus.

(7) Placental pathology determinants of intrauterine stress,
both mechanisms and their timing, are not synonymous
with determinants of injury. Except in certain specific
circumstances, assessing the extent and timing of injury
requires clinical acumen beyond the purview of pathologic
evidence and interpretation alone.
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Chapter

21 Correlations of clinical, laboratory, imaging,
and placental findings as to the timing
of asphyxial events
Philip Sunshine, David K. Stevenson, Ronald J. Wong, and William E. Benitz

Introduction
Following the birth of a depressed newborn, the infant's
caretakers are involved in providing appropriate resuscitative
techniques, stabilizing the infant's biochemical and physio-
logical abnormalities, and evaluating the infant's response to
these measures. The caretakers must also ascertain the cause of
the infant's depression, attempt to determine when the event
or events leading to the depression occurred, and develop a
plan for follow-up evaluation and treatment that will be
required. The determination of causation and timing not only
has medical–legal implications, but also is becoming extremely
important in order to evaluate the types of therapy that may
be utilized to mitigate the effects of an asphyxial event. If the
infant had suffered significant damage days or weeks prior to
birth, then these rescue forms of therapy will have little, if any,
beneficial effect on the infant's eventual outcome. In many
situations, this determination is very difficult to make, as there
may be a myriad of events that could have occurred prior to
the time of birth, and overlapping of significant problems
makes this exercise an almost impossible task at times.

Identification of the etiology of a cerebral injury is a
critical prerequisite to the determination of its timing. For
example, lactic acidemia immediately after birth and an
elevated serum creatine kinase (CK) level at 24 hours of age
in an infant with abnormal intensities of T1- and T2-weighted
signals in the basal ganglia on MRI obtained at 2 weeks of
age might point to intrapartum timing of an acute hypoxic–
ischemic insult. However, these findings would also be con-
sistent with an underlying mitochondrial disease. Distinction
between these possibilities would require additional informa-
tion, such as lactate/pyruvate ratios (normal after an asphyxial
insult, elevated in mitochondrial diseases), serial serum CK
levels (transiently vs. persistently elevated), or knowledge of
the subsequent course (static encephalopathy without recurrent
episodes of acidemia vs. progressive encephalopathy or other
neurologic findings with recurrent or persistent lactic acid-
emia). Before attempting to determine the timing of an asphyxial
event, all available data should be carefully reviewed to exclude

non-asphyxial etiologies, particularly genetic, metabolic,
infectious, and inflammatory disorders as described in other
chapters. In many instances, the available data are insufficient,
so additional diagnostic studies are required.

When an acute or sentinel event has taken place, such as a
readily recognized prolapsed cord, an abruptio placentae, a
ruptured uterus, or a disorder leading to acute and profound
blood loss in the fetus, the timing of the event can be ascer-
tained with a reasonable degree of accuracy. However, even in
these circumstances, the time frame may not be known with
certainty, especially if the process has been developing over a
period of time. Often, the area of damage to the central
nervous system can be found to correlate with this acute event,
as it tends to involve the thalamus and the basal ganglia [1,2].
At times, when there is an occult prolapse of the cord, or
if the infant is profoundly affected when the mother suffers
from an amniotic fluid embolus that has an unusual form of
presentation, the timing of an acute event can not be made
with precision.

There may also be overlapping of events leading to the
infant's problems. Data from laboratory animals have demon-
strated that even brief repeated episodes of cord occlusion can
not only predispose the fetus to cerebral injury, but can also
lead to compromise of the cardiovascular system [3–6]. Thus a
fetus with intrauterine compromise may not be able to with-
stand the stresses of labor, and can develop what would appear
to be an acute catastrophic bradycardic episode and therefore
complicate an already pre-existing neurological injury.

In addition, many infants who are depressed at birth or who
are later found to have suffered neurological or intellectual
impairment may have few, if any, indicators as to the cause,
severity, or timing of the injury. Because we have limited capabil-
ities of evaluating the neurological well-being of the fetus during
the labor process, we use indirect indicators thatmay be of help in
chronicling the sequence of events leading to the birth of a
depressed infant. Many of these indicators are encountered in
perfectly normal newborns, and the specificity and sensitivity of
these findings are often inconclusive. Despite these shortcomings,
neonatologists, perinatologists, pediatric neurologists, neuro-
radiologists, and pathologists are asked to perform retrospective
analyses of data collected on the mother, the placenta, and the
fetus in an attempt to create a reasonable theory as to the
timing and severity of events leading to an infant's problems.
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The approach to such an exercise is outlined in Table 21.1,
which can be used as a template for determining the timing.
Realizing that many clinical signs may be subjective, one often
has to evaluate numerous clues to determine the sequence of
events that were involved. In most situations, timing of an
injurious event can only be placed within broad periods such as
during fetal development, the prelabor period, the intrapartum
period, or the postpartum (neonatal) period.

Prepartum evaluation
Currently, most women with high-risk obstetrical problems
are readily identified and have frequent and intensive moni-
toring during their pregnancies. With careful screening that is
currently in place in obstetrical practices, many of these
women are identified even prior to their pregnancies or in
the early part of their gestation. The approach to antepartum
evaluation is clearly delineated in Chapter 14. When a low-risk
mother develops risk factors during her pregnancy, such as
glucose intolerance, pre-eclampsia, decreased intrauterine
growth, hydramnios, or post-datism, then she too will be
evaluated more intensely and more frequently [7]. Women
with a low-risk status will not have these evaluations, and thus
subjective signs to alert her caretaker to potential problems
become important. The fetus that develops a marked increase
in activity, such as writhing movements that do not stop or, as
some women describe these, “as if the baby wanted to jump
out of the uterus,” may be an important sign of a fetus in
distress [8]. This is especially true if the writhing movements
are followed by a period of fetal inactivity. Similarly, the fetus
that has been active and either gradually or suddenly stops
moving is another important sign that may be helpful in the

timing of an untoward event [8,9]. Since such findings are
found in fetuses with perfectly normal outcomes, they may not
be brought to the physician's attention, or are regarded as
variations of a normal pregnancy. Nevertheless, these signs
should be brought to the attention of the healthcare provider
so that further evaluation of the well-being of the fetus can be
addressed. Olesen and Svare have developed an algorithm to
aid the caregiver in approaching women who note decreased
or absent fetal movement [9]. Retrospective analyses of these
findings may be helpful in determining the timing of the fetal
injury. Similarly, the sudden onset of hydramnios may also be
an important sign of fetal compromise.

Recognition of an acute event such as severe abdominal
pain, sudden onset of cardiopulmonary insufficiency or arrest
in the mother, or acute blood loss associated with vasa previa,
abruptio placentae, or placenta previa can also be used to time
the onset of an asphyxial event.

Fetal heart-rate monitoring
The specifics of fetal heart-rate monitoring are described in
Chapter 15 and will not be addressed in detail here. Schifrin
et al. [10] and Phelan and Kim [11] have identified an abnor-
mal fetal heart-rate pattern that is fixed and non-reactive when
a women is first admitted to the labor and delivery unit. This
pattern is highly suggestive of a neurological injury that
occurred prior to the time that labor began. As early as 1985,
van der Moer et al. described a fixed fetal heart-rate pattern
with normal frequency and without decelerations and acceler-
ations in a fetus who had suffered significant intrauterine
brain damage 14 days prior to the time the mother went into
labor [12]. Menticoglou and coworkers described two full-
term infants with similar courses [13]. Schifrin et al. termed
this as a “pattern of autonomic imbalance” [10]. Phelan and
Kim described this pattern in 45% of a population of 300
brain-damaged infants, and found it to be associated with a
reduction in fetal activity, evidence of meconium-stained skin,
and meconium aspiration syndrome [11]. When this heart-
rate pattern is found on the mother's admission to the labor
unit and does not change, they suggest that this is consistent
with a “static encephalopathy that antedated the patient's
arrival to the hospital.”

If a woman is admitted, is found to have a reactive fetal
heart-rate pattern, and then has a sudden and prolonged
episode of fetal bradycardia, then it is more likely that an acute
intrapartum event has occurred [14].

Other abnormalities that occur during labor, such as decel-
erations, tachycardias, and their relationship to fetal injury,
are discussed in Chapters 13 and 15. Such abnormalities
would suggest that, if the fetus is damaged, this damage
occurred during the intrapartum period, especially if associ-
ated with significant fetal metabolic acidosis [15]. However,
the sensitivities and the specificities of the abnormalities to
predict outcomes correctly are low [15–17]. The interpret-
ations of these tracings vary from individual to individual
[18,19]. Nielsen et al. reported that when four obstetricians

Table 21.1. Template for timing of neonatal brain injury

Maternal history of fetal activity

Use of biophysical profile

Fetal heart-rate monitoring

Presence of meconium

Neonatal neurological examination

Electroencephalogram

Imaging studies

Ultrasound

CT scan

MRI

Laboratory studies

Cord blood gases and initial postnatal blood gases

Hematological studies

Biochemical evaluations

Examination of the placenta

Neuropathological evaluations

Follow-up evaluations of clinical and laboratory parameters

Notes:
CT, computed tomography; MRI, magnetic resonance imaging.
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examined 50 tracings, agreement was reached in 22% of the
cases. Moreover, 2 months later, the same clinicians inter-
preted 21% of the cases differently than they did during the
initial evaluation [19]. In addition, the interpretations are
greatly influenced by the interpreter's knowledge of the out-
come of the neonate [20]. It has always been a source of
amazement to find “experts” point to a specific time on a fetal
heart rate tracing and indicate a particular moment when
the fetus began to be compromised, and declare that had the
infant been delivered within a very short time period, the
infant would have been “perfectly normal.” While there may
be such occurrences, the use of the tracing to identify precise
moments of injury to the fetus is speculative at best.

Conversely, significant improvements in the quality of
intrapartum assessment can be made with effective educational
techniques, and not only would the need for cesarean sections
decrease, but the incidence of neonatal encephalopathy could
be reduced as well [21–24].

Meconium-stained amniotic fluid
This subject is discussed at length in Chapter 36, and to some
extent in Chapter 20. Infants who pass meconium in utero
have been thought to have a greater risk of developing respira-
tory problems than those who do not, but the finding of
meconium-stained amniotic fluid in itself, without associated
evidence of neurological depression or respiratory insuffi-
ciency, does not seem to be associated with significant adverse
effects. Nevertheless, there is still a great deal of debate as to
whether or not meconium has an adverse effect on the umbil-
ical vasculature or on the lung parenchyma of the fetus.
Meconium-stained amniotic fluid is encountered in a large
number of deliveries and may be as frequent as 30–40% in
post-date pregnancies.

S. H. Clifford was one of the first to note an association of
yellow staining of the vernix caseosa, skin, nails, and umbilical
cord with an increased rate of neonatal morbidity and mortal-
ity [25]. He suggested that the “yellow vernix syndrome” was
the result of an episode of fetal asphyxia occurring days to
weeks prior to the onset of labor. Similar observations have
been made by Phelan and Kim in patients who had persistently
non-reactive fetal heart-rate patterns, reduced fetal activity, and
passage of “old meconium” at the time the membranes were
ruptured [11].

Sienko and Altshuler have demonstrated that meconium
itself has vasoconstrictive properties when it is present in
amniotic fluid for a period of time [26], and those observa-
tions have been substantiated to some degree by Naeye [27].
The length of time that meconium has been present can be
ascertained by evaluating the consistency of the meconium,
which tends to be thick and tenacious when passed close to the
time of delivery, and is thin with particulate matter when
passed hours to days previously. However, the infant may
have had several episodes of meconium passage, and thus
the timing of neurological injury to that of meconium passage
is often difficult to make.

In an excellent review of the fetal consequences of
amniotic-fluid meconium, Benirschke has delineated the
issues that have been raised regarding which of the compon-
ents of meconium may be ascribed to vascular and/or pul-
monary damage [28]. Whether cytokines, bile acids, enzymes,
or other factors are involved has remained speculative, and
whether the association of meconium aspiration with chor-
ioamnionitis could be a factor is still not completely resolved.
He ended his discussion with a quote from Katz and Bowes,
stating the topic of meconium will remain a “murky subject
for a while” [29].

Seizures
Seizures associated with hypoxic–ischemic encephalopathy
(HIE) are associated with an adverse prognostic significance,
and increase the risk of neurological sequelae two to five times
as compared to those infants without seizures [30]. In most
situations, the onset of these seizures occurs within the first 12
hours of life, and they are often refractory to anticonvulsant
therapy. The earlier the onset of seizures, usually the worse the
outcome [30]. However, neither the time of the onset nor the
severity of the seizures has been correlated with the timing of
the event that led to the neurological insult affecting the fetus
[31]. In some situations, the seizures may have occurred
in utero and have not been fully recognized by either the
mother or the physician. Such seizures have been reported in
asphyxiated fetal lambs, and have resulted in increased heart-
rate variability in the brain-damaged animal as well as in the
human fetus [32].

More recently, Filan et al. have challenged the concept that
the timing of seizures could not be correlated with the time of
cerebral injury in utero [33]. Using continuous 12-channel
video-EEG monitoring as soon after birth as possible, they
noted that the identification of electrographic seizures
occurred later than the clinically recognized seizures. They
concluded that if the electrographic seizures occurred before
12 hours of age, they were due to prelabor causes, and that
onset at 18–20 hours after birth indicated an insult in the
peripartum period. They only evaluated nine infants, and it
would be of great interest if these initial findings are confirmed.

Electroencephalogram
This aspect of evaluation is discussed in Chapter 17. The
electroencephalogram (EEG) is useful in identifying seizures
in the neonatal period and is often helpful in determining the
severity of the encephalopathy. Takeuchi and Watanabe have
described a series of changes that occur in the EEG of asphyxi-
ated term infants that initially demonstrate varying degrees
of isoelectric or burst–suppression patterns, and are often
followed by increased degrees of discontinuity [34]. In the
chronic stages, signs of dysmature and disorganized patterns
evolve. There is also a sequence of evolution in the back-
ground of the EEG in infants with asphyxia that could be used
to time the injury. It would require that the EEG be evaluated
very soon after birth and that frequent follow-up studies be
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performed to evaluate the progress of the patient, the response
to antiepileptic medications, if required, and the evolution of
the EEG pattern. Similar studies have also been reported in
preterm infants by these authors [35].

Using amplitude-integrated EEGs (aEEGs), Toet and co-
workers were able to evaluate infants with encephalopathy
within 3 and 6 hours after birth and to identify infants who
had severe encephalopathic findings that could possibly bene-
fit from interventional therapy, as well as those who had mild
changes and would not require such treatment [36].

However, Sarkar et al. found that this technology would
not identify all of the infants with severe encephalopathy who
could possibly benefit if they were to be treated with hypo-
thermia [37]. Thus the use of aEEGs remains a potential tool
in early identification of infants with severe encephalopathy,
but the clinical features of the encephalopathy are critical in
identifying the infant who would benefit from treatment.
These findings would support, to some extent, those reported
by Filan et al. [33] (also see Chapters 17 and 43).

Laboratory findings
Lymphocytes and platelets
Hematological abnormalities have been used with increasing
frequency to time the injury in affected newborns. Naeye and
coworkers have utilized lymphocyte counts and nucleated red
blood cell counts to determine the timing of neurological
injury [38,39]. These authors have noted that lymphocyte
counts increase to levels of greater than 10 000/mm3 within
2 hours of the initiation of the injurious event and return to
normal within 14–18 hours even if the hypoxic–ischemic event
continues. If the event occurred more than 24 hours prior to
birth, the lymphocyte count was not elevated. In the more
recent study, Naeye and Lin also showed that if cardiovascular
or renal dysfunction was associated with the hypoxic event,
the platelet count decreased by 30% at about 30 hours and
50% by 60 hours after the event causing HIE occurred [38].
The use of this low value was especially helpful when an acute
intrapartum event occurred.

Nucleated red blood cell count
We have found that elevation of normoblasts or nucleated red
blood cells (NRBCs; see Chapter 20) is of great help in identi-
fying those infants who have evidence of intrauterine hypoxia
that has been present for a period of time [40–46]. In most
situations, if there has been hypoxia in utero, there is a stimu-
lus to produce erythropoietin and increase the number of
NRBCs. Based on data from laboratory animals and from
human neonates, it has been suggested that it requires at least
48 hours for erythropoietin to increase the number of NRBCs
in the circulation. Thus the finding of a markedly elevated
NRBC count would be indicative of problems that had been
present for at least 48 hours, although the exact duration of
insult is often unknown.

In most of these reports, the number of cells and the length
of time the count remained elevated were correlated with the

length of time the infant had been in a relatively hypoxic state.
Those infants who had suffered an acute injury did not have
an elevated count, and Phelan et al. also reported that the
infants with chronic rather than acute injuries also had platelet
counts of less than 100K within the first 5 days of age [45].
Ferber et al. evaluated 100 low-risk pregnant women who were
at term [43]. Twenty-eight patients underwent intrapartum
cesarean sections, of which 15 were performed in non-reassuring
fetal states. The latter group of infants had elevated NRBCs
without elevation of erythropoietin, but had elevated levels
of IL-6. These authors suggest that interleukin 6 (IL-6) may
have a role in increasing NRBCs in the absence of an elevated
erythropoietin response.

Hamrick et al. did not find a correlation of elevated
NRBCs with the extent of brain injury or a relationship to
outcome [47]. These investigators evaluated infants with
encephalopathy, but did not separate those infants who had
acute insults from those who may not have been in a relatively
hypoxic environment for at least 48 hours. Perri et al. did not
find elevated NRBCs in uncomplicated prolonged pregnancies
[48], and McCarthy et al. did not find elevated levels in infants
with uncomplicated pregnancies delivered either vaginally or
by cesarean section [49].

Elevated NRBCs are also seen in response to an acute
hypovolemic event such as bleeding from the vasa previa or
bleeding from an abruptio placentae, where the outpouring of
NRBCs can occur in a matter of hours [38,40]. For a period of
time it was thought that this type of response was due to
the fetal response of “splenic contraction” and elaboration of
immature cells. Studies by Calhoun et al. have shown that
active hematopoiesis is not present in the spleen of the mid-
gestation of the human fetus [50]. Thus it is conceivable that
the NRBCs in circulation most likely come from the liver or
the bone marrow, in response to a hypovolemic stimulus.

While it is usual to express the elevation of NRBCs as the
number of NRBCs per 100 white blood cells, we prefer to use
the total number per cubic millimeter, as one might not
appreciate an elevated count in those situations where there
is also a leukocytic response. Thus a number greater than 1500
NRBCs/mm3 is abnormal, even in prematurely born infants.
Also, the more severe the hypoxic episode that is present, the
longer the period of time that the NRBC count remains elevated
[45]. Table 21.2 lists the most frequent causes of elevated
NRBCs in the circulatory blood volume of neonates.

Biochemical markers of asphyxia
A list of laboratory studies that have been used to assess
the severity of HIE is found in Chapter 1 of this text and
noted in Volpe's Neurology of the Newborn as well [30]. When
these laboratory studies are markedly abnormal, there is
good correlation with the severity of the asphyxial episode.
Unfortunately, most of these assays are not readily available
in many clinical laboratories, and samples have to be sent to
specific centers in order to have them assayed. Most labora-
tories can measure ammonia in blood, and CK and lactate in
serum. Even the measurement of brain-specific isozyme of CK
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(CK-BB) may not be available in many clinical laboratories.
If CK is to be utilized, it should be measured soon after
birth and followed with frequent assays, as it tends to rise
and fall rapidly over a 1- to 2-day period [51]. Nagdyman
and coworkers demonstrated that CK-BB was found to be
elevated 2 hours after birth in infants with moderate or severe
HIE, and remained elevated for 12 hours [52].

Measurement of CK-BB in cerebrospinal fluid may be an
even better method of detecting asphyxial injury, and abnor-
malities of this assay seem to correlate better with the severity
of short-term outcome following an asphyxial event [53].
Again, this assay is not available in most clinical laboratories.
Thus, if an infant is depressed at birth and is found to have a
normal or minimally elevated CK, this suggests either that the
injury to the infant was mild or that it occurred days prior to
the intrapartum period.

Laboratory studies evaluating damage to other organs such
as the kidney and liver should also be abnormal in the infant
with asphyxia. However, if the asphyxic episode was acute,
multiorgan damage may not have occurred, and these labora-
tory values may be normal. If the infant has suffered from
partial prolonged intrapartum damage, elevation of the liver
enzymes aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) should be found.

These enzymes, as well as lactic dehydrogenase (LDH),
have been evaluated primarily in adults following myocardial
infarction. There is a temporal pattern of enzyme release, with
the ALT and AST rising and falling rapidly over a 2- to 3-day

period. The LDH rises slowly during the first day after injury,
peaking at 3–4 days and returning to normal levels in 14 days
[54]. Such temporal data are not available for liver damage
associated with acute hypoxic–ischemic injury in the newborn,
and thus often do not have the specificity to aid in the timing
of the asphyxial event.

The serum creatinine will also increase over the first 1–2
days of life and remain elevated until renal function improves.
The infant's initial serum creatinine measured soon after birth
tends to parallel that of the mother's and then will increase if
there has been significant renal involvement. If the infant's
serum creatinine is found to be elevated soon after birth, is
higher than the mother's level, and then begins to decrease, the
injury to the infant most likely occurred days prior to the time
the infant was born. Also the length of time that the creatinine
remains elevated is often, but not always, correlative with
the severity of the asphyxial episode. Other markers of renal
involvement include hematuria, proteinuria, and elevated
urinary b2-microglobulin [55].

Although hypoglycemia can be encountered in infants
following an asphyxial event, and its finding should be antici-
pated as glycogen stores may be depleted, its onset and severity
have not been useful in determining the timing of an adverse
event.

Newborn neurological evaluations
Infants with severe encephalopathy are obtunded and in coma.
They are flaccid, their deep tendon reflexes are depressed
or absent, and they often have evidence of autonomic dysfunc-
tion. Those with mild encephalopathy have normal or hyper-
active tone and reflexes, may be hyperalert, and may have
jitteriness, but do not have seizures.

Those with moderate encephalopathy fall between these
extremes. They are listless, lethargic but arousable, tend to be
hypotonic, but may have absent, normal, or even hypertonic
reflexes. They feed poorly, may develop seizures, and have
decreased spontaneous motor activity. Some, but not all,
infants may pass from one stage to another, with overlapping
findings. The detailed clinical features and the time intervals
are described in Chapter 16.

It should be noted that those infants who have suffered
from intrapartum asphyxial episodes, especially if they have
moderate or severe encephalopathy, are hypotonic, which lasts
for the first 5–7 days of life. Hypertonicity then becomes
apparent during the second week of life. Thus, a newborn
who has moderate to severe encephalopathy and has increased
tone soon after birth along with somnolence and seizures
should be suspected of having suffered an injury prior to the
intrapartum period. As noted in Chapter 1, infants may suffer
from an intrauterine injury prior to the onset of labor, then
have sufficient time to recover, may even appear normal in
the immediate newborn period, have relatively normal umbil-
ical cord blood gases, and may even be sent to the normal
nursery. However, they may soon develop signs of encephal-
opathy, often with seizures, and neuromaging studies obtained

Table 21.2. Causes of elevated nucleated red blood cell (NRBC)
counts [38–48]

Chronic intrauterine hypoxia

Prematurity – especially those with IVH

Hemolytic anemia

Rh incompatibility

ABO incompatibility

Homozygous α-thalassemia

Chronic intrauterine anemia

Fetal–maternal bleeding

Twin-to-twin transfusion

Infants of poorly controlled diabetic mothers

Infants with intrauterine growth restriction

Infants of smoking mothers (mildly elevated)

Infants delivered associated with acute blood loss

Placenta abruptio

Vasa previa

Infants with diaphragmatic hernias

Severe placental insufficiency

Recurrent episodes of cord compression

Congenital infections (especially CMV)

Notes:
IVH, intraventricular hemorrhage; CMV, cytomegalovirus.
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at the end of the first week are similar, if not identical, to those
of infants who have suffered from an intrapartum event.
Perlman noted that in his experience approximately 50% of
patients with neonatal encephalopathy exhibit this clinical
scenario [56]. Hull and Dodd [57] reported similar experi-
ences in their evaluation of 107 infants and found 43 had
courses similar to that described by Perlman [56]. These
infants had normal vaginal births. Almost half had no evi-
dence of fetal distress and had good Apgar scores at 5 minutes.
Constantinou et al. described 14 infants who were resuscitated
after a “near-miss” sudden infant death syndrome (SIDS) [58].
Seven of these infants died without regaining consciousness,
and five of the seven remaining infants, who regained con-
sciousness within 1 hour of resuscitation, showed a striking
period of appearing almost normal before having neurological
deterioration 36–96 hours after resuscitation.

If an infant is found to have arthrogryposis, this problem
most likely developed weeks to months prior to birth and had
nothing to do with intrapartum difficulties. Significantly
increased tone encountered in the newborn period should
suggest other diagnoses such as stiff-body syndrome, myo-
tonia congenita, or infants born to mothers who abuse
cocaine.

The infant who has marked hypotonia without other find-
ings of asphyxia should be evaluated for syndromes such as
Prader–Willi syndrome, Zellweger syndrome, Miller–Dieker
syndrome, fragile X syndrome, myotonic dystrophy, and even
congenital myasthenia gravis.

The infant with significant cerebral edema will have a
full or bulging fontanel, spreading of the cranial sutures, and
an enlarging head circumference (see Chapter 16). In most
situations cerebral edema is not a prominent feature of HIE
in full-term infants [59]. If it is present, it usually requires
16–24 hours to become recognizable clinically, and reaches a
maximum pressure at 36–72 hours after the cerebral insult.
Therefore, if an infant is born with cerebral edema already
clinically evident, it would suggest that the damage had
occurred at least 18 hours previously.

Some infants with moderate or severe encephalopathy may
also have evidence of severe persistent pulmonary hyperten-
sion of the newborn (PPHN). Those infants are extremely
difficult to ventilate and may even be candidates for nitric
oxide (NO) therapy or even management with ECMO. It
generally requires the infant to be in a hypoxic environment
for at least 48 hours for pulmonary hypertension to become
manifest. Thus the factors responsible for the events causing
the pulmonary hypertension could very well be responsible for
the central nervous system damage as well (see Chapter 37).

It is also extremely important to evaluate intrauterine
growth patterns of depressed newborns and identify those
infants with asymmetric growth patterns. In most asymmet-
rically growth-restricted infants, the head growth is usually
protected compared to the infant's weight and length. Thus, if
an infant is born with decreased head growth compared to the
infant's weight and especially the length, and has neonatal
depression or is later found to have cerebral palsy, then one

can surmise that the intrauterine event causing this poor head
growth occurred long before the onset of labor.

Imaging studies
The ultrasound examination can be used readily in the neo-
natal period without having to move the infant, and provides
important screening information regarding gross structural
anomalies, significant hemorrhage, hydrocephalus, and cer-
tain cystic changes. Its greatest value is in the preterm infant
to detect intraventricular hemorrhage (IVH), to follow the
infant for evidence of cystic periventricular leukomalacia
(PVL), and to follow the progression of hydrocephalus, should
it develop. The ultrasound examination for demonstration of
an acute hypoxemic event may not be helpful in evaluating the
extent and the timing of the event. The brain may appear
normal for the first 12–24 hours, and then changes compatible
with cerebral edema develop. There are often differences of
opinion when evaluating “slit-like” ventricles in term infants
and diffuse increased echogenicity throughout the brain tissue.
Studies using Doppler with resistive indices may add some
specificity to the physiological timing of the injuries. Low
resistive indices are most marked 24–48 hours after the injury.
Ultrasound can also detect injury to the thalamus and basal
ganglia, especially if accompanied by hemorrhage or hemor-
rhagic necrosis. Detection of subdural hemorrhage or hema-
toma is difficult with the ultrasound examination.

The computed tomography (CT) scan has also been useful
in detecting various injuries to the central nervous system
following asphyxial insult. It is superior to the ultrasound in
many aspects, including the detection of focal and multifocal
ischemic brain injury, as well as hemorrhagic lesions that
accompany or complicate asphyxia.

Magnetic resonance imaging (MRI) is currently becoming
the gold standard for fully evaluating the extent and severity
of asphyxial injury to the brain [1]. In many, but not all,
situations, it is of help in determining the timing of the
asphyxial event, even if the study is carried out months to
years after the birth of the infant [1,60–65]. It is the study
of choice to detect developmental abnormalities, especially
disorders of neuronal migration, disorders of myelination,
abnormalities of the corpus callosum, and arteriovenous mal-
formations. The MRI is also vastly superior to CT scanning
in detecting cerebral infarcts, parasagittal cerebral injury,
injury to the thalamus and basal ganglia, and hemorrhagic
lesions [61].

Periventricular white-matter injury associated with PVL
has been thought to occur only in preterm infants, and it has
been suggested that if such findings were encountered in
infants born at term, the injury most likely occurred prenatally
during the 24th to 34th week of gestation. Such abnormalities
have been found in as many as one-half of term infants
with HIE [30], but whether the primary insult occurred during
the intrapartum period or had been initiated previously
is still debatable. Interestingly, Rutherford and coworkers
described that the finding of an abnormal signal intensity in
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the posterior limb of the internal capsule on MRI in term
infants with HIE is associated with poor neurological outcome
[66]. Whether this finding is associated with capsular white-
matter injury only or is associated with thalamic or basal
ganglia involvement is unclear at present.

Sie and colleagues studied 104 infants with evidence of
bilateral post hypoxic–ischemic brain damage in the chronic
phase of this illness [64]. They concluded that the severity of
injury was the primary determinant of the location of the
lesion rather than the post-conceptual age at which the insult
occurred. They describe three specific MR patterns in the
infants: (1) PVL, (2) predominant lesion of the basal ganglia
and thalamus, in which 95% were preceded by acute profound
asphyxia, and (3) multicystic encephalopathy. These lesions
were found in both preterm and term infants. Interestingly,
these authors found that the “common risk factors in the term
infants with PVL patterns were dysmaturity or maternal pre-
eclampsia and the majority had multiple risk factors for partial
and/or relapsing hypoxia–ischemia.”

There appears to be some disagreement in the literature
regarding findings on MRI that can, in retrospect, define the
timing of injury and specify whether it occurred during the
prenatal or the intrapartum period. Because clinically there is
overlapping of the causes of HIE, it is no wonder that the MRI
may not determine with precision when the injury or injuries
have taken place or whether they were confined to a single
period of time. As mentioned previously, if the asphyxial event
occurred 1–3 days prior to the intrapartum period, the MR
findings would often be similar to those recognized as having
occurred in the intrapartum period. These issues are discussed
at length in Chapter 18.

Nevertheless, it is important to have an MRl study, and if
possible a magnetic resonance spectroscopy (MRS) study as
well, to detect developmental disorders, to ascertain the areas
of involvement of damage associated with HIE, and also to
document normal findings. It is important to document a
normal MRI in a child who may have been depressed at birth
and is later found to have severe mental retardation. The
normal MRI would mitigate the diagnosis of an intrapartum
event causing the retardation.

Placental pathology
In Chapter 20 the placental features of infants who have
suffered from HIE are delineated, and the correlation of find-
ings with the timing of these events is discussed. Unfortu-
nately, much too often the placentas of depressed infants are
not retained for examination, or the examination is performed
by pathologists who have little interest in this important
organ. A great deal of information can be gathered by careful
evaluation of the placenta, including the presence and location
of meconium in various cells, the presence of thrombosis,
edema, or degenerative changes, the presence and concen-
tration of NRBCs, evidence of infection, the presence of
chorioamnionitis, and the location of acute and chronic
inflammatory cells. If these data are available, timing of the

event or events leading to the infant's difficulties can be
determined more readily, especially if they are correlated
with clinical, laboratory, and imaging studies.

Neuropathological evaluations
As mentioned in Chapter 1, asphyxial insults that result
in central nervous system damage are being recognized in
preterm as well as term infants prior to the onset of labor.
Sims et al. reported a 17% incidence of central nervous system
injury in over 400 stillborn fetuses at the Los Angeles County/
University of Southern California Medical Center [67]. Ellis
et al. reported that 25% of infants dying shortly after birth had
pathological findings associated with prenatal damage [68].
Similar findings were reported by Squier and Keeling [69].
Gavai et al. described prenatally diagnosed fetal brain injuries
following known antenatally acquired injuries [70]. Low found
evidence of antepartum injury in 17 of 30 infants who died in
the neonatal period with the diagnosis of presumed asphyxia
[71]. He also found that 5 of the 30 infants who had intrapar-
tum problems died in the neonatal period. He devised a
template to ascertain the timing of neuropathological features
that appear following an asphyxial episode. If an infant or
fetus dies within the first 18 hours after the asphyxial event,
the brain may appear normal, since it requires a minimum of
18 hours before microscopic changes can be recognized. Low
also documented a sequence of events leading from neuronal
necrosis to microglial response and astrocyte response or
hypertrophy over a period of time, and he noted that macro-
scopic cavitation would appear after 4 days if the necrosis
were severe. Table 21.3 outlines the sequence of events that
occurred and the interval between the onset of the insult and
the neuropathology that ensued.

Conclusion
In many situations it is extremely difficult to ascertain the
timing of an intrauterine event or events that cause neurological
damage to the developing fetus. Despite the improvement in
monitoring of the progress of pregnancies, in identifying and

Table 21.3. Sequence of observed neuropathic features, and the interval
between asphyxial insult and neuropathology

Neuropathology

Time Neuronal
necrosis

Microglial
response

Astrocyte
response

Cavitation

< 18 h 0 0 0 0

18–36 h þ 0 0 0

36–72 h þ þ 0 0

73–96 h þ þ þ 0

> 96 h þ þ þ þ
Source: Modified from Low [71] with permission.

Chapter 21: Clinical, laboratory, imaging, and placental findings

261



responding to abnormalities that develop, and in electronic
monitoring of fetal heart rate prior to and during labor, the
incidence of cerebral palsy and mental retardation has not
been significantly altered. While the intrapartum death rate
has declined, the complications secondary to these problems
have not. When called upon to determine the causation and
possible prevention of intrauterine problems, clinicians are
often unable to identify the sequence of events that has
occurred.

Using retrospective analyses and careful evaluation of sub-
jective and objective parameters, one can often piece together
a logical explanation of those adverse events. This is especially
true if one carries out a careful analysis of the events of
pregnancy, the results of electronic fetal heart-rate monitoring,
the condition of the infant at birth, and the biochemical and
physiological abnormalities that may be present. Having
access to the placenta for histological review is often of great
help in identifying various lesions that affect the intrauterine
milieu. Serial and continuous EEG evaluation can often help
in establishing the timing of events as well as offering appro-
priate approaches to therapy. Lastly, using imaging studies,
especially MRl, abnormalities of the central nervous system,
their location, and severity can often determine the timing of
adverse events to a reasonable degree. Table 21.4 lists findings
that would suggest that antepartum rather than intrapartum
events caused the encephalopathic problems in a neonate.
These, in conjunction with the recommendations of the Ameri-
can College of Obstetrics and Gynecology (ACOG)/American
Academy of Pediatrics (AAP) publication noted in Chapter 1,

could lead to a better understanding of the etiology of the
infants' difficulties [72].

Until we develop better indicators of intrauterine problems,
are able to visualize changes in central nervous system function,
and then apply these in a clinical situation that is easy to use and
interpret, we are left with many indirect indicators that lack
specificity and sensitivity in individual patients.
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Section 4
Chapter

22
Specific conditions associated with fetal
and neonatal brain injury
Congenital malformations of the brain
Jin S. Hahn and Ronald J. Lemire

Introduction
This chapter focuses on some of the more common brain
malformations that are encountered early in life. Tremendous
advances in neuroimaging with MRI in the past two decades
have significantly improved our ability to diagnose brain
malformations. In conjunction, there have been rapid
advances in neurobiology that have led to better understand-
ing of how the brain develops and what disturbances to
the development lead to malformation. Each year more and
more genes responsible for malformations are being discovered.
Furthermore, modern fetal ultrasonography and more recently
fetal MRI have increased the ability to detect a large variety
of central nervous system malformations in utero. Prenatal
detection and anatomic diagnosis of the malformations will
better allow the medical caregivers to provide prognosis and
management counseling.

Normal brain development
A brief overview of normal embryonic and fetal brain devel-
opment will help to clarify the timing and etiology of brain
malformations. Normal human brain development occurs in
a highly defined spatial and temporal sequence of events
in utero (Table 22.1). The temporal sequence consists of several
overlapping phases. During the induction phase, signals sent to
the ectoderm cause it to develop into neural tissue. The neural
plate, a sheet of cells that will ultimately develop into the
nervous system, develops by the 17th to 20th day of gestation.
Neurulation occurs next, where the neural plate begins to fold
into the neural tube, a process that begins by the 21st day.
Toward the rostral end, cephalic enlargement and vesicle
formation start to occur by day 23. By day 27, the ends of
the neural tube, the neuropores, close.

After 3 weeks of gestation, at the cephalic end the brain has
developed into the three primary vesicles: prosencephalon,
mesencephalon, and rhombencephalon. By the end of the
sixth week, these vesicles will develop further into five vesicles:
telencephalon, diencephalon, mesencephalon, metencephalon,
and myelencephalon. By the fifth week ventral induction (or

patterning) causes the telencephalic vesicle to bifurcate (or
cleave) into the two hemispheres.

Cell proliferation and neuronal generation peak between
the second and the fifth month. During this phase neuronal
precursor cells in the germinal layer of the ventricular zone
undergo rapid proliferation, resulting in a large number of
neurons that will migrate to the cortex.

Cell migration occurs between the sixth and the 20th
weeks. Cells that will become neurons exit the cell cycle and
move out through the ventricular and subventricular zone
along the fibers of radial glial cells. In the neocortex, there is
an inside-out migration pattern. Newer neurons migrate past
older neurons to occupy the more exterior layer.

Cell process and synapse formation begins around the fifth
month, peaks around the seventh month of gestation, and
continues after birth. During this phase neuronal processes
must extend locally, and at times long distances, to find their
targets in other neurons. Neurons also undergo differentiation
into specific neuronal subtypes.

Etiologies and timing of malformations
Various disturbances in any of the developmental stages
described above will result in specific brain malformation,
depending on the timing and nature of the perturbation.
A useful concept in assessing the timing of human brain
malformation is that of a “termination period,” a point in
time beyond which a specific malformation cannot occur.
For example, in humans the ventral patterning process that
leads to the bifurcation of the cerebral hemispheres from the
telencephalon occurs by the fifth week of gestation. Holopro-
sencephaly is thought to arise when there is failure of ventral
patterning, and therefore suspected genetic mutations or tera-
togenic agents acting at a later time would not likely be the
cause for this anomaly.

The general principle underlying brain malformations is
that the same anomaly may arise from genetic or environmen-
tal causes. Genetic etiologies include chromosomal abnormal-
ities as well as gene mutations. Some complex malformations
can be due to multiple unrelated genes. Exogenous or environ-
mental etiologies include congenital infections (especially
rubella, toxoplasmosis, and cytomegalovirus), radiation, chem-
ical agents, drugs, vitamin deficiency or excess, and nutritional
deficiencies. Ischemia occurring at various stages of develop-
ment can also lead to several different types of malformation.

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



Disorders of neural tube formation
and related events
Neural tube defects
The neurulation process completes with the closure of the
neural tube between the third and fourth week of gestation.
Failure of the closure of the neural tube at either end causes
neural tube defects (NTDs). Rostral non-closure results in
anencephaly, and caudal non-closure results in myelomenin-
gocele. Until recently the prevalence of NTDs has averaged
about 1/1000 deliveries, but a wide geographical variation exists
[1]. The highest rates have been found in Ireland (4.6–6.7/
1000), south Wales (3.55), and Scotland (2.59). Low prevalence
rates occurred in Columbia (0.1), Norway (0.2), and France
(0.5). Prenatal screening with serum a-fetoprotein (AFP) and
ultrasounds are used to detect NTDs early.

Anencephaly
Anencephaly is one of the most severe malformations of the
brain and arises from failure of closure of the rostral neuro-
pore. This results in a large defect of the cranial vault, menin-
ges, and scalp. The cerebral hemispheres are absent or
rudimentary, and tissue is softened with blood infiltration.

The brainstem has variable preservation of nuclei. Some
infants with anencephaly are born alive, but usually expire
within several days. Prenatal screening with maternal serum
AFP and fetal ultrasound enable relatively straightforward
detection of anencephaly. Ultrasound detection of anencephaly
is possible from 12 weeks gestation.

The prevalence of anencephaly is approximately 1/2000
live births and the recurrence risk is approximately 4%. Some
studies show as much as a 100-fold increase in risk of recur-
rence among mothers who have had a previous child with this
condition.

Encephalocele
Encephaloceles occur when there is herniation of intracranial
structures through a midline defect in the skull to form a sac
covered by intact skin. When the prolapse involves meninges
only the term meningocele is used. When neural tissue is
present, it is called encephalocele. Most commonly encepha-
loceles are located in the occipital region at or below the inion
(Fig. 22.1). They may also be found in the frontal or naso-
frontal location. In the United States, the frontal to occipital
ratio is 1 : 6. Compared to anencephaly, which occurs during
primary neurulation (neural tube formation), encephaloceles
occur later (after 4 weeks). The prevalence is between 1/2000
and 1/5000 live births [2].

Children with occipital encephalocele are at risk for visual
problems, microcephaly, mental retardation, and seizures.
The nature and severity of disabilities depends on location
and the amount of cerebral tissue involved in the defect. When
the ventricular systems are involved or there are associated
anomalies, such as aqueductal stenosis or Dandy–Walker
malformation, hydrocephalus may be a complication.

Anterior encephaloceles may be visible, located around the
root of the nose or in the superior medial aspect of the orbital
cavity. Basal encephaloceles are not visible and are often
located in the orbit, nasal fossae, or sphenoid sinuses. These
types of encephaloceles are less common than the occipital
encephaloceles, and may have a more favorable neurodevelop-
mental prognosis.

Table 22.1. Selected features in the development of the human
embryonic brain

Stage Age
(days)

Features of brain development

7–8 16–18 Neural plate/groove

9 20 Neural folds, three rhombomeres

10 22 Optic primordium; fusion of rhombencephalic folds;
cranial flexure

11 24 Rostral neuropore closes; acousticofacial complex;
optic vesicle; primordium of corpus striatum

12 26 Caudal neuropore closes; hindbrain roof thins;
cerebellar plate

13 28 Three divisions of trigeminal nerve; pontine flexture;
olfactory placode

14 32 Oculomotor nerve; hypothalamic sulcus; roots of
CN5–10 formed

15 33 Cerebral vesicles appear; striatal ridge; CN4
decussate

16 37 Infundibulum; subthalamic nucleus

17 41 Frontal and parietal lobe areas; choroid fissure
closes; posterior commissure

18 44 Choroid plexus in fourth ventricle; superior and
inferior colliculi; caudate nucleus

19 48 Choroid plexus in lateral ventricle; putamen;
occipital pole area present; first fibers in internal
capsule

20 50 Tentorium begins laterally; nerve fiber layer in retina

21 52 Choroid plexus in third ventricle

22 54 Anlage of dentate nucleus; superior colliculus

23 56 Temporal pole area present

Fig. 22.1. MRI of a term newborn with occipital encephalocele. (a) Sagittal
T1-weighted image shows herniation of brain tissue through the defect in
the skull posteriorly. (b,c) Axial T2-weighted images demonstrate the large
encephalocele and cobblestone lissencephaly in the cerebral cortex. The corpus
callosum is also dysplastic in appearance. This child was diagnosed with
Walker–Warburg syndrome with congenital muscular dystrophy.
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Myelomeningocele
Although myelomeningoceles are not a brain malformation
per se, they represent a neural tube defect due to a failure of
closure of the caudal neuropore (which normally occurs by the
26th day). They are almost always associated with brain mal-
formations such as Chiari II malformation and hydrocepha-
lus. Pathology shows failure of closure of the posterior
vertebral arches (spina bifida) most commonly in the lumbo-
sacral region, and protrusion of dura and leptomeninges
through the spinal defect. In addition, myelomeningoceles
entail protrusion of nerve roots and malformed spinal cord.
Clinically the affected children have lower motor neuron par-
alysis of the lower limbs, cutaneous sensory deficits below the
level of the lesion, and bowel and bladder dysfunction.

Maternal serum AFP level is elevated in myelomeningo-
celes, and this provides a method of screening for open NTDs.
Ultrasound can detect spina bifida from 16–20 weeks of
gestation.

Chiari II malformation
Chiari II malformation (Arnold–Chiari malformation) con-
sists of caudal displacement of the posterior lobe of the cere-
bellar vermis into the foramen magnum and upper cervical
spinal canal, beaked tectum, fusion of the colliculi, kinking of
the medulla, and small, shallow posterior fossa. Associated
spinal cord abnormalities include myelomeningocele, hydro-
myelia, syringomyelia, and diastematomyelia.

Hydrocephalus is a major complication of Chiari II mal-
formation, and postnatally about 80% of these infants require
a ventriculoperitoneal shunt to decrease intracranial pressure
and provide a route for adequate CSF drainage. Some patients
require surgical bony decompression of suboccipital bones
and high cervical laminectomies if they develop apnea, cranial
nerve palsies, and dysphagia.

There is nearly a constant association of hydrocephalus in
patients with myelomeningocele and Chiari II malformation.
Several hypotheses have been advanced regarding the patho-
genesis of Chiari II, but none has been universally accepted, as
they do not adequately explain all of the findings. There is also
a temporal dissociation of the onset of myelomeningocele
(before 26 days) and Chiari II, which occurs later.

Disorders of ventral patterning
(prosencephalic cleavage)
Holoprosencephaly
Holoprosencephaly (HPE) is a complex brain malformation
characterized by failure of the forebrain to bifurcate into two
hemispheres. This ventral patterning process is normally com-
plete by the fifth week of gestation [3]. It is the most common
developmental defect of the forebrain and midface in humans,
occurring in 1/250 pregnancies [4]. Because only 3% of fetuses
with HPE survive to delivery [5], the live birth prevalence is
only about 1/10 000 [6–8].

Holoprosencephaly has traditionally been classified
according to DeMyer's classification into three grades of sever-
ity: alobar, semilobar, and lobar. In addition to these classic
forms, there is another milder subtype of HPE, called middle
interhemispheric variant (MIH) or syntelencephaly [9,10].
The sine qua non feature of HPE is an incomplete separation
of the cerebral hemispheres. In the most severe form, alobar
HPE, there is complete or nearly complete lack of separation
of the cerebral hemispheres with a single midline forebrain
ventricle (monoventricle), which often communicates with a
dorsal cyst (Fig. 22.2). The interhemispheric fissure and
corpus callosum are completely absent. The thalami and basal
ganglia are often fused in appearance. In semilobar HPE, there
is a failure of separation of the anterior hemispheres, while
some portions of the posterior hemispheres show separation.
The frontal horns of the lateral ventricle are absent, but pos-
terior horns are present (Fig. 22.3). The corpus callosum is
absent anteriorly, but the splenium of the corpus callosum is
present. In lobar HPE, the mildest form, the cerebral hemi-
spheres are fairly well separated, while only the most rostral/
ventral aspects are non-separated. The splenium and body of
the corpus callosum are present, although the genu may be
poorly developed. Rudimentary formation of the frontal horns
may be present. In contrast to “classic” HPE, in the middle
interhemispheric variant of HPE (MIH) there is failure of
separation of the posterior frontal and parietal lobes while the
poles of the frontal and occipital lobes are well separated [9,10].

Patients with HPE have various midline craniofacial and
facial malformations, and the severity in general correlates
with the severity of the brain malformation. Very severe
abnormalities, such as cyclopia, ethmocephaly (a proboscis
between severely hypoteloric eyes), and cebocephaly (hypo-
telorism with a single nostril), are rare (� 2%) [11]. Severe
defects, including midline cleft lip (premaxillary agenesis) and
cleft palate and flat nose, are seen in 16%. Moderate defects,
including midface hypoplasia and moderate hypotelorism,
occur in 14%. Mild malformations, including single maxillary
central incisors and iris colobomas, are seen in 36%.

Fig. 22.2. MRI of a child with alobar holoprosencephaly. (a) Sagittal
T1-weighted and (b) axial T2-weighted images show failure of separation of
the two hemispheres and thalami, a monoventricle (MV), and a large dorsal
cyst (DC) that communicates with the MV.
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Children with HPE experience many medical and neuro-
logical problems including mental retardation, epilepsy,
weakness, spasticity, dystonia, choreoathetosis, and endocrine
disorders, particularly diabetes insipidus [11,12]. Develop-
mental disability affects virtually all patients with HPE.
The degree of disability and neurological problems generally
correlates with the severity of the brain malformation. Abnor-
malities of tone and movement are present in all forms of
HPE [11–13]. The pituitary gland may be absent, dysplastic, or
heterotopic. Diabetes insipidus, owing to posterior pituitary
dysfunction, is a common problem in HPE. Anterior pituitary
dysfunctions, such as growth hormone deficiency, hypocorti-
solism, and hypothyroidism, are also seen, but less frequently.

HPE is etiologically heterogeneous, and both environmental
and genetic causes have been identified.Chromosomal anomalies
including trisomies (13 and 18), duplications, deletions (e.g.,
18p), and ring arrangements have played an important role in
HPE. About 40% of live births with HPE have a chromosomal
anomaly, and trisomy 13 accounts for over half of these cases [6].
Of infants born with trisomy 13, 70% have holoprosencephaly
[14]. The prognosis in HPE is much worse for those with cyto-
genetic abnormalities, with only 2% surviving beyond 1 year,
compared to 30–54% for those without cytogenetic anomalies
[6]. Familial HPE also occurs, with both autosomal dominant
and autosomal recessive inheritance.

Several multiple-malformation syndromes have been associ-
ated with HPE, with as many as 25% of HPE cases having a
recognizable monogenic syndrome [6,15]. These include pseu-
dotrisomy 13, Pallister–Hall, Meckel, and velocardiofacial syn-
dromes. In addition, there is an increased incidence of HPE
(� 5%) in patients with Smith–Lemli–Opitz syndrome, in which
affected children have a defect in 7-dehydrocholesterol reductase,
the enzyme that catalyzes the final step of cholesterol biosyn-
thesis. Defective cholesterol synthesis may have a role in the
pathogenesis of HPE through the sonic hedgehog (SHH) signal-
ing pathway, since cholesterol is required for activation of SHH.

Mutations in several genes have been associated with HPE
in humans: SHH, PATCHED1 (PTCH), TGIF, TDGF1, ZIC2,

SIX3, GLI2, FAST1, and DISPATCHEDA [16]. Two of these
genes (SHH and PTCH) encode members of the sonic hedge-
hog signaling pathway, which regulates ventral development
in both the forebrain and spinal cord. Human mutations have
been discovered in SHH [17], which encodes a secreted signal-
ing ligand localized at early stages to ventral domains in the
developing neural tube, and PATCHED1 (PTCH) [18], which
encodes a receptor for SHH. The currently known mutations
have been identified in only 15–20% of the HPE cases in a
cohort with normal karyotypes [16].

Maternal diabetes, including gestational diabetes, is a
well-established risk factor [19]. A diabetic mother's risk of
having a child with HPE is approximately 1%, a greater than
100-fold increase over that of the general population. Prenatal
exposures to alcohol, antiepileptic medications, retinoic acid,
and cytomegalovirus infection have also been reported in cases
of HPE.

Absence of septum pellucidum
and septo-optic dysplasia
Absence of septum pellucidum (ASP) is associated with various
congenital brain malformations including holoprosencephaly
(HPE), septo-optic dysplasia (SOD), schizencephaly, and
agenesis of the corpus callosum. One study of fetal ultrasounds
indicated that the two most common conditions associated
with ASP were HPE (including the MIH variant) and hydro-
cephalus that causes a disruption of the septum pellucidum
[20]. When seen in isolation with an intact corpus callosum
(Fig. 22.4), it may indicate a syndrome of SOD. SOD is a
midline anomaly characterized by a triad of (1) ASP, (2) optic
nerve hypoplasia, and (3) pituitary dysfunction. SOD has a
wide range of clinical presentation, including decreased visual
acuity, endocrine dysfunctions, cholestatis, and mental retard-
ation/developmental delay [20]. SOD may also be associated
with cortical malformations, HPE, callosal agenesis, and schiz-
encephaly. In some patients with SOD, mutations of homeobox
gene, HESX1, have been noted.

Fig. 22.3. MRI of a child with semilobar holoprosencephaly. (a) Axial T2-weighted image shows posterior portions of the hemispheres are well separated, but
the anterior cerebral hemispheres are not cleaved. A dorsal cyst (DC) is present. The posterior horns of the lateral ventricles are well formed. The frontal horns
are poorly developed (b) and posteriorly there is a monoventricle demonstrated on a coronal T2-weighted image. (c) A sagittal T1-weighted image of another
patient demonstrates that the splenium of corpus callosum is formed (arrowhead), but the genu and body are not developed (arrowhead). This latter finding is
highly suggestive of semilobar or lobar HPE.
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Disorders of cell proliferation
and neuronal generation
Microcephaly and microencephaly
Microcephaly is a term that applies to heads in which the
circumference is smaller than 2 standard deviations (SD)
below the mean for age and sex, although some studies have
used smaller than 3 SD. The measurement should be corrected
for prematurity and intrauterine growth retardation. Micro-
cephaly (small skull) goes hand in hand with microencephaly
(small brain) and can be associated with mental retardation.

In primary microcephaly, no other malformations are
present. It may be familial or associated with a specific genetic
syndrome (microcephaly vera). In autosomal recessive pri-
mary microcephaly (MCPH) individuals are born with a small
brain, which subsequently grows but always remains relatively
small, while the rest of the body grows normally [21]. MCPH
is thought to be a disorder of neuronal proliferation (mitosis),
resulting in a reduced number of neurons. Several genes
have been identified for this disorder, including ASPM and
MICROCEPHALIN.

Secondary microcephaly results from a large number of
insults that affect the fetus in utero or in infancy during
periods of rapid brain growth (first 2 years of life). Chromo-
somal and gene aberrations are often associated with small
brains. Environmental factors include prenatal radiation
(during the first two trimesters), drugs, other chemicals, and
congenital infections including rubella, cytomegalovirus, toxo-
plasmosis, and type 2 HSV. In utero ischemia to the develop-
ing brain can also lead to secondary microcephaly.

Megalencephaly
The terms megalencephaly and macrencephaly are synonymous
and imply large brains, in contrast to the term macrocephaly,
which denotes a large head from various causes (e.g., hydro-
cephalus). In megalencephaly there is diffuse neuroepithelial
proliferation and an increased number of cells in the brain.
To standardize the definition, the head circumference must be
over 2.5 SD above the mean corrected for age and sex.

Megalencephaly may be primary. Familial megalencephaly
has an autosomal dominant inheritance, and affected individ-
uals have normal or near-normal intelligence. There are a
number of syndromes associated with megalencephaly includ-
ing Soto syndrome (cerebral gigantism), fragile-X syndrome,
autism, and various neurocutaneous disorders. Numerous
storage diseases, such as Tay–Sachs disease, Canavan disease,
and Alexander disease, are associated with megalencephaly,
which is not usually present at birth but develops during
infancy and beyond.

The clinical manifestations depend on the etiology. Famil-
ial megalencephalies can be associated with learning disabil-
ities, neurological abnormalities, and epilepsy.

Hemimegalencephaly
Hemimegalencephaly (HME) is a rare malformation of
cortical development where there is unilateral enlargement of
one side of the brain. It may affect one hemisphere or some
of its lobes with macroscopic enlargement due to abnormal
proliferation of anomalous cells. Clinical manifestation of
HME is dominated by refractory epilepsy, but also includes
developmental delay and hemiparesis [22]. HME can occur
alone or in association with neurocutaneous disorders, such
as linear sebaceous nevus syndrome, hypomelanosis of Ito,
and neurofibromatosis. Surgical hemispherectomy is the most
effective treatment for medically refractory epilepsy.

Disorders of neuronal migration
Neuronal migration is characterized by an inside-out migrat-
ing pattern into six distinct layers in which the successive
waves of newer post-mitotic neurons in the ventricular zone
migrate past the older neurons to occupy a more exterior
layer in the neocortex [21]. Neuronal migration begins at
day 40–41 of gestation. Disturbances in the migration process
will cause failure of neurons to reach their intended destin-
ation in the cerebral cortex and lead to disorganization of
the cortical cytoarchitecture. This abnormality may be focal
or diffuse.

Failure of neurons to leave the ventricular zone would
result in periventricular heterotopias. Failure to complete their
migration in the cortex would cause lissencephaly. Finally,
failure of a subpopulation of neurons to complete their mig-
ration while others finish their migration could result in
nodular or band heterotopias [23]. A revised classification of
the cortical malformations based on genetic knowledge and
developmental stages has been published by Barkovich and
coworkers [24].

Lissencephaly/agyria and pachygyria
Lissencephaly is defined as a smooth brain without gyri.
Pachygyria describes a reduced number of broad and flat gyri,
shallow sulci, and fewer than normal foldings of the cortex.
Both lissencephaly and pachygyria may be seen in the same
brain. Affected infants have failure to thrive, microcephaly,
marked developmental delay, and severe epilepsy.

Fig. 22.4. (a) Axial T2-weighted and (b) coronal T2-weighted MR images of
a term infant with isolated absence of septum pellucidum. The corpus
callosum was intact.
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Type 1 lissencephaly
The brain is small in type 1 lissencephaly, with only the
primary and sometimes a few secondary gyri (Fig. 22.5). There
is lack of opercularization, resuling in abnormal Sylvian fis-
sure formation. The cortex is thick with white matter forming
a thin rim along the ventricles. The most common genetic
cause is a mutation of the LIS1 gene. In Miller–Dieker syn-
drome, there are also dysmorphic facial features and deletion
of 17p13.3, a region that includes the LIS1 gene. A mutation in
doublecortin gene, DCX, also causes lissencephaly in males.
For a review see Kerjan and Gleeson [25].

Cobblestone lissencephaly (type 2)
Type 2 lissencephaly is also known as “cobblestone lissen-
cephaly,” because the smooth cortex has a granular surface and
is covered with meninges that are thickened [23]. Abnormal
migration of neurons through the defective glia limitans and
into the leptomeningeal space results in disruption of cortical
organization. This is seen in a group of rare autosomal recessive
disorders characterized by congenital muscular dystrophy,
severe brain malformations, and ocular abnormalities.
Walker–Warburg syndrome, which is the most severe pheno-
type of the cobblestone lissencephaly (Fig. 22.1), can result from
mutations in Fukutin (FCMD), Fukutin-related protein (FKRP),
POMT1, or POMT2 [21]. Fukuyama congenital muscular
dystrophy resulting from different FCMD mutations also is
associated with cobblestone lissencephaly.

Heterotopias
Heterotopia is a term used to describe ectopic neurons in white
matter or neuronal malorientation. Periventricular heterotopias
are abnormal collections of neurons in the subependymal
region. They may be clinically silent or associated with epilepsy
and neurodevelopmental dysfunction. Bilateral periventricular
nodular heterotopia (BPNH) is an X-linked dominant disorder
that is caused by a mutation in the filamin gene, FLNA.

Subcortical band heterotopias are also known as laminar
heterotopias or “double cortex.” Most of the cases in females
are due to a mutation in the doublecortin gene, DCX, which in
males causes type 1 lissencephaly.

Abnormal cortical organization
or late migration
Polymicrogyria
Polymicrogyria is characterized by abundance of small gyral
convolutions. The etiology is not well understood. It may be a
genetic neuronal migration disorder or due to midcortical
ischemic laminar necrosis affecting primarily the fifth cortical
layer. The onset of the disorder is after 20 weeks (fifth month
of gestation). It may be associated with genetic and chromo-
somal disorders. Bilateral perisylvian syndrome (or anterior
operculum syndrome) consists of bilateral opercular abnor-
malities that include polymicrogyria visible on MRI. Patients
have dysarthria, dysphagia, and pseudobulbar palsy.

Schizencephaly
Schizencephaly is characterized by unilateral or bilateral clefts
within the cerebral hemispheres in which the borders of the
cleft are surrounded by abnormal gray matter, particularly
microgyria. Because this disorder is thought to be due to an
ischemic lesion of the cerebrum in the first trimester it is
discussed below in the section on encephaloclastic lesions.

Cortical dysplasia and microdysgenesis
Cortical microdysgeneses are microscopic abnormalities of
cortical arrangement that may lead to epilepsy and other
neurodevelopmental syndromes. Focal cortical dysplasias are
larger than microdysgenesis and can usually be detected by
high-resolution MRI. Resection of the dysplasias in affected
patients may lead to significant improvement in seizure
control.

Tuberous sclerosis complex
Tuberous sclerosis complex (TSC) is an autosomal dominant
disorder characterized by cortical tubers, subependymal
nodules, and retinal hamartomas. Children often develop
epilepsy and neurodevelopmental delay, and may also have
involvement of other organs (cardiac rhabdomyomas and
renal angiomyolipomas and cysts). TSC1 (hamartin) and
TSC2 (tuberin) are causative genes for TSC. The diagnosis
can be made clinically, based on neurocutaneous features
(hypopigmented macules, facial angiofibromas, or shagreen
patch), neuroimaging findings, and clinical picture. Prenatal
diagnosis is sometimes made on fetal MRI when there is a high
index of suspicion for this disorder. Mothers carrying a child
with TSC are often referred to a prenatal diagnostic center
because of detection of a cardiac tumor (usually rhabdomyo-
mas) on fetal ultrasound. When images of the fetal brain are
carefully examined, subependymal nodules can be seen.

Fig. 22.5. Nine-day-old male infant with type 1 lissencephaly. Axial
T2-weighted MR image shows smooth cortical surface (agyria/lissencephaly)
that is prominent posteriorly. Frontal pachygyria is present. The Sylvian fissure
is poorly formed.
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Combined and overlapping cerebral
malformations
Agenesis of the corpus callosum
The corpus callosum is a fiber tract bridge that connects
neurons between the two hemispheres. Its function is to
coordinate communication of information between the left
and right cerebral hemispheres. The corpus callosum begins
to develop from the lamina reunions of His between 6 and
8 weeks of gestation. The last of the commissural fibers cross
at 18–20 weeks [26].

Agenesis of the corpus callosum (ACC) can result from
many causes, including infections, inherited errors of metabol-
ism, and genetic syndromes. ACC occurs in over 50 congenital
syndromes [27], and may also be associated with specific
chromosomal abnormalities such as trisomy 8 and 18.
The prevalence of ACC is between 0.1% and 0.7% in the
general population and 2.3% in the developmentally disabled
population [26].

The agenesis may be complete or partial. When partial, the
defect is usually in the posterior portion of the corpus callo-
sum. When the agenesis is complete the cingulate gyrus fails to
form and a radial orientation of the mesial gyri is seen on
sagittal MRI (Fig. 22.6). The enlargement of the occipital
horns of the lateral ventricles associated with ACC is known
as colpocephaly. Although the lateral ventricles in colpocephaly
appear enlarged (ventriculomegaly), they should not be mis-
taken for hydrocephalus. “True” callosal agenesis should be
distinguished from secondary agenesis, which is associated
with major brain malformation of the embryonic forebrain
such as holoprosencephaly [23].

Isolated ACC may be inherited, but no single gene defect
has been identified. Children with isolated ACC may appear
and function normally. However, as they grow older, they
often function in the low borderline to normal range. With
testing, difficulties in higher cortical function, language, per-
ception, behavior, and integration of hemispheric functions

may be demonstrated. Some patients have mental retardation,
cerebral palsy, and epilepsy. ACC may be associated with
several other CNS malformations. The most common
co-existing malformations include Dandy–Walker malforma-
tion, interhemispheric cysts, hydrocephalus, midline lipoma of
the corpus callosum, and Chiari II malformation. Cortical
anomalies associated with ACC include heterotopias, micro-
gyria, and pachygyria. When there are other CNS malforma-
tions associated with ACC, the outcomes are often less
favorable than in the isolated type.

MRI is the neuroimaging technique of choice because the
brain can be imaged in three orthogonal planes. This provides
a better assessment of the extent of corpus callosal hypogen-
esis. In fetal MRI, direct visualization of the corpus callosum
is possible by 20 weeks of gestation. Mothers with suspected
ACC are often referred for fetal MRI because of lack of
visualization of the cavum septum pellucidum on fetal ultra-
sound. The fetal MRI offers the ability to assess for associated
CNS anomalies, and in one study using fetal MRI additional
anomalies were seen in over half of cases [26]. The additional
malformations included diffuse or focal cortical malforma-
tions, delayed sulcal development, dysplastic deep gray nuclei,
and brainstem anomalies.

Aicardi syndrome
Aicardi syndrome (AS) is a complex disorder defined as a
triad of abnormalities: (1) total or partial agenesis of the
corpus callosum, (2) chorioretinal “lacunae,” and (3) infantile
spasms (Fig. 22.7) [28]. Other associated findings include eye
defects (colobomas of the optic disc), cortical polymicrogyria,
periventricular heterotopia, cysts of the choroid plexus and/or
the pineal or periventricular interhemispheric regions. Other
brain abnormalities, such as intracranial cysts or tumors,
represent a specific malformation complex of AS. It is an
X-linked dominant disorder that affects and is lethal in males
with only a single X chromosome.

Recognition of this complex on fetal MRI is sometimes
possible due to the associated brain and eye malformation.
This is important, since AS carries a much more severe prog-
nosis than that of isolated ACC.

Fig. 22.6. MRI of a term newborn with isolated agenesis of corpus callosum.
(a) Sagittal T1-weighted image shows absence of corpus callosum and
cingulate gyrus. There is radial orientation of the mesial gyri. (b) T2-weighted
axial image shows dilated posterior horn of the lateral ventricles, colpocephaly.
(c) T2-weighted coronal image shows absence of callosal fibers across midline,
and continuity of the third ventricle with the interhemispheric fissure
superiorly.

Fig. 22.7. MR images of an infant girl with Aicardi syndrome demonstrates
absence of corpus callosum on (a) T1-weighted coronal and (b) axial images.
The arrowheads on panel B outline an intraventricular cystic mass. (c) A retro-
orbital mass (optic nerve coloboma) is noted (arrowheads) in the axial
image through the orbits.
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Encephaloclastic lesions
A number of conditions can lead to destruction of the fetal brain
that in turn will develop into a congenital brain malformation.
These conditions include maternal hypoxia, congenital infec-
tions, toxins, and pregnancies at risk of brain damage [29].
Examples of cerebrovascular causes of ischemia to the brain
include cord accidents, twin-to-twin transfusion, embolic events,
and cocaine exposure. During fetal neuroimaging, one usually
observes the fetal responses to those injuries that are chronic in
nature. A mild form of a chronic response may be slight ven-
triculomegaly with irregular ventricular wall, or nodular and
irregular germinal matrix [29]. White-matter gliosis and epen-
dymal abrasions are not visible on fetal MRI, but can be found
on autopsy. A more severe response may result in parenchymal
cystic cavities or hydranencephaly. Calcifications and malforma-
tion of the cortex are most likely seen in congenital infections,
but can also be seen in antenatal hypoxic–ischemic injury.

Hydranencephaly
Hydranencephaly is considered to be an encephaloclastic
lesion of the brain, in which most of the cortical plate and
hemispheric white matter has been damaged or resorbed. The
cerebral hemispheres are replaced by thin-walled sacs contain-
ing CSF (Fig. 22.8). Remnants of a thin cortical rim may be
present. The thalami, brainstem, and cerebellum are usually
relatively preserved [30]. The meninges are intact and the skull
appears normal. The presence of the falx is important in
distinguishing hydranencephaly from alobar holoprosencephaly.

Hydranencephaly develops as a result of an in utero destruc-
tive process of a brain that has been previously normally
formed. The insult to the brain occurs at a time when the brain
reacts by liquefaction necrosis (20th to 27th week) [31]. This
insult could result from ischemia, hemorrhage, infection,
or vasculopathies. Infectious causes such as toxoplasmosis,
syphilis, mucormycosis, cytomegalovirus, and herpes simplex
have been found in some cases. The vascular insult must
occur within a relatively narrow window of time to produce
hydranencephaly. Similar injuries after 27 weeks tend to cause
multicystic encephalomalacia with astroglial reaction.

Since the injury occurs late in gestation, the infants can
appear completely normal at birth. Transillumination of the
head results in a striking positive sign. Newborns may develop
epilepsy, extensor rigidity, and respiratory failure. The out-
come is unfavorable, with global delays, but some children
may live many years with these deficits.

Schizencephaly
Schizencephaly is a brain malformation that is characterized
by infolding of the cortical gray matter along a hemispheric
cleft near the primary cerebral fissures. The cleft traverses
the full thickness of the hemisphere, connecting the ventricle
to the subarachnoid space. The clefts are often bilateral.
Schizencephalies are classified as closed-lip or separated-lip,
depending on whether or not there is an open gap between
the edges of the cleft (Fig. 22.9). Frequently the patients
with schizencephaly have severe retardation and refractory
epilepsy, language delay, and motor dysfunction.

Typically, schizencephaly is thought to be a sporadic
occurrence, accompanying an insult to the brain, often
following hypoperfusion or disruption of blood flow in the
developing fetus, thought to occur before 26 weeks of gesta-
tion. Because of limited astroglial response in early fetal life,
the necrotic tissue becomes reabsorbed and leaves fluid-filled
cavities. Genetic factors are likely to play a role in some cases
of schizencephaly. A small percentage of cases of schizen-
cephaly occur in familial clusters [32]. Familial and sporadic
cases of schizencephaly have been associated with mutations
in the homeobox gene EMX2 [33].

Porencephaly
Porencephaly is a term used for cavities within the cerebral
hemispheres that communicate with the subarachnoid space
(external porencephaly), the ventricle (internal porencephaly),

Fig. 22.8. T1-weighted MR images of 1-day-old newborn female with
hydranencephaly and history of twin-to-twin transfusion syndrome. Mid-
sagittal image shows that most of the cerebral hemispheres are replaced by
a large CSF-containing sac. (a) There is preservation of brainstem, cerebellum,
and inferior frontal lobes. The cranial vault is intact. (b) Low axial image
shows relative preservation of the temporal lobes, with enlargement of the
temporal horns. (c) High axial image shows preservation of part of the frontal
lobes and presence of a falx.

Fig. 22.9. (a) Axial fluid inversion recovery and (b) T2-weighted MR images
obtained at 7 months of an infant who at birth had a hamartomatous umbilical
cord mass containing multiple vessels. The cord mass is presumed to have
caused hypoperfusion. The images show separated-lip schizencephaly in the
right hemisphere with a cleft that is lined by gray matter (arrows). The cleft
communicates with the right lateral ventricle. The cortex around the cleft
appears dysplastic. In the left hemisphere, the cleft does not communicate with
the lateral ventricle (b). The cortex lining the cleft appears polymicrogyric
(arrowheads).
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neither (central porencephaly), or both. There is an overlap
between porencephaly, hydranencephaly, and schizencephaly.
At times porencephaly and schizencephaly can co-exist in the
same brain. Porencephaly can be due to a developmental
defect or acquired lesions, including in utero infarction of
tissue. Injury occurring during late second trimester (24–26
weeks) leads to encephaloclastic porencephalies with smooth
walls but lacking gray-matter-lined clefts. Injury during the
third trimester is likely to result in encephalomalacia with
shaggy-walled cavities and astroglial reaction [30]. Children
with these lesions may have hemiparesis, focal seizures, or
mental retardation.

Defects of midbrain and hindbrain
organization and patterning
Dandy–Walker malformation
The classic Dandy–Walker malformation (DWM) includes
three features: (1) cerebellar vermis agenesis (complete or par-
tial), (2) cystic dilation of the posterior fossa communicating
with the fourth ventricle, and (3) abnormally high tentorium
with enlargement of the posterior fossa (Fig. 22.10) [34]. The
mechanisms of DWM are poorly understood, but it is thought
to occur due to a disturbance in development of the cerebel-
lum and the opening of the fourth ventricle associated with
the presence of a posterior fossa cyst. Pathologically, DWM
is sometimes but not always associated with atresia of the
foramina of Luschka or Magendie. The incidence is 1 in
25 000–30 000 births.

Children with DWM often have motor delay, hypotonia,
and mental deficiency [34]. Clinical presentation also depends
on the severity of the associated hydrocephalus and other
brain malformations that occur in over half of the patients.
These anomalies include microcephaly, encephalocele, syrin-
gomyelia, gyral malformation, and ACC. Total or partial
absence of the corpus callosum is seen is 60%. They may also
have a variety of extracerebral anomalies.

DWM may be seen in genetic disorders (e.g., Meckel
syndrome), chromosomal disorders, or sporadic defects (e.g.,

holoprosencephaly). Other causal associations include envir-
onmental toxins (e.g., rubella, alcohol), or multifactorial
etiology (e.g., congenital heart defect, neural tube defects). Some
cases of DWM have been linked to heterozygous loss of ZIC1
and ZIC4 genes in individuals with a 3q2 deletion [35].

Cerebellar vermis hypoplasia
(Dandy–Walker variant)
The Dandy–Walker variant consists of (1) variable hypoplasia
of the cerebellar vermis and (2) absence of elevated tentorium
and enlargement of the posterior fossa. The severity of the
neurodevelopmental problems associated with the Dandy–
Walker variant may be less severe than those of DWM, but
outcome depends on the presence or absence of associated
anomalies [36]. Mega-cisterna magna consists of a large cis-
terna magna without cerebellar abnormalities, and it seems to
carry a more benign prognosis.

Joubert syndrome
Joubert syndrome (JS) is an autosomal recessive disorder
characterized by the “molar tooth” malformation, which is a
complex brainstem malformation of hypoplasia of the vermis,
thickened and elongated superior cerebellar peduncles, and a
deepened interpeduncular fossa that is apparent on axial MRI
(Fig. 22.11) [37]. JS presents with neonatal hypotonia and
neonatal tachypnea/apnea. As children get older they may
have psychomotor retardation, ataxia, nystagmus, and oculo-
motor apraxia.

Molar tooth malformation has been reported in several
distinct syndromes that are known collectively as JS-related
disorders. The phenotype includes the neurological features of
JS plus variable multiorgan involvement (primarily retinal
dystrophy and nephronophthisis). To date, three genes have
been identified in JS-related disorders, AHI1, NPHP1, and
CEP290 [21]. The locus for classic JS phenotype of cerebellar
and midbrain–hindbrain junction involvement is mapped to
9q34.3 (JBTS1) but the gene has not been cloned.

Fig. 22.10. (a) Mid-sagittal and (b) axial MR images of Dandy–Walker
malformation with agenesis of the vermis, elevated tentorium, and
enlargement of the posterior fossa with a fluid-filled cyst that communicates
with the fourth ventricle. The brainstem also appears dysplatic and the anterior
hemispheres are not separated, indicating co-existing holoprosencephaly.

Fig. 22.11. Eighteen-year-old female with Joubert syndrome. (a) Axial
T1-weighted MR image at the level of midbrain shows typical “molar tooth”
anomaly of the midbrain and cerebellar peduncles. (b) Mid-sagittal
T1-weighted image shows expansion of the fourth ventricle.
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Hydrocephalus
Hydrocephalus has been defined in many ways, and clinicians
are familiar with the terms communicating versus non-
communicating (depending on whether the cerebrospinal fluid
flow is contiguous from the ventricular system to the sub-
arachnoid spaces). When cerebral hypoplasia or atrophy is
present with enlarged ventricles, the term “hydrocephalus
ex vacuo” is often used. When hydrocephalus results in ven-
tricular enlargement there is centifugal atrophy of the white
matter and thinning of the cortical mantle. In infancy clinical
manifestations of hydrocephalus include macrocephaly, accel-
erated rate of head growth, bulging fontanel, separated cranial
sutures, and downward deviation of eyes (“setting sun” sign).
The infants may display irritability, lethargy, vomiting, and
papilledema. After closure of sutures the intracranial pressure
may increase rapidly.

Communicating hydrocephalus
In communicating hydrocephalus there is free communication
between the cerebral ventricles and the lumbar subarachnoid
space. The problem arises from impaired CSF reabsorption
due to arachnoiditis or defective reabsorption into cerebral
venous sinuses. Etiologies include earlier meningitis or other
meningeal inflammation, meningeal infiltration, prior subar-
achnoid hemorrhage, intraventricular hemorrhage, and sino-
venous thrombosis.

Non-communicating hydrocephalus
In non-communicating (obstructive) hydrocephalus there is a
block in the flow of CSF within the ventricular system or at the
exit foramina. CSF accumulates proximal to the block and
causes dilation of the proximal ventricles. This type tends to
produce higher intracranial pressure and a more acute clinical
picture than communicating hydrocephalus.

Common causes of non-communicating hydrocephalus
include aqueductal stenosis, congenital malformation, congeni-
tal infections (toxoplasmosis and cytomegalovirus), ependymi-
tis, intraventricular hemorrhage, compression, Dandy–Walker
malformation, Chiari II malformation (medulla and cerebellar
tonsils displaced downward through the foramen magnum),
and neoplasm or other mass obstructing the flow of CSF.

Genetic forms of hydrocephalus exist. The X-linked reces-
sive form of inherited hydrocephalus is often accompanied by
aqueductal stenosis; it results from mutations in the L1CAM
gene [38]. Affected males demonstrate enlargement of the
lateral and third ventricles.

Vascular malformations
Malformations involving blood vessels include arteriovenous
malformations, malformations of the vein of Galen, heman-
gioblastoma of the cerebellum, congenital aneurysms of the
circle of Willis, and anomalies of the carotid artery system.
Of these the vein of Galen malformations are most likely to
present in the newborn period. The other vascular malforma-
tions will not be discussed here.

Vein of Galen malformations
In this malformation, the vein of Galen is dilated and branches
of the posterior cerebral, superior cerebellar, and middle cere-
bral arteries communicate with it (Fig. 22.12). When the vein
of Galen enlarges it can compress the quadrigeminal plate and
aqueduct, causing hydrocephalus. Because of the arterial–
venous shunting to the malformation, bypassing the capillary
network, ischemic damage can occur to cerebral tissue.

In the neonatal period infants with cyanosis and respira-
tory distress who are in congestive heart failure can have blood
abnormally shunted to the venous system by this malforma-
tion. This steal phenomenon may cause cerebral ischemia.
Intracranial bruits, seizures, and intracranial hemorrhage
may also be present. In contrast, those cases presenting during
infancy usually have progressive hydrocephalus along with
intracranial bruits and seizures. Upgaze paralysis is frequent,
and proptosis may be found. Subarachnoid hemorrhage
occurs in one-third of cases.

Cranial ultrasound with Doppler studies in the newborn
period can be diagnostic. MRI with magnetic resonance angio-
gram and venogram will delineate the extent of the malforma-
tion. Prenatal detection with fetal ultrasound and MRI has also
been reported. These are usually treated with endovascular
techniques (embolization) by an interventional radiologist or
clipping of feeders by a neurosurgeon. Hydrocephalus often
requires ventriculoperitoneal shunting [39].

Diagnostic approaches
Modern fetal ultrasonography has facilitated the ability to
detect a large variety of central nervous system malformations
in utero. The widespread use of fetal ultrasonography makes it
also more likely that severe malformations will be detected
early (by 20 weeks of gestation) and that appropriate counsel-
ing can be given to the parents about the management of the
pregnancy. In addition, when anomalies of the CNS are
detected by fetal ultrasound, the increased use of fetal MRI
to get better resolution has increased our ability to provide a
more accurate diagnosis of the malformation [40,41]. Fetal
MRI is becoming an increasingly important tool in diagnosis
and management.

Fig. 22.12. One-day-old boy with vein of Galen malformation. (a) Sagittal
T1-weighted MR image shows a dilated, round, Galenic varix communicating
posteriorly through the falx to the venous sinuses. (b) 2D phase-contrast MR
venogram shows the large midline Galenic varix and vein draining into dilated
venous sinuses.

Section 4: Specific conditions associated with fetal and neonatal brain injury

274



There are limitations to the resolution, however, even with
fetal MRI. While it is relatively easy to detect overt anomalies,
such as severe hydrocephalus, agenesis of corpus callosum,
alobar or semilobar holoprosencephaly, anencephaly, and
spina bifida, it is challenging at times to detect subtle lesions
such as microdysgenesis, heterotopias, and gyral malforma-
tions. This is particularly true because the imaging is done on
immature fetal brains, which are small, have poor gray–white
matter signal contrast, and often have smooth-appearing
cortical surfaces.

Neuroimaging studies after birth depend on the extent of
prenatal imaging studies. If there were abnormalities detected
in the CNS on fetal US or MRI, then another MRI after birth
may be indicated. This is not always the case: for example, in a
neonate who has had isolated ACC diagnosed prenatally with
fetal MRI and who is otherwise doing well in the newborn
period, postnatal MRI can be deferred. If there are neurologic
symptoms and signs, it may be worthwhile repeating the MRI,
since more subtle lesions that are associated with ACC may be
easier to detect in a postnatal MRI. If the newborn has not had
any prenatal studies, there are often other clinical indications
as to why the neuroimaging study is being done. MRI is
favored over CT because of its higher resolution, as well as
its ability to scan in three orthogonal planes.

After a neuroanatomic diagnosis is made on the neuro-
imaging studies, it is important to determine if the child has a

genetic syndrome. Careful investigation for extracerebral mal-
formations should be undertaken as well as a genetic evaluation.
Consultation with neurologists, geneticists, ophthalmologists,
and other specialists should be considered. High-resolution
chromosomes are also often carried out.

This chapter has highlighted several brain malformations,
many of which have a genetic basis. With certain malforma-
tions, gene mutational analysis is appropriate. However,
many of the malformations may be due to environmental
causes. Thus it is important to ascertain a careful history of
any complications during the pregnancy (drug exposure,
infections, trauma, bleeding) and to try to correlate the
timing of those events, if any, to the stage of embryonic/fetal
brain development. A careful evaluation of the placenta and
cord may also provide clues to in utero encephaloclastic
lesions.

Providing prognostic evaluation prenatally can be quite
challenging. This is in part due to the lower resolution of
neuroimaging studies in fetuses. In addition, there is a paucity
of long-term outcome studies in infants with many of the
disorders that we detect in utero. The outcomes for many
disorders, such as ACC, can be quite varied. Therefore, it is
difficult to give a precise prognosis to expectant parents. After
the birth, having postnatal MRI study information and clinical
examination enables clinicians to provide a more specific
diagnosis and precise prognosis.
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Chapter

23 Neurogenetic disorders of the brain

Jonathan A. Bernstein and Louanne Hudgins

Introduction
A number of genetic disorders share clinical features with fetal
and neonatal brain injury. Although these conditions are
individually rare, collectively they should be expected encoun-
ters in the neonatal intensive care setting. This chapter aims to
familiarize the reader with select inherited conditions that may
clinically mimic neonatal brain injury. The majority of genetic
conditions with clinical resemblance to neonatal brain injury
discussed here present with hypotonia. Other syndromes can
result in central nervous system hemorrhage, findings similar to
congenital infection, hydrocephalus, and central hypoventilation.

Conditions included in this chapter do not ordinarily
present with malformations or minor anomalies. Such con-
ditions should be readily distinguishable from the sequelae of
fetal and neonatal injury. Several inborn errors of metabolism
have clinical findings similar to hypoxic–ischemic encephalo-
pathy (HIE). These disorders are reviewed in Chapter 34.

The following discussion of inherited disorders with fea-
tures similar to those of fetal and neonatal brain injury begins
with an overview of the clinical genetics evaluation and its
rationale. Subsequently, the chapter is organized by clinical
presentation: hypotonia, apparent congenital infection, intra-
cranial hemorrhage, hydrocephalus, and central hypoventila-
tion. Information regarding clinical findings, diagnostic
approach, and management is provided. A brief overview of
management is also provided. References are included for
additional reading.

The clinical genetics evaluation
The goal of the clinical genetics evaluation in the setting of
suspected brain injury is to determine a specific diagnosis.
Identifying the genetic etiology of a patient's condition enables
the care team to better provide guidance regarding prognosis
and recurrence risk. Additionally, a specific genetic diagnosis
can have important implications for therapy.

In evaluating a patient for a genetic disorder the clinician
should draw upon history, physical examination, clinical
imaging, diagnostic procedures, and laboratory testing as indi-
cated. Evaluating a case from a genetics perspective should

additionally include review of family history in the form of a
three-generation pedigree. This portion of the family history
allows the identification of consanguinity as well as evidence
of a specific mode of inheritance. Such information can
significantly impact the differential diagnosis for a patient.

Determination of a diagnosis by molecular DNA studies
is by its nature a greater part of genetic medicine than of other
specialties. The GeneTests online resource available at www.
genetests.org includes a database of laboratories able to per-
form the molecular and biochemical tests mentioned in this
chapter and many others [1]. The accompanying GeneReviews
site hosts regularly updated review articles on many of the
conditions discussed in this chapter.

Conditions presenting with hypotonia
General approach
Low muscle tone in the newborn period can result from an
inborn or acquired defect at any or multiple levels of the
neuraxis from brain to spine to neuromuscular junction to
muscle. Hypotonia as a manifestation of vascular accident,
infection, or other acquired cause is addressed elsewhere in
this volume. The diagnostic approach to the infant with a
suspected genetic disorder can be stepwise or, alternatively,
multiple investigations can be pursued in parallel. Efforts
should be made to perform less invasive testing before
undertaking procedures such as muscle or nerve biopsy,
nerve conduction studies, or electromyogram, unless dictated
otherwise by clinical decision-making or genetic-counseling
imperatives.

Elements of the prenatal history relevant to the investi-
gation of neonatal hypotonia include fetal movement, posi-
tioning, and amniotic fluid levels. History should also include
first- and/or second-trimester biochemical and ultrasound
screening as well as diagnostic testing by amniocentesis or
chorionic villus sampling, if performed.

Physical exam findings helpful in the diagnosis of the hypo-
tonic infant include involvement of facial musculature, presence
and quality of deep tendon reflexes, as well as the presence or
absence and location of contractures and flexion creases.
Hypotonia with increased reflexes suggests cortical or upper
motor neuron disease. Hypotonia accompanied by weakness
or decreased reflexes is consistent with lower motor neuron
or muscular disease. Congenital contractures or decreased
evidence of flexion creases, which form by 11–12 weeks of

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.
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gestation, provide evidence of decreased movement in utero [2].
The presence of organomegaly should increase suspicion of
storage disease.

Eye examination, preferably performed by a pediatric oph-
thalmologist, can be useful in examining for anterior chamber
defects, cataracts and retinal anomalies. Radiologic evaluation
should include ultrasound and preferably magnetic resonance
imaging to define brain anatomy. Ideally, these studies should
be reviewed by a pediatric neuroradiologist with experience
in evaluating congenital malformations. Abnormalities of the
central nervous system can be seen in several of the conditions
described in this chapter, but specific brain malformation
syndromes such as holoprosencephaly and neuronal migra-
tion defects are covered elsewhere in this volume.

Measurement of serum creatine kinase (CK) can be useful
in identifying muscular disease. Laboratory screening for
inborn errors of metabolism should also be considered in the
evaluation of infantile hypotonia, as discussed in Chapter 34.
Multiorgan dysfunction can be suggestive of metabolic dis-
ease. When sufficient clinical information has been gathered
to narrow the differential diagnosis, molecular DNA studies
or biochemical assays can be selected to confirm a diagnosis.

The following sections describe selected inherited condi-
tions known to present in infancy with moderate to severe
hypotonia. Conditions that can be diagnosed by less invasive
methods are presented first, followed by those requiring
more invasive testing such as muscle or nerve biopsy and
nerve conduction studies or electromyogram. An overview of
conditions presented can be found in Table 23.1. This table
presents the disorders in three diagnostic tiers. Disorders
in tier 1 can generally be diagnosed without invasive testing,
disorders in tier 2 can sometimes be diagnosed without

invasive testing, and disorders in tier 3 generally require
biopsy or neurophysiologic studies.

Prader–Willi syndrome
Prader–Willi syndrome (PWS) is a genetically complex dis-
order resulting from loss of paternal gene expression from an
imprinted region on chromosome 15q11. For recent review
see Cassidy & Schwartz [3]. Incidence is estimated to be
approximately 1 in 25 000 [4,5]. Although most commonly
associated with the features of compulsive eating, obesity, and
behavioral difficulties that develop in childhood, manifest-
ations of PWS are frequently evident at birth. Newborns with
PWS often feed poorly and are hypotonic; there can be a
history of decreased movement prenatally. Neonatal respira-
tory distress is generally not observed as a result of PWS.
Physical findings of PWS evident in the newborn period
include characteristic facial features such as bitemporal
narrowing, “almond-shaped” eyes, and downturned mouth.
Cryptorchidism is almost universal among affected males.

A number of diagnostic studies can be pursued in the
evaluation of suspected PWS. Currently, the most sensitive
tests are DNA methylation studies and SNRPN expression.
More than 99% of affected patients demonstrate an exclusively
maternal methylation pattern at 15q11, which can arise
by multiple mechanisms including chromosomal deletions,
translocations, uniparental disomy, and imprinting center
defects.

Management of infants with PWS requires an interdiscip-
linary approach and should be coordinated by a clinical geneti-
cist or other practitioner familiar with the condition. In early
infancy feeding difficulties are the most common management
issue, and can necessitate gastrostomy tube placement. Detailed

Table 23.1. Approach to neonatal hypotonia

Condition Characteristic clinical features Inheritance Initial diagnostics

Tier 1

Prader–Willi syndrome Absence of respiratory distress,
cryptorchidism in males

AD Methylation studies or SNRPN expression
assay

Spinal muscular atrophy I Tongue fasiculations, arreflexia AR PCR for recurrent deletion

Myotonic dystrophy type 1 Positive maternal history AD PCR or Southern blot for trinucleotide
repeat expansion

MECP2-related encephalopathy Poor head growth, central hypoventilation XD DNA sequencing

Tier 2

Pompe disease Cardiomegaly, elevated CK AR Fibroblast enzyme assay

Syndromic congenital muscular
dystrophies

Structural brain anomalies, elevated CK,
eye anomalies

AR DNA sequencing or muscle biopsy

Tier 3

Congential myopathies Often non-progressive Varies Muscle biopsy

Non-syndromic congenital muscular
dystrophies

Elevated CK Varies Muscle biopsy

Congenital myasthenia Fatiguability Varies Electromyography

Congenital neuropathies Arreflexia Varies Nerve conduction studies

Notes:
AD, autosomal dominant; AR, autosomal recessive; XD, X-linked dominant.

Section 4: Specific conditions associated with fetal and neonatal brain injury

278



recommendations regarding the management of individuals
with PWS have been published [6].

Spinal muscular atrophy (SMA I type)
Spinal muscular atrophy (SMA) is an autosomal recessive
condition that can present at any time between the prenatal
period and adulthood. For review see Monani [7] and Prior &
Russman [8]. The overall incidence in the United States is
estimated at approximately 1 in 10 000 births. SMA results
from homozygous loss of function of the SMN1 gene. Weak-
ness develops due to the progressive loss of lower motor
neurons. The prenatal form of disease features congenital
contractures as the result of decreased movement in utero.
SMA I presents between birth and 6 months of age, most
commonly with hypotonia and weakness. Reflexes are gener-
ally absent or diminished, and tongue fasiculations are often
present. Mild contractures are seen at the knees more com-
monly than at the elbows. In severe cases difficulty with
feeding and respiration will develop.

Molecular diagnosis of SMA includes PCR or Southern
blot studies of the SMN1 gene to detect a recurrent intragenic
deletion responsible for approximately 95% of cases. SMN1
sequencing is also available on a clinical basis and is useful
when the diagnosis of SMA is suspected but a deletion is found
on only one allele.

Predicted life expectancy for infants diagnosed with SMA I
is less than 2 years. However, long-term survival has been
observed and is much more common when assisted ventila-
tion is elected. Management in the newborn period is inter-
disciplinary and focuses on feeding and respiration.

Myotonic dystrophy type 1
Myotonic dystrophy type 1 is an autosomal dominant condi-
tion resulting from trinucleotide expansion within the DM1
gene. For review see Scriver [9] and Bird [10]. It most com-
monly presents in adulthood, with myotonia and weakness of
distal leg muscles. The adult-onset form of disease is associ-
ated with between 100 and 1000 repeats in DM1 (the normal
allele contains between 5 and 34 repeats). Congenital myo-
tonic dystrophy has been observed in infants with especially
large intragenic expansions. The incidence of myotonic dys-
trophy varies widely according to the population studied; 1 in
8000 is a frequently cited estimate [11]. Features of congenital
myotonic dystrophy include hypotonia, clubfeet, and respira-
tory insufficiency. Facial muscles are affected, which results in
a tented appearance to the upper lip. MRI findings including
cortical atrophy and ventriculomegaly can mimic HIE. Sub-
cortical white-matter lesions can also be seen [12]. The major-
ity of infants with congenital myotonic dystrophy type 1
experience developmental delay/intellectual disability, in con-
trast to later-onset forms of the disease. There is an increased
risk of cardiac conduction defects in all forms of myotonic
dystrophy.

Trinucleotide repeats in DM1 are known to expand in
succeeding generations. For reasons that are incompletely
understood, expansions within DM1 more commonly enlarge

in the maternal germline. As the expansions in congenital
myotonic dystrophy are large, mothers of congenitally affected
infants often manifest the condition. Maternal symptomatol-
ogy can be mild, and it includes myopathic facies, cataracts,
and myotonia.

Molecular diagnosis of myotonic dystrophy is widely avail-
able on a clinical basis. Polymerase chain reaction or Southern
blot methods are used to determine DM1 allele size, and these
are predicted to detect all cases. Serum CK may be mildly
elevated in myotonic dystrophy. Electromyogram is less useful
in demonstrating electrical myotonia in infants than in older
patients. Muscle biopsymay demonstrate characteristic changes,
but molecular diagnosis is preferable as it is less invasive
and more sensitive and specific.

Management of infants with myotonic dystrophy is sup-
portive. An interdisciplinary approach is recommended to
maximize developmental progress and overall health status.
Notably, patients with neonatal presentation can demonstrate
significant improvement in motor function during childhood.
However, they remain at risk for longer-term complications.

MECP2-related congenital encephalopathy
The MECP2 gene encoding methyl CpG binding protein 2 is
known for its causative role in Rett syndrome, an X-linked
progressive developmental disorder affecting girls. For many
years Rett syndrome was felt to be lethal in males, as it was
diagnosed exclusively in females. However, in recent years the
availability of molecular testing facilitated recognition that
loss of MECP2 function in males can result in a severe con-
genital encephalopathy [13]. To date, 17 infants have been
reported with this condition [14]. The diagnosis was con-
sidered in the majority of patients identified to date because
they were siblings of girls with Rett syndrome. Therefore the
condition may be significantly under-recognized.

The diagnosis of MECP2-related congenital encephalo-
pathy should be considered in male infants with severe neuro-
logic impairment. In this condition, hypotonia is frequently
noted in the first days of life, although it may not be as
prominent as in other conditions described in this chapter.
Other recurring features of this congenital encephalopathy are
microcephaly or poor head growth, difficulty with suck and
swallow, gastroesophageal reflux, and episodic apnea or central
hypoventilation. With time, seizures and movement disorders
often become evident.

DNA sequence analysis of MECP2 is clinically available in
several laboratories and is the only means of definitively diag-
nosing a related congenital encephalopathy. Electroencephalo-
gram demonstrating generalized slowing or seizure activity may
be supportive of the diagnosis. Apparent brain atrophy has been
observed on magnetic resonance imaging in a minority of cases.

Management of infants with congenital encephalopathy
is supportive. The condition is associated with profound
developmental delay and a severely shortened lifespan. Diag-
nosis of the condition can be beneficial for both prognosis and
estimation of recurrence risk.
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Pompe disease (infantile type)
Pompe disease is an autosomal recessive glycogen storage
condition resulting from deficiency of the enzyme acid
a-glucosidase. For review see Tinkle and Leslie [15]. Most
commonly it manifests with weakness and cardiomyopathy.
The age at presentation can range from the prenatal period to
adulthood. Overall incidence in the United States is estimated
at approximately 1 in 40 000 births [16]. As evident in a
recently reported large case series [17], the infantile form of
Pompe disease classically presents in the first months of life
with delayed motor development secondary to weakness and
cardiomyopathy. However, symptoms may be evident at birth.
Classically, the cardiac silhouette is enlarged on chest x-ray,
and a shortened PR interval is seen on electrocardiogram.
Moderate elevation of serum CK is a common feature of
infantile Pompe disease.

The diagnostic standard for Pompe disease is assay of acid
a-glucosidase performed on cultured fibroblasts. A leukocyte
enzyme activity is also available, but may be less sensitive
and specific. Sequencing of the GAA gene encoding acid
a-glucosidase is available clinically; sensitivity varies, based
on a patient's ethnic background. The diagnosis can also be
suggested by muscle biopsy demonstrating lysosomal glycogen
accumulation.

The management of Pompe disease has changed dramatic-
ally in recent years with the development of enzyme replace-
ment therapy (ERT). ERT currently requires weekly infusions.
Response to therapy is variable, but can be dramatic in some
cases. In some patients the duration of response to therapy
is limited by the development of neutralizing antibodies.
Guidelines for the management of Pompe disease were
recently published [18]. Interdisciplinary care includes atten-
tion to nutrition and feeding, cardiac disease, and motor
development.

Congenital myopathies
Congenital disorders of muscle are referred to as myopathies
when there appears to be a primary defect in muscle fiber
assembly. The term dystrophy refers to the degeneration
of existing muscle fibers due to an intrinsic defect. As these
conditions are increasingly understood on a molecular basis,
the distinction between myopathy and dystrophy is sometimes
blurred. In recent years several conditions historically recog-
nized as myopathies or dystrophies have been found to be
allelic. This section provides an overview of the congenital
myopathies. Congenital muscular dystrophies are addressed
in the next section.

A large clinically, histopathologically, and genetically
diverse group of disorders is collectively referred to as the
congenital myopathies. For recent review see Goebel [19].
These disorders can demonstrate autosomal dominant, reces-
sive, and X-linked inheritance. Major histopathologic categories
include nemaline myopathy, central core disease, and myotub-
ular myopathy. The neonatal presentation of congenital myo-
pathies can feature hypotonia, decreased or absent reflexes,

contractures, and respiratory insufficiency. Facial muscles
are generally affected. There can be a history of decreased
movement in utero. Although symptoms can be severe, they
are generally non-progressive. Cardiomyopathy can occur in
the congenital myopathies.

In contrast to the congenital muscular dystrophies, it is
unusual to detect significant elevation of serum CK in a
congenital myopathy. Muscle biopsy is the primary method
for diagnosis. The pathologic findings in a congenital myo-
pathy may not be evident on routine light-microscopic exam-
ination. Therefore it is recommended that investigation of this
family of disorders be pursued with the assistance of a path-
ologist with special expertise in the area. This collaboration
should ideally begin prior to biopsy to be sure appropriate
tissue is obtained for evaluation. Although diagnostic, histo-
pathologic categorization of a congenital myopathy is not
always predictive of its underlying genetic defect or prognosis.

Among the congenital myopathies that may present in the
newborn period, X-linked myotublar myopathy has several
features that may aid in diagnosis. By nature of its inheritance
this condition affects male infants. A family history of affected
maternal male relatives is present in approximately one-third
of cases. Affected infants tend to be relatively long and macro-
cephalic for gestational age. Long fingers and toes, as well as
cryptorchidism, may also be noted. DNA analysis of the
MTM1 gene is available clinically. Causative mutations are
identified in 60–90% of cases. Molecular testing is more likely
to be positive in more severe disease.

Specific therapy is not currently available for the congeni-
tal myopathies. Therefore treatment is supportive.

Congenital muscular dystrophies
The congenital muscular dystrophies (CMD) are a genetically
diverse group of conditions that characteristically present at
birth with elevation of serum CK due to muscle breakdown
and associated weakness and hypotonia. For recent reviews
see Gordon et al. [20] and Mendell et al. [21]. With rare
exceptions they are inherited in an autosomal recessive
manner. Estimates of the combined incidence of all forms of
congenital muscular dystrophy are imprecise, but are reported
as approximately 1 in 20 000 [22].

Syndromic and non-syndromic forms of CMD are recog-
nized. In syndromic disease (e.g., Walker–Warburg syndrome,
Fukuyama CMD, muscle–eye–brain disease), there are char-
acteristically anomalies of brain and eye development in addi-
tion to muscular pathology. Eye anomalies in syndromic
CMD include anterior chamber defects such as Peters anom-
aly, cataracts, and retinal degeneration. The characteristic
brain appearance in syndromic congenital muscular dystro-
phies is “cobblestone lissencephaly.” Significant cognitive
and motor developmental impairment is associated with the
syndromic CMD, although the degree of disability varies
widely between the disorders in this group.

In general the cognitive difficulties seen in syndromic
CMD are not present in non-syndromic forms. However,
brain malformations and developmental delay have been
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observed, highlighting limitations of the current nomenclature.
As in syndromic CMD, motor function can be severely
impacted in non-syndromic disease. Consequently, complica-
tions of disease include contractures and respiratory insuffi-
ciency. Creatine kinase is not consistently elevated in some
forms of non-syndromic CMD.

Ophthalmologic evaluation and head imaging are potentially
useful in the evaluation of any infant with an undiagnosed
neuromuscular condition. They are specifically indicated in
the evaluation of suspected CMD, in order to distinguish
syndromic from non-syndromic forms.

Molecular DNA diagnosis for syndromic and some forms
of non-syndromic CMD is available on a clinical basis. As the
eye findings and brain malformations of syndromic disease
are distinctive, selection of genes for DNA analysis is more
straightforward in these conditions. Although non-syndromic
disease can be highly suspected on the basis of hypotonia,
weakness, and elevated CK, muscle biopsy is generally neces-
sary to define the subtype of disease.

The management of patients with CMD is supportive,
as specific therapy is not available.

Congenital neuropathies
Congenital neuropathies presenting in the newborn period
represent the severest manifestations of hereditary nerve dys-
function. They have been reported only rarely. Congenital
neuropathies presenting in the neonatal period are character-
ized by extremely slow conduction. Clinical manifestations
include hypotonia, arreflexia, ptosis, difficulty with suck and
swallow, and respiratory insufficiency. Increased CSF protein
has been noted in a minority of cases. Although controversy
exists in the literature regarding the appropriate nomenclature
for these conditions they are frequently referred to as Dejerine–
Sottas syndrome (DSS) [23]. Both autosomal dominant and
autosomal recessive inheritance of this phenotype has been
described.

Dominant mutations in a number of genes, including
PMP22, MPZ, and PRX, have been reported to result in the
DSS phenotype. Dominant and recessive mutations in EGR2
have also been observed. Some authors distinguish DSS from
congenital hypomyelinating neuropathy (CHN) on the basis
of histologic features seen on nerve biopsy. However, as find-
ings historically described as DSS or CHN can result from
allelic mutations, the distinction is not consistently observed.

DNA analysis of PMP22,MPZ, PRX, and EGR2 is available
on a clinical basis. However, based on reported case series, the
yield of DNA sequencing in cases demonstrating neonatal
onset appears low [24]. Presently, the diagnosis of a congenital
neuropathy is best established by nerve conduction studies
and biopsy.

Congenital myasthenia
Congenital myasthenia can result from inherited defects in
a number of components of the neuromuscular junction.
Most commonly autosomal recessive inheritance is observed,
although dominant forms have been documented. This family

of conditions most commonly presents in the first year of life,
although prenatal and neonatal onset has been described. For
recent reviews see Abicht & Lochmüller [25] and Harper [26].
Collectively, the congenital myasthenias are very rare, but
estimates of incidence are uncertain. As is the case for many
of the disorders covered in this section, prenatal onset of
symptoms can lead to presentation with arthrogryposis rather
than hypotonia or weakness. Clinical features that may be
useful in distinguishing myasthenia from other neuromuscular
conditions include fatigability and eyelid ptosis. Additionally,
congenital myasthenias often worsen with fever or infection.

The clinical symptoms of congenital myasthenia are
very similar to those of myasthenia gravis and seronegative
myasthenia gravis; however, these conditions have not been
observed in the first year of life. Transient neonatal myasthe-
nia as the result of placental transfer of maternal antibody may
closely mimic congenital myasthenia, but should be distin-
guishable by the presence of antibodies in maternal or infant
serum.

Electromyography can be useful in establishing the diag-
nosis of myasthenia. Repeated muscle stimulation demon-
strates a characteristically decreasing response over time.
Presently, molecular DNA diagnostics are available on a clin-
ical basis for the evaluation of seven components of the
neuromuscular junction. Mutations in the CHRNE gene are
responsible for approximately 60% of cases in persons of
Caucasian descent. However, prenatal and neonatal presenta-
tion has been observed more commonly with mutations in
RAPSN and CHAT [25].

Therapy for infants with congenital myasthenia should be
directed by or in consultation with a pediatric neurologist
familiar with these conditions. In many cases pharmacologic
therapy with acetylcholinesterase inhibitors or other agents
can be helpful. However, in other cases symptoms may
be unchanged or worsen with treatment. Identification of the
causative mutation(s) may aid in the choice of therapeutic
agents. As respiratory status can deteriorate acutely in con-
genital myasthenia, apnea monitors and CPR training of care-
takers may be indicated. As symptoms can worsen during
acute illness, patients should be managed closely during
such periods.

Apparent TORCH infection
Congenital infection with a TORCH agent (toxoplasmosis,
rubella, cytomegalovirus, herpes simplex virus, and others) is
often considered in the evaluation of the ill-appearing new-
born. These infections are discussed in detail in Chapter 32.
A group of genetic disorders collectively referred to as
Aicardi–Goutières syndrome can mimic several features of these
conditions, particularly thromobocytopenia, hepatitis, intra-
cranial calcifications, chorioretinitis, and meningoencephalitis.

Aicardi–Goutières syndrome
Aicardi–Goutières syndrome (AGS) is an autosomal recessive
condition that can clinically resemble toxoplasmosis and
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cytomegalovirus (CMV) infection. For recent review see
Aicardi & Crow [27] and Rice et al. [28]. AGS is a very rare
but likely underdiagnosed condition. Less than 100 cases have
been published. Mutations in at least four genes TREX1,
RNASEH2A, RNASEH2B, and RNASEH2C, can result in the
AGS phenotype, which includes basal ganglia calcifications,
leukodystrophy, recurrent fevers, and a chronic cerebrospinal
fluid lymphocytosis. Neurologic findings include hypotonia,
dystonia, and occasionally seizures. Vasculitic skin lesions
with associated swelling of the fingers and toes are less
frequently observed. The majority of cases of AGS present
with developmental delay and/or loss of previously acquired
milestones, abnormal neurologic findings, and recurrent
fevers after several months of normal development. However,
central nervous system calcifications have been observed
prenatally, as have microcephaly and intrauterine growth
restriction at birth, and neurologic findings in the first week
of life. Therefore, the diagnosis of AGS should be considered
when evidence of congenital infection is present but diagnostic
studies are negative.

Molecular DNA testing has recently become available on
a clinical basis for AGS, including sequencing of TREX1,
RNASEH2A, RNASEH2B, and RNASEH2C. TREX1 mutations
are responsible for the majority of cases reported to date.
In addition to CSF lymphocytosis, mentioned above, elevated
interferon a levels are supportive of the diagnosis of AGS. It is
important to rule out prenatal infections such as CMV, toxo-
plasmosis, rubella, and herpes simplex virus (HSV), as well as
other genetic conditions which can result in leukodystrophy,
in evaluating for AGS.

The outcome of AGS diagnosed in early infancy is severe.
Treatment is supportive.

Bleeding
The primary considerations in the evaluation of unexplained
bleeding in the newborn are infectious and hematologic dis-
orders. Although frequently genetic in origin, disorders of
platelet function and the coagulation cascade are outside the
scope of this chapter. Glutaric acidemia, discussed elsewhere
in this volume, is rarely symptomatic in the newborn period.
However, it can predispose to subdural hemorrhage due to
macrocephaly and extra-axial hydrocephalus. Bleeding in early
infancy has also been described in congenital disorders of
glycosylation [29].

Hereditary hemorrhagic telangiectasia
Hereditary hemorrhagic telangiectasia (HHT) is an autosomal
dominant condition featuring multiple arteriovenous mal-
formations (AVMs). For recent review see Guttmacher &
McDonald [30]. Estimated incidence has been reported as
approximately 1 in 10 000 [31]. Although the condition most
commonly presents in mid-childhood or adulthood, with
recurrent epistaxis and multiple mucocutaneous telangiecta-
sias, presentation in the newborn with catastrophic central
nervous system bleeding is documented [32]. HHT is known

to result from mutations in endoglin and ACVRL1. A third
locus is under investigation. In the vast majority of cases HHT
is inherited from a parent, and therefore assessment of family
history is important in determining this diagnosis in an infant.
Minimally affected parents may only report a history of
epistaxis after specific questioning.

Clinical criteria for the diagnosis of HHT have been pub-
lished [33]. In older children and adults the diagnosis should
be considered in the presence of recurrent epistaxis associated
with mucocutaneous telangiectasias or arteriovenous malfor-
mations. DNA sequencing of endoglin and ACVRL1 is avail-
able on a clinical basis. Mutations in one of these two genes
can be identified in 60–80% of cases.

Detailed age-specific protocols for the identification,
monitoring, and management of AVMs in patients with
HHT have been developed [30,34]. Components of the initial
evaluation of the newly diagnosed infant include pulse oxim-
etry, head MRI, and hepatic ultrasound to screen for AVMs.

Hydrocephalus
Hydrocephalus and ventriculomegaly are frequently encoun-
tered in the neonatal intensive care setting. Hydrocephalus
can result from excessive CSF production, obstruction of
CSF flow, or decreased CSF absorption. Frequently recognized
causes include intraventricular bleeds, hypoxic injury, and
congenital brain malformations. As discussed below, hydro-
cephalus can also result from metabolic disease and mutations
in the X-linked gene L1CAM.

Cobalamin disorders and MTHFR deficiency
Hydrocephalus and ventriculomegaly have also been reported
in a number of inborn errors of metabolism involving vitamin
B12 and folate metabolism: cblC disease, cblD disease, and
homozygous methylene tetrahydrofolate reductase (MTHFR)
deficiency [35,36]. Preliminary screening for these conditions
can be accomplished by measurement of a total plasma homo-
cysteine level. They are currently included in the list of disorders
evaluated for in some, but not all, tandem mass-spectrometry-
based newborn screening programs in the United States.

X-linked hydrocephalus with stenosis
of the aqueduct of Sylvius (HSAS)
An X-linked recessive form of inherited hydrocephalus, often
accompanied by aqueductal stenosis, results from mutations
in the L1CAM gene. Affected males characteristically demon-
strate enlargement of the lateral and third ventricles. Approxi-
mately one-half of affected males demonstrate persistently
adducted thumbs. Other frequent features include spasticity
and severe developmental disability. Notably, hydrocephalus
can occur without aqueductal stenosis. In recent years it has
been recognized that HSAS is one of several phenotypes
resulting from L1CAM mutations. Collectively, they are
referred to as L1 syndrome. For review see Schrander-Stumpel
et al. [37]. In some individuals only spastic paraplegia and
mild developmental difficulties are observed. The incidence of
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HSAS has been estimated at approximately 1 in 30 000 births
[38]. L1CAM mutations are believed to explain up to 10% of
cases of non-syndromic hydrocephalus in males.

The diagnosis of HSAS has traditionally been based
on clinical findings, including family history of affected male
maternal relatives, hydrocephalus, adducted thumbs, and
spasticity. The finding on MRI of absent pyramids is felt to
be highly specific for HSAS and other forms of L1 syndrome
[39]. L1CAM DNA sequencing and deletion/duplication
analysis is available in several laboratories on a clinical basis.
However, the sensitivity of molecular testing has not been
precisely determined.

Management of L1 syndrome is symptomatic. Recommended
participants in the care team include pediatrician, neurologist,
neurosurgeon, developmental specialist, and geneticist.

Central hypoventilation
Hypoventilation and apnea are frequently encountered in
hospitalized infants. Recognized causes include prematurity,
infection, and neuromuscular disease. In the absence of
another recognizable cause persistent hypoventilation, espe-
cially during sleep, should raise the possibility of congenital
central hypoventilation syndrome. As noted above, central
hypoventilation has also been reported in MECP2-related
congenital encephalopathy.

Congenital central hypoventilation syndrome
Congenital central hypoventilation syndrome (CCHS) is an
autosomal dominant condition resulting from disruption of
the PHOX2B gene. For review see Weese-Mayer et al. [40].
The majority of CCHS cases occur as the result of trinucleo-
tide expansion within PHOX2B leading to polyalanine repeats.
Precise estimates of incidence are not available, but several
cases are diagnosed each month in the United States [40].
Infants with CCHS typically maintain adequate ventilation
while awake, but hypoventilate when asleep despite a normal
respiratory rate. In severely affected infants hypoventilation
can occur during wakefulness. At the other end of the spec-
trum, a number of individuals have been diagnosed later in
childhood or adulthood with milder hypoventilation. CCHS
is believed to be the result of autonomic nervous system
dysfunction, as abnormal regulation of heart rate and blood
pressure has been observed in affected individuals. CCHS has

also been described as a disorder of neural crest development,
as Hirschsprung's disease, and tumors of neural crest origin
are seen with increased frequency. Mild facial dysmorphism
has also been reported in individuals with CCHS [41].
Affected individuals have been found to have relatively broad
and flat facies.

PCR-based molecular testing for PHOX2B expansions is
clinically available and is diagnostic in over 90% of cases.
Other PHOX2B mutations have been found in the remainder
of confirmed cases [42]. Sequence variants in a number of
other genes have been reported in patients with features of
CCHS, but the role of other genes in this condition is currently
debated.

The primary focus of treatment in CCHS is the provision
of adequate respiratory support to avoid hypoventilation.
Thorough cardiac evaluation is also recommended for chil-
dren diagnosed with CCHS. Individuals with large polyalanine
repeats or mutations not involving trinucleotide expansion are
at greater risk of neural-crest-derived tumors such as neuro-
blastoma [43]. Screening for this condition is recommended
in this population. Trinucleotide expansion length of 27 or
greater repeats, and mutations not involving expansions, also
confer an increased risk of Hirschsprung's disease; therefore
screening is recommended in these cases [42].

Conclusion
The possibility of a genetic etiology to the apparent sequelae of
fetal and neonatal brain injury should be kept in mind when
evaluating the infant presenting with hypotonia, congenital
infection, intracranial hemorrhage, hydrocephalus, and cen-
tral hypoventilation. More common causes of these signs and
symptoms can be difficult to distinguish from rarer hereditary
etiologies. Obtaining a detailed family history is essential in
evaluating the newborn for the possibility of a genetic dis-
order. In cases where a specific genetic diagnosis is not deter-
mined, but continues to be suspected, follow-up evaluation
with a clinical geneticist is worthwhile. This provides the best
chance of ultimately identifying a diagnosis with potentially
significant impact on medical management and estimates
of recurrence risk. Prenatal genetic counseling should be rou-
tinely recommended to the families of children with signifi-
cant congenital illness of unclear origin as well as those of
known genetic cause.
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Chapter

24 Hemorrhagic lesions
of the central nervous system
Linda S. de Vries

Intracranial hemorrhage
in preterm infants
During the last decade, attention has increasingly been drawn
to ischemic damage occurring in the periventricular white
matter (PWMI, periventricular white-matter injury), com-
pared to the early days of neonatal imaging, when the focus
was on intracranial hemorrhage (ICH). This is due to
improvements in neonatal brain imaging, from only having
access to cranial ultrasound (US) and computed tomography
(CT) in the early 1980s, to increased use of magnetic reson-
ance imaging (MRI) at present. The majority of the neonatal
MRI studies have focused on lesions in the white matter,
especially the more subtle lesions, which can now be clearly
visualized; this was not so easy, and certainly more subjective,
when imaging was restricted to cranial ultrasound. With
better ultrasound equipment and more detailed examinations,
using more acoustic windows than the anterior fontanel,
for example the mastoid window and the posterior fontanel,
hemorrhagic lesions of the cerebellum have increasingly been
recognized, especially in the very immature and extremely
low-birthweight infant. Germinal matrix hemorrhage–
intraventricular hemorrhage (GMH–IVH) is still common, and
especially the severe hemorrhages can lead to adverse neurologic
sequelae.

Neuropathology and pathogenesis
of GMH–IVH
The germinal matrix area is highly vascularized and is
described as an “immature vascular rete,” as the vessels within
the germinal matrix are primitive and can not be classified
as arterioles, venules, or capillaries. It is a transient structure,
and is initially the site where neuroblast and glioblast mitotic
activity occurs, before cells migrate to other parts of the
cerebrum. Once cell division and migration is complete, the
germinal matrix progressively decreases in size, with regres-
sion being almost complete by term. The germinal matrix area
is most abundant over the head and body of the caudate
nucleus, but is also seen in the roof of the temporal horn until
approximately 33–34 weeks of gestation. MRI has recently

confirmed the abundance of the germinal matrix. More than
a third of cases from a large autopsy series from New Jersey
with a germinal matrix hemorrhage had involvement of the
temporal or occipital germinal matrix [1]. The arterial supply
of the germinal matrix is from the recurrent artery of Heubner
(a branch of the anterior cerebral artery), as well as terminal
branches of the lateral striate arteries. Venous drainage of
the deep white matter occurs through a fan-shaped leash of
short and long medullary veins through which blood flows
into the germinal matrix and subsequently into the terminal
vein which lies below the germinal matrix. This has led to the
understanding of a unilateral parenchymal hemorrhage, which
is now considered to be due to venous infarction or to a
reperfusion injury following an ischemic insult [2–4].

It is most often considered that hemorrhage arises from
the thin-walled veins [5,6], although Pape and Wigglesworth
suggested from their injection studies that capillary bleeding
was more common than terminal vein rupture [7]. Ment et al.
have suggested that the germinal matrix vessels change signifi-
cantly over the first days of life to greater continuity of the
basement membrane [8]. This rapid maturation, presumably
as a result of early birth, may be one of the reasons why
GMH–IVH usually occurs during the first few days of life.

Risk factors for GMH–IVH
In the prenatal period, histologic signs of amniotic infection
have been noted to increase the risk of GMH–IVH [9].
A correlation was shown between raised blood cytokine
concentrations and altered hemodynamic function [10].

There is no evidence that cesarean section protects the
premature infant against GMH–IVH. In a recent hospital-
based study in preterm infants with a birthweight of � 1250
g no beneficial effect was shown of an elective cesarean section
on either reduced mortality or neurodisability at 2 years of age
[11]. Breech delivery is in some studies associated with a
higher risk of large GMH–IVH, but this effect was lost in a
multivariate analysis [12]. In another study, a positive effect
was shown for the most immature infants, with a gestation
< 27 weeks [9]. A reduced mortality, but not a reduced risk of
a GMH–IVH, was recently reported in a Swedish population-
based study for preterm infants with a gestation of 25–36
weeks [13].

The importance of delayed cord clamping was suggested
by Mercer et al., showing a reduction in GMH–IVH, with five
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(14%) in the delayed clamping group versus 13 (36%) in the
non-delayed group (p¼ 0.03) [14]. The impact of delayed cord
clamping on IVH was evaluated adjusting for gestational age
and cesarean section. The final model indicated that the IVH
rate was more than three times higher in the immediate cord
clamping group (OR 3.5, 95% CI 1.1–11.1). In a systematic
review by Rabe et al. there were no significant differences
for infant deaths, but a significant difference in the incidence
of IVH was reported by seven of the ten published studies
(p¼ 0.002) [15].

It has also been suggested that infants born outside a
perinatal center and transported in have a higher incidence
of GMH–IVH [9,16,17]. Data from the NEOPAIN trial did
show that outborn babies were more likely to have severe IVH
(p¼ 0.0005) and this increased risk persisted after controlling
for severity of illness, but when adjustments were made for use
of antenatal steroids the effect of birth center was no longer
significant [17].

Cardiovascular and respiratory problems have always
been considered to play a major role in the development of a
GMH–IVH in the immediate neonatal period. Fluctuations
of the intravascular pressure or blood flow may lead to rupture
of the “immature vascular rete” in the germinal matrix,
and occurrence of a hemorrhage is known to occur during
reperfusion following a period of hypotension [18]. Early
assessment of the flow in the superior vena cava, within the
first few hours after birth, showed that a low flow preceded
a GMH-IVH [19]. Although the possible lack of cerebral
autoregulation, rendering the cerebral circulation “pressure-
passive,” is still considered important, it is not present in
all preterm infants [20]. Continuous monitoring with near-
infrared spectroscopy (NIRS) may be a useful tool in the
identification of infants at risk [21]. Respiratory risk factors
can occur with complications during mechanical ventilation,
such as vasodilation secondary to hypercapnia, for instance
following a pneumothorax [22]. Improvements in ventilatory
techniques, and increased use of non-ventilatory support such
as CPAP and even BIPAP, are likely to further reduce the
incidence of GMH–IVH.

A reduced risk of GMH-IVH was found with maternal
pre-eclampsia, which appears to be due to enhanced in utero
maturation of the fetus, associated with a reduced risk of
postnatal development of respiratory distress [12].

Incidence of GMH–IVH
The incidence of GMH–IVH is directly related to thematurity of
the infant. Initial studies in the late 1970s and early 1980s showed
an incidence as high as 40–50% in those weighing< 1500 g, but
these numbers came down to 20% in the 1990s according
to some studies – though not according to others [16,23,26].
The average incidence of a unilateral parenchymal hemorrhage
varies from 3% to 11%, with the lowest incidence coming from
a French population-based study [27,29]. No decrease in this
type of lesion was seen by Hamrick et al., in contrast to the
decrease they reported in cystic white-matter disease [30].

Diagnosis of GMH–IVH
Even though MRI is increasingly being used, GMH–IVH is
still more likely to be diagnosed during routine bedside ultra-
sonography. Performing ultrasound as part of the admission
procedure, and several times during the first week, will allow
the most accurate timing and identification of antenatal onset
of the lesion. Almost all hemorrhages will have developed by
the end of the first week after birth, and many within the first
hours after birth. Only about 10% of GMH–IVH occurs
beyond the end of the first week, in contrast to white-matter
injury, where late onset is not uncommon [31]. Progression
from a small GMH–IVH to a parenchymal hemorrhage can
occur, and this is most likely related to impaired venous
drainage of the medullary veins in the white matter with
obstruction at the site of the germinal matrix [27]. Sequential
imaging over the first few days has helped in the past to
identify the most common risk factors.

Clinical diagnosis does not play a major role, as most of
the GMH–IVH will be silent. Three clinical syndromes have
been described in the past [32], the first being associated
with a catastrophic deterioration, with a sudden deterioration
of the clinical state of the infant, such as a sudden fall in
blood pressure and/or metabolic acidosis. It is, however, more
common to find a sudden fall in hemoglobin without a clear
change in the condition of the child. The second clinical
syndrome is the saltatory one, with a more gradual onset,
presenting with a change in general movements. Most com-
monly the silent, asymptomatic syndrome is seen, and this can
even occur in infants who show a parenchymal hemorrhage
on a routine repeat ultrasound examination.

The classification system suggested by Volpe is suitable to
describe early and late ultrasound appearances (Table 24.1)
[32]. The use of grade IV is avoided, and a separate description
of the size, site, and appearance of a parenchymal lesion is
preferred. Making a distinction between a small hemorrhage
restricted to the germinal matrix and a GMH with some blood
ruptured through the ependyma into the ventricular lumen is
not always possible. The use of the posterior fontanel as an
alternative acoustic window has been advocated by Correa
et al., showing improvement in the diagnosis of a small IVH
[33]. GMHs at sites, other than at the head of the caudate
nucleus, such as the roof of the temporal horn, often remain
undiagnosed unless an MRI is also performed [34].

Table 24.1. Ultrasound description of GMH–IVH, adapted from
Volpe [32]

Description Generic term

Grade I: Germinal matrix hemorrhage GMH–IVH

Grade II: Intraventricular hemorrhage without
ventricular dilatation

GMH–IVH

Grade III: Intraventricular hemorrhage with acute
ventricular dilatation (clot fills > 50% of the
ventricle)

GMH–IVH and
ventriculomegaly

Intraparenchymal lesion – describe size, location IPL
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A large IVH can be confidently diagnosed with US,
although associated white-matter damage may be more reli-
ably diagnosed with early MRI (Fig. 24.1). Distinction of a
large, bulky choroid plexus, which is common in very imma-
ture infants, from a large IVH is not always easy, and sequen-
tial examinations and an examination through the posterior
fontanel may aid in making this distinction. Blood can acutely
dilate the ventricle or can lead to posthemorrhagic ventricular
dilation (PHVD) a few weeks later, and the larger the amount
of blood, the more likely this will subsequently occur. Blood
will rapidly spread through the foramen of Monro into the
third ventricle, the aqueduct of Sylvius, the fourth ventricle,
and the foramina of Magendie and Luschka, to eventually
spread into the posterior fossa. Clot formation can occur at
any level, and can lead to outflow obstruction, but it is most
commonly seen at the level of the aqueduct, or more diffusely
in the posterior fossa. Depending on the degree of blood and
the site of obstruction, PHVD can be rapidly progressive
and non-communicating, usually due to obstruction at the
level of the aqueduct of Sylvius, or be more gradual in onset,
communicating, and considered to be due to obliterative
arachnoiditis.

A unilateral parenchymal hemorrhage accounts for 3–15%
of all GMH–IVH [28,29]. It is usually unilateral, triangular in
shape, with the apex at the outer border of the lateral ventricle,
and associated with a moderate to large ipsilateral GMH–IVH.

It has been thought in the past that parenchymal hemorrhage
was due to direct extension of hemorrhage into the periven-
tricular white matter, but this is no longer considered to be the
most likely explanation for this type of parenchymal lesion.
Most would now agree that this type of lesion is caused by the
presence of GMH–IVH, which can lead to impaired venous
drainage and subsequent venous infarction of the medullary
veins of the white matter. This sequence of events can some-
times be followed by sequential ultrasound examinations,
changing from a normal image to a stage of simple GMH–
IVH and involvement of the parenchyma on the following day
(Fig. 24.2). While this type of lesion used to be globular and
would usually communicate with the lateral ventricle, with
subsequent evolution into a porencephalic cyst, more recently
the pattern has been shown to be more variable, with a more
discrete parenchymal lesion that does not necessarily commu-
nicate with the lateral ventricle and can evolve into a few small
cysts in the white matter that may resolve with eventual
ex vacuo dilation on the affected side. These white-matter cysts
can be mistaken for unilateral cystic leukomalacia, but seeing
the evolution of this unilateral lesion with sequential ultra-
sound examinations would not favor a diagnosis of leukoma-
lacia, which is almost invariably bilateral and not often
associated with a large IVH (Fig. 24.3). MRI performed later
in infancy or early childhood will also help to make a distinc-
tion between the two conditions, showing more focal injury in

Fig. 24.1. (a) Cranial ultrasound of a preterm infant born at 29 weeks gestational age, parasagittal views, taken through the anterior (left) and posterior (right)
fontanelle, showing a large intraventricular clot and a severely dilated occipital horn. (b) MRI of the same child, T2-weighted spin-echo sequence, taken at 2 weeks
of age, shows associated punctate lesions in the white matter. The inversion recovery sequence taken at term-equivalent age still shows a dilated occipital horn
and poor myelination of the posterior limb of the internal capsule, especially on the left.

Fig. 24.2. Cranial ultrasound of a preterm infant, born at 27 weeks gestational age, coronal views, taken on days 1, 3, 5, and at 6 weeks, showing a normal
scan on day 1, a bilateral intraventricular hemorrhage on day 3, a parenchymal hemorrhage and large IVH on the right on day 5, and evolution into a single
porencephalic cyst 6 weeks later.
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those with a parenchymal hemorrhage. Detailed studies by
Dudink et al. have made it possible to identify the veins that
were involved in the parenchymal injury [35]. A recent pro-
posal was made by Bassan et al. to grade the severity of this
parenchymal lesion [36], taking the extent of the lesion, the
presence of a contralateral parenchymal lesion, and also the
presence of a midline shift due to this lesion into account.
The grading system also helped in the prediction of neuro-
developmental outcome at 2 years of age [37].

Intracerebellar hemorrhage
Intracerebellar hemorrhage is increasingly recognized together
with a GMH–IVH. This type of lesion is especially common in
those with a birthweight < 750 g and a gestational age below
27 weeks [38,39]. Twenty-five of the 35 infants examined by
Limperopoulos et al. had a unilateral hemispheric hemorrhage
[39]. Of the 35 infants, 27 also had supratentorial lesions.
Apnea, bradycardia, and a falling hematocrit may be associ-
ated with this type of lesion. Ultrasonography can be diagnos-
tic when the lesion is large or when care is taken to use the
posterolateral fontanel as the acoustic window [38]. MRI will
give better definition of the extent of the lesion. Follow-up at a
mean age of 32 months showed neurologic abnormalities in
66% of the isolated cerebellar hemorrhagic injury cases com-
pared with 5% of the control preterm infants [40]. Infants with
isolated cerebellar hemorrhagic injury versus controls had
severe motor disabilities (48% vs. 0%), deficits in expressive
language (42% vs. 0%), delayed receptive language (37% vs. 0%),
and cognitive deficits (40% vs. 0%). Preterm infants with
cerebellar hemorrhagic injury and supratentorial parenchymal
injury were not at overall greater risk for neurodevelopmental
disabilities, although neuromotor impairment was more
severe. Cerebellar atrophy without apparent cerebellar hemor-
rhage has also been reported as a common sequel of severe
immaturity [41–43]. Srinivasan et al. [44] showed reduced
cerebellar volume only in preterm infants at term-equivalent
age in association with supratentorial pathology such as hem-
orrhagic parenchymal infarction, intraventricular hemorrhage
with dilation, and periventricular leukomalacia (PVL).

Management of GMH–IVH
Once the diagnosis of a GMH–IVH is made, immediate clinical
management will not be different from that of other at-risk
preterm infants. Optimalization of any coagulopathy, minimal
handling, prevention of fluctuations in blood pressure or CO2

levels, and prevention of breathing against the ventilator may be
used in an effort to prevent extension of the initial hemorrhage
[45–47]. Continuous aEEG registration may detect subclinical
seizures, which may require treatment [48].

Repeat US scans are indicated for timely diagnosis of the
development of PHVD, which is usually seen within 10–14 days
following the occurrence of the hemorrhage. PHVD can pro-
gress either slowly or rapidly. In the majority of cases (65%)
slowly progressive PHVD is followed by spontaneous arrest.
In the remaining 30–35% of infants with PHVD, ventricular
size increases rapidly over the course of days to weeks [49].

Increase in ventricular size, as assessed with repeated US
examinations, will precede any clinical symptoms, such as a
rapid increase in head circumference (> 2 cm/week), diastasis
of the sutures, a full fontanel, vomiting, irritability, brady-
cardias, and apneas, by several weeks, due to the large extra-
cerebral space and the high water content of the white matter.
Sunsetting will only be seen at a late stage. There is no
agreement as to whether treating progressive PHVD before
the occurrence of any clinical symptoms is beneficial to the
child. Measurements are usually taken in the coronal view
at the foramen of Monro, using the “ventricular width,”
according to Levene and Starte [50]. The “ventricular index”
is the distance between the midline and the lateral border of
the ventricle. Most intervention studies have taken the 97th
percentile þ 4mm as a starting point for randomization.
Another useful measurement is the so-called “anterior horn
width,” taken just anterior to the thalamic notch [51]. This
anterior horn width measurement does not change much with
increasing maturation and should be < 3mm, with measure-
ments > 6mm suggesting PHVD. Measuring the occipital
horn in a sagittal plane can also be useful, as there can be a
discrepancy between dilation of the anterior and posterior
horn. Although the best angle may be more variable in the

Fig. 24.3. Cranial ultrasound of a preterm infant born at 29 weeks gestational age, coronal view, resolving left-sided hemorrhage on day 14 (left).
Ultrasound taken at term-equivalent age (middle) showed cystic evolution, confirmed with MRI (T2 spin-echo sequence) (right). Also note the enlarged
subarachnoid space. Outcome at 24 months was within the normal range (BSID-II; MDI 91; PDI 100).
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sagittal plane, any measurement of the occipital horn � 25mm
also does suggest severe PHVD. Assessing the shape of
the lateral ventricles may be useful, when making a distinc-
tion between pressure-driven PHVD and ex vacuo dilation
following white-matter injury. Measuring the cerebrospinal
fluid pressure may also aid in making a distinction, but
reliable measurements can be hard to obtain [52].

Adverse short-term effects on the central nervous system
have been shown using different techniques, including
evoked potentials, aEEG, Doppler ultrasonography, and NIRS
[53,54]. Cerebrospinal fluid measurements of cytokines, non-
protein-bound iron, hypoxanthine, and sFas were all noted
to be raised in infants with PHVD, and especially so in those
with associated periventricular leukomalacia [55,58]. In spite
of all these data, there is no direct evidence that early drainage
of CSF alters the natural and long-term outcome of children
with PHVD. In the two largest RCTs so far, randomization
was done once the 97th percentile þ 4mm line was crossed,
and 60% of the infants in both arms subsequently required
shunt placement [59]. The RCT for DRIFT (drainage interven-
tion fibrinolytic therapy) also used this measurement as
an entry point for the study [60]. The initial data were promis-
ing, with shunt requirement in 22%, but the RCT was stopped
early due to a high risk (33%) of rebleeding in the DRIFT
group, without an apparent positive effect on the need for
a ventriculoperitoneal shunt [61]. In two retrospective obser-
vational studies, a significant reduction in the need for shunt
placement was noted when intervention was started before
this line was crossed and when the threshold for inserting a
subcutaneous reservoir was low [62,63]. Whether earlier and
more active intervention is effective is now being studied in
a prospective RCT.

Outcome following GMH–IVH
Most studies of infants with mild grades of GMH–IVH (hem-
orrhage restricted to the germinal matrix or small amount of
ventricular blood) suggest that these infants were performing
as well in cognitive and motor developmental outcome as
preterm infants with no GMH–IVH, although a lower score
was found with regard to their visual–motor integration [64].
Recent neonatal 3D-volumetric imaging studies, however,
have shown reduced gray-matter volumes at term-equivalent
age associated with a reduced MDI on the BSID-II, but this
was only seen in the most immature infants, with gestation
below 30 weeks [65,67]. Whether associated mild white-matter
abnormalities were present, and could have played a role, is
not discussed in these studies. This association was previously
suggested by Kuban et al. [68].

The term ventriculomegaly (VM) has been used for infants
with ventricular enlargement following a GMH–IVH, but also
for those without apparent preceding hemorrhage, in whom it
is more likely to be due to white-matter loss. It is therefore
preferable to use VM for those without an apparent preceding
large GMH–IVH, and to use the term posthemorrhagic ventricu-
lar dilation (PHVD) when ventricular enlargement follows

a large hemorrhage [68,69]. Having access to sequential
ultrasound examinations, and looking at the shape of the
ventricles, will enable us in most cases to make this important
distinction.

The risk of a poor outcome has been reported to increase
significantly with the presence of PHVD following a large
GMH–IVH (40–60%), and even further in those who require
shunt insertion (75–88%) [59,70,71]. In the cohort from
Sweden, associated problems (cerebral visual impairment, epi-
lepsy, and especially cognitive problems) were very common
[71]. In a retrospective hospital-based population study,
outcome was considerably better than reported previously,
with cerebral palsy occurring in only 7.4% of the infants with
a large IVH (grade III according to Papile) compared to 37
(48.7%) of the 76 infants with a parenchymal hemorrhage
(p< 0.001). The mean developmental quotient (DQ) in the
grade III group was 99, and in the grade IV group 95 at
24 months corrected age [63]. Whether this better outcome
was related to earlier treatment of PHVD, or due to a cohort
with more localized lesions and of higher gestational age,
needs to be determined, and a prospective study is now under
way. Magnetic resonance imaging (at approximately 8.5 years)
in children with arrested or shunted hydrocephalus has
revealed persistence of enlarged lateral ventricles, enlarged
occipital horns, hypoplastic corpus callosum, and atrophy or
dysplasia of the cerebral cortex. When preterm infants with no
hydrocephalus are compared to those with arrested hydro-
cephalus, shunted hydrocephalus, and a term comparison
group, the children with shunted hydrocephalus have the
lowest verbal and perceptual IQ scores. Visual–spatial–motor
scores are lower in the shunted compared to the arrested
hydrocephalus group, and even lower in the arrested com-
pared to the no hydrocephalus group. Tests of academic
skills (arithmetic, science, writing) also demonstrate poorer
performance in children with shunted hydrocephalus as
compared to those with arrested hydrocephalus.

While the infants without apparent parenchymal involve-
ment are more likely to develop diplegia, those with a venous
infarction are more at risk of developing a hemiplegia. Out-
come with intraparenchymal hemorrhage (IPH) varies, and
depends on the extent and site of the lesion [37,72]. A recent
scoring system reported by Bassan et al. showed an association
between a higher score, based on the presence of a more
extensive lesion, a midline shift, or bilateral parenchymal
involvement, and mortality and outcome at 2 years of age
[37]. This supported studies published in the 1980s showing
that extensive lesions are associated with a higher mortality
rate (81% vs. 37%), major motor deficits (100% vs. 80%), and
more cognitive delays (86% vs. 53%) in comparison to a more
localized IPH [73]. Long-term outcome into adolescence
showed that most of the 14 cases with parenchymal hemor-
rhage and porencephaly were ambulatory, required learning
assistance in school, and had social challenges [74].

Early prediction of development of a hemiplegia is now
possible, using MRI at 40–42 weeks. Myelination of the pos-
terior limb of the internal capsule (PLIC) should be present at
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term-equivalent age. In infants who go on to develop a
hemiplegia, asymmetry and even lack of myelination of the
PLIC was noted in those who subsequently developed a hemi-
plegia [75,76]. Using diffusion tensor imaging, visualization of
the tracts may be possible at an earlier stage, but data are only
available in preterm children studied in childhood, looking at
thalamocortical connectivity [77,78].

Prevention of GMH–IVH in preterm infants
The incidence of GMH–IVH has decreased over time in most
studies. Both prenatal and postnatal pharmacologic prophy-
laxis has been used to reduce the incidence of GMH–IVH.
Many different drugs have been used, such as phenobarbital,
tranexamic acid, pancuronium, etamsylate, vitamin E, and
indomethacin. Only a few of these will be discussed here in
more detail.

Antenatal prevention
Antenatal steroids
Administration of antenatal corticosteroids has been shown in
several studies to be the most important protective factor
against the development of GMH–IVH [13,79]. A systematic
review of 21 randomized controlled trials, involving over 4000
babies, has shown that corticosteroid administration is associ-
ated with a significant reduction in the risk of GMH–IVH (OR
0.54, 95% CI 0.43–0.69) and with a strong trend towards
improving long-term neurologic outcome in survivors (OR
0.64, 95%CI 0.14–2.98) [80]. The effect of steroid administration
could be due to a reduction in risk and severity of respiratory
distress syndrome, postnatal stabilization of blood pressure, or
maybe even a direct cerebral protective effect. Repeated courses
of antenatal corticosteroids are not recommended, as a negative
effect on brain growth has been shown [81]. Bethamethasone
instead of dexamethasone is recommended, as the latter was
associated with an increased incidence of PVL [82].

Magnesium sulfate
Antenatal administration of magnesium sulfate was not asso-
ciated with a reduction in the incidence of either a small or a
large GMH–IVH in two recent large randomized multicenter
studies [83,84].

Vitamin K
Vitamin K was used antenatally to prevent neonatal GMH–
IVH, as vitamin-K-dependent factors are deficient in preterm
infants. The initial reports were promising [85,86]. A recent
systematic review compared five randomized studies involving
420 women to evaluate the role of vitamin K, given to women
in labor or very likely to deliver a premature infant, in the
prevention of GMH–IVH, and was not able to show a benefi-
cial effect [87].

Postnatal prevention
Phenobarbital
The rationale for phenobarbital use was sedation of the
preterm infant to prevent the fluctuations of blood pressure

that occur with clinical care of high-risk infants. Phenobarbital
was the first drug used postnatally in the prevention of
GMH–IVH. A meta-analysis of 10 trials was unable to show
a reduction in the incidence of GMH–IVH (typical relative
risk 1.04, 95% CI 0.87–1.25), or in its severity (typical RR
for severe IVH 0.91, 95% CI 0.66–1.24) [88]. There was a
consistent trend in the trials towards increased use of mech-
anical ventilation in the phenobarbital-treated group, which
was supported by the meta-analysis (typical RR 1.18, 95%
CI 1.06–1.32).

Indomethacin
A meta-analysis on the postnatal use of indomethacin in the
prevention of GMH–IVH and subsequent brain injury [89]
showed a significant reduction in the incidence of GMH–IVH
of all grades in indomethacin-treated groups (RR 0.88, 95%
CI 0.80–0.96). When only more severe degrees of hemorrhage
were reported (Papile grade 3 and 4) this effect was still present
(RR 0.66, 95% CI 0.53–0.82).

Outcome measures of death or severe neurosensory
impairment were reported in four studies, but no significant
effect of indomethacin could be found (RR 1.02, 95% CI 0.90–
1.15) [89,90]. A recent post-hoc analysis of the orginal indo-
methacin trial suggested that boys exposed to indomethacin
had significantly better outcome in verbal test scores than
girls, suggesting a gender-specific effect [91].

Ibuprofen
Ibuprofen is used as an alternative to indomethacin in the
medical management of patent ductus arteriosus, and it acts in
a similar manner by prostaglandin synthase inhibition. A recent
RCT has evaluated whether ibuprofen when given shortly after
birth to a group of premature infants (< 28 weeks' gestation)
reduces the incidence of GMH–IVH [92]. Ibuprofen did
not reduce the incidence of any degree of GMH–IVH when
compared to controls (OR 0.96, 95% CI 0.48–2.03) or more
severe GMH–IVH (grade 2–4) (OR 0.87, 95% CI 0.25–3.05)
compared with controls.

General measures
Paying closer attention to blood pressure, gentle handling,
synchronous ventilation, and less severe respiratory distress
syndrome due to antenatal and postnatal surfactant therapy
was associated with a reduction in GMH–IVH [93]. Data from
the Canadian network also showed that the incidence and
severity of GMH–IVH is affected by NICU characteristics.
A high patient volume and a high neonatologist/staff ratio
was associated with a lower rate of severe IVH [94].

Intracranial hemorrhage in term infants
Intraventricular hemorrhage
Intraventricular hemorrhage (IVH) is an uncommon problem
in full-term as compared to preterm neonates. Origins of the
IVH can be the germinal matrix, choroid plexus, or paren-
chyma. In term infants only remnants of the germinal matrix
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remain. The incidence of germinal matrix hemorrhage is
therefore low, and infants are often asymptomatic. The mech-
anism of IVH in term infants has been attributed to trauma at
birth (precipitous delivery) or hypoxia; however, no etiology
is detected in many cases. Recently, thalamic hemorrhage in
term infants has been shown to be associated with cerebro-
sinovenous thrombosis [95]. The pathogenesis of thalamic
hemorrhage is a hemorrhagic venous infarction of the large
venous channels that are in close proximity to the ventricular
walls. In the majority of infants none of the previously associated
risk factors for thalamic hemorrhage, such as coagulation dis-
orders or hypoxic–ischemic birth injury, was noted.

Predisposing factors noted by Roland et al. [96] included
sepsis, cyanotic heart disease, and polycythemia. Symptomatol-
ogy (irritability, seizures, apnea, bulging fontanel) occurred
later than that seen in infants with IVH from choroid plexus
or germinal matrix hemorrhage.

Management of IVH in term infants is supportive.
Prognosis depends on the location and extent of the under-
lying insult. As a rule, among infants for whom no etiology of
the IVH is detected, outcome appears to be good. In infants
with IVH secondary to a GMH–IVH, prognosis is also good.
Neurodevelopmental sequelae are seen in infants with IVH
with parenchymal involvement [97]. When bilateral thalamic
hemorrhage is associated with birth asphyxia, mortality is
high and sequelae in survivors are high. Thalamic hemorrhage
with IVH seen in infants with an uneventful birth history is
associated with a greater risk for cerebral palsy than IVH from
other sites.

Subdural hemorrhage
Subdural and subarachnoid hemorrhage are probably under-
diagnosed, as they are difficult to recognize using cranial
ultrasound. Subdural hemorrhage usually occurs secondary
to birth trauma. These hemorrhages are relatively uncommon
today because of improvements in obstetric care. Vaginal
breech deliveries are for instance no longer commonly per-
formed, after recent multicenter randomized studies [98].
Occipital diastasis can occur during a vaginal breech delivery

with excessive extension of the neck of the infant. The patho-
genesis is secondary to mechanical injury to the cranium
associated with instrumental delivery with forceps or ventouse
extraction of the head, abnormal presentation (face or brow),
precipitous delivery, and a large infant resulting in a difficult
delivery [94,99,100]. There are shearing forces on the tentor-
ium and the deep venous system. Children are usually born at
term, and present with a full fontanel, lethargy, apneas, and/or
seizures. Hydrocephalus can develop due to outflow obstruc-
tion and may require temporary external drainage, sometimes
followed by permanent drainage, due to difficulties of CSF
reabsorption at the level of the arachnoid granulations.
Secondary cerebral infarction has also been reported and has
been related to prolonged arterial compression [101]. The
majority of the subdural hemorrhages are infratentorial
(Fig. 24.4), but a supratentorial location can also be noted
and is then sometimes associated with a lobar hemorrhage,
which can be large and associated with a shift of the midline,
requiring neurosurgical intervention. Short-term outcome in
children with an isolated infratentorial subdural hemorrhage,
but also in those with a lobar hemorrhage, has often been
reported to be more favorable than expected, but the groups
are usually small [100,102].

Subgaleal hemorrhage
Subgaleal hemorrhage is a rare and potentially fatal condition
of the neonate often associated with instrumental delivery. It is
caused by rupture of the emissary veins, which are connec-
tions between the dural sinuses and the scalp veins. Blood
accumulates between the epicranial aponeurosis of the scalp
and the periosteum. Most cases of subgaleal hemorrhage
reported have been associated with the use of the vacuum
extractor. The incidence of subgaleal hemorrhage is estimated
to be 4–6 per 10 000 spontaneous vaginal deliveries and
46–59 per 10 000 vacuum-assisted deliveries [103,104]. The
children will present with diffuse swelling of the head and
evidence of hypovolemic shock. In a study by Kilani and
Wetmore, associated intracranial hemorrhage was present in half
of the 34 infants studied, and four (11.8 %) infants died [105].

Fig. 24.4. Term infant, admitted because of PHVD. MRI on day 26 shows a large infratentorial subdural hemorrhage, with a shift and possibly involvement
of the right cerebellar hemisphere. A repeat scan at 3 months (right) shows loss of volume and loss of tissue of the right cerebellar hemisphere.
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In another study of 42 infants, 31% had a poor outcome (five
died, four had epilepsy, three had severe auditory dysfunction,
two had cerebral palsy, and one had renal vein thrombosis)
[106]. The group with the poor outcome included significantly
more patients who had been transferred from other hospitals
(p< 0.001). Those with a poor outcome had significantly
more hypotension (p < 0.001) and seizures (p < 0.05). Prompt
and aggressive administration of blood products and treatment
of associated coagulopathy are recommended to improve
outcome.

Intracranial hemorrhage associated with
other specific conditions in term infants
Neonatal alloimmune thrombocytopenia
In neonatal alloimmune thrombocytopenia (NAITP), fetal
and neonatal thrombocytopenia results from the formation
of a maternal antiplatelet antibody to a paternally derived
platelet antigen, usually platelet surface antigen (PLAI),
expressed on the surface of the fetal platelets. NAITP occurs
in 1/2000 to 1/5000 fetuses, and up to 30% of infants with this
condition have ICH secondary to thrombocytopenia. ICH
occurs in as many as 10–30% of the infants with alloimmune
thrombocytopenia, 25–50% of which occur in utero [107].
NAITP has an estimated mortality rate of 15%, with ICH
accounting for most deaths. Fetal and neonatal platelet counts
less than 20 	 109 are common even before 24 weeks' gesta-
tion [108]. Management in the antenatal period includes
administration of intravenous gammaglobulin to the mother
with or without corticosteroids prior to delivery. Transfusion
of matched compatible platelets to the fetus may safeguard
against ICH during the birthing process. Abdominal delivery
is suggested if cordocentesis reveals fetal thrombocytopenia.
After birth, transfusion with antigen-negative platelets (mater-
nal platelets) is recommended. Hemispheric porencephalic

cyst, following a hemorrhage which is most commonly located
within a temporal lobe, is usually present at birth, but extra-
axial hemorrhages, intraventricular hemorrhage, acute paren-
chymal hemorrhage, and neuronal migrational disorder have
also been reported [107].

Extracorporeal membrane oxygenation (ECMO)
ECMO is the treatment of choice in infants with persistent
pulmonary hypertension and cardiorespiratory failure unre-
sponsive to inhaled nitric oxide. In term infants, ICH
following ECMO occurs in 10–13% of infants [109,110].
The lesions are hemorrhagic, with ischemia (60%) or hemor-
rhage alone (40%). The pathogenesis of ICH following ECMO
is multifactorial, and it has been attributed to reperfusion
injury, hemodynamic and cerebrovascular instability, systemic
heparinization, and increased central venous pressure. Ini-
tially, gestational age (GA) < 34 weeks, acidosis, sepsis, coa-
gulopathy, and treatment with epinephrine are major
independent factors associated with ICH in neonates treated
with ECMO [109]. More recent data have shown that post-
conceptional age (PCA) shows a strong univariate correlation
with decreasing ICH: 26% of patients � 32 weeks' PCA
developed ICH, compared with 6% of patients of 38 weeks'
PCA (p¼ 0.004) [109]. In ECMO-treated infants, the combin-
ation of a normal bedside US and an EEG without marked
abnormalities is highly predictive of normal post-ECMO
CT and MRI neuroimaging studies [111]. Among 183 ECMO
survivors, 85 infants had neuroimaging abnormalities.
Survivors with non-hemorrhagic abnormalities had a higher
risk of delayed development than did those with isolated
hemorrhagic abnormalities (39% vs. 21%) [112]. Attempts at
decreasing risk of ICH with ECMO include venovenous (VV)
ECMO, in which integrity of blood flow to the brain is main-
tained and cannulation and sacrifice of only the internal
jugular vein occur.
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Chapter

25 Neonatal stroke

Hannah C. Glass and Donna M. Ferriero

Introduction
Perinatal stroke is increasingly recognized as an important
cause of neurological morbidity including cerebral palsy,
epilepsy, and behavioral disorders, as well as impaired visual
function and language development [1–8]. The estimated
incidence of perinatal stroke is approximately 1/4000 [9].

Perinatal stroke can be classified by blood supply (venous
vs. arterial), age at stroke (fetal vs. neonatal), age at diagnosis
(neonatal symptomatic vs. presumed perinatal/neonatal asymp-
tomatic), or type of stroke (ischemic vs. hemorrhagic). Investi-
gators have used a variety of terms, including “perinatal stroke,”
“arterial ischemic stroke,” and “perinatal arterial stroke” to
describe the conditions. A recent workshop of the National
Institute of Child Health and Human Development and the
National Institute of Neurological Disorders and Stroke
focused on refining the terminology. Ischemic perinatal stroke
(IPS), now the term of choice, is defined as “a group of
heterogeneous conditions in which there is focal disruption
of cerebral blood flow secondary to arterial or cerebral venous
thrombosis or embolization, between 20 weeks of fetal life
through the 28th postnatal day, confirmed by neuroimaging
or neuropathologic studies.”[10] The group further divided
IPS into three categories based on the timing of diagnosis:
(1) fetal ischemic stroke, diagnosed prior to birth using fetal
imaging or following stillbirth on the basis of neuropathologic
examination, (2) neonatal ischemic stroke, diagnosed after birth
and � 28th postnatal day (including preterm infants), and
(3) presumed perinatal ischemic stroke (PPIS), diagnosed in chil-
dren > 28 days of age in whom the ischemic event is presumed
to have occurred between the 20th week of fetal life and the
28th postnatal day [10]. This terminology does not take into
account venous thrombosis without ischemic infarction, or
purely hemorrhagic conditions. Hemorrhagic perinatal stroke
is less well characterized, and there is no consensus on termino-
logy or classification.

Epidemiology
Perinatal stroke accounts for approximately 25% of arterial
and 50% of cerebral sinovenous thrombosis (CSVT) in the
pediatric population [4]. The incidence of neonatal stroke is

estimated between 1/2300 and 1/5000 [9,11–13]. Approximately
2/3 of children with motor impairment due to perinatal stroke
present after 3 months of age [14]. There are no apparent
differences by infant sex or racial group, though data are
somewhat inconsistent between study cohorts [9,12,13].

Clinical manifestations
The clinical manifestations of perinatal stroke depend on the
timing of presentation (fetal, neonatal, or during infancy and
childhood) and the extent of the brain involvement.

Fetal ischemic stroke
Fetal ischemic stroke is diagnosed prior to birth using ultra-
sound and/or magnetic resonance imaging (MRI) or following
stillbirth on the basis of neuropathologic examination. Though
typically asymptomatic to the mother and child before deliv-
ery, there is a high rate of pregnancy termination, preterm
delivery, and neonatal complications including hypotonia and
seizures [15].

Neonatal ischemic stroke
Neonatal ischemic stroke includes both arterial stroke and
CSVT diagnosed after birth and before or on the 28th post-
natal day. This category includes the special case of infants
with ischemic stroke who were born prematurely.

Neonatal arterial stroke
Term newborn infants with arterial stroke most commonly
present with persistent focal seizures in the first hours of life
[16,17].

Infants may otherwise appear well, or have subtle motor
asymmetry, generalized hypotonia, or, especially in the setting
of concurrent global hypoxic–ischemic brain injury, signs of
encephalopathy including depressed level of alertness, apnea,
and altered feeding [3,18]. Motor asymmetry, if present, is
typically subtle, though the infant's general movements are
frequently abnormal [19].

Arterial infarcts are slightly more common in the left
hemisphere than in the right hemisphere (Fig. 25.1). The stroke
may involve small- or large-artery territory, and multiple
infarcts are present in up to 20% of cases [4].

Neonatal cerebral sinovenous sinus thrombosis
Cerebral sinovenous thrombosis (CSVT) typically presents in
the first weeks of life with non-specific signs and symptoms

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



including encephalopathy, apnea, and seizures. Infants with
CSVT frequently have comorbid risk factors, including dehy-
dration, cardiac defects, sepsis, or meningitis, and extra-
corporeal life-support requirement [20–23].

Computed tomography, or magnetic resonance or conven-
tional angiographic venography, may show that one or more
venous structures is involved, most often the sagittal, trans-
verse, and straight sinuses [20,23]. Common sequelae include
venous infarction with parenchymal and intraventricular
hemorrhage [20,24,25].

Neonatal ischemic stroke in the preterm infant
Increased use of imaging in premature infants has led to
greater recognition of arterial stroke prior to term-equivalent
post-menstrual age. The clinical presentation in premature
infants is very different from that of term infants, with less
than one-third presenting with seizures or apnea. Premature
infants with stroke are most often identified during routine
cranial ultrasound monitoring, with the diagnosis later con-
firmed using MRI [26]. As with term gestation infants, arterial
stroke in premature newborns is more often unilateral, in the
middle cerebral artery territory distribution and left-sided.
Lenticulostriate distribution is common, especially in infants
born at 28–32 weeks' gestation [27]. Twin-to-twin transfusion
syndrome, fetal heart rate abnormalities, and hypoglycemia
appear to be risk factors for preterm arterial stroke [28].

Presumed perinatal ischemic stroke
Presumed perinatal ischemic stroke (PPIS) is diagnosed in a
child > 28 days with a normal neonatal period who presents
with non-acute neurological signs or symptoms (typically
pathological hand preference, hemiplegia, or seizures in the
first 4–12 months of life) referable to focal, remote (gliosis,
encephalomalacia, and/or atrophy and absent restricted diffu-
sion) infarct(s) on neuroimaging [10,29]. PPIS may be due to
either arterial or venous infarction, but excludes global injur-
ies such as periventricular leukomalacia and basal ganglia or
watershed injury due to hypoxic–ischemic injury [29–31].

Hemorrhagic stroke
Perinatal hemorrhagic stroke has received little attention,
although, according to a recent population-based study, the

population incidence (6.2/100 000) is similar to the incidence
of subarachnoid hemorrhage in adults [32]. In this same
study, neonates with hemorrhagic stroke presented with
encephalopathy or seizures, and strokes were typically unilat-
eral and in the frontal or parietal lobes. Fetal distress and post-
term delivery > 41 weeks were both independently associated
with neonatal hemorrhage. Type IV collagen a1 mutation is a
risk factor for intracerebral hemorrhage and may play a role in
porencephaly due to in utero hemorrhagic stroke, though the
relationship with neonatal hemorrhagic stroke in humans is
unclear [33–35].

Risk factors
The etiology and pathogenesis of perinatal stroke are not
well understood. Multiple potential risk factors have been
recognized through case series and reports, as well as popula-
tion-based epidemiological studies. Frequently, multiple con-
current risk factors are present and, in one study, the presence
of multiple risk factors before delivery significantly increased
the risk of perinatal stroke [12]. It is important to note that the
majority of infants with one or more risk factors for stroke
are entirely normal, and that, conversely, in many cases, no
risk factor for the stroke is identified.

Maternal factors
Maternal acquired and inherited thrombophilias are an
important risk factor for perinatal stroke. Pregnancy itself is
a physiologic prothrombotic and proinflammatory state for
the mother and her child [36]. Antiphospholipid antibodies
(lupus anticoagulant and cardiolipin antibody) present in
women with systemic lupus erythematosis or other autoimmune
disorders increase the risk for fetal loss and for ischemic perinatal
stroke [37–39]. Inherited thrombophilias may be present in
either the mother or her child with perinatal stroke, and are
further discussed under infant factors.

Hypertensive disorders of pregnancy, and specifically
eclampsia and pre-eclampsia, are associated with a higher risk
of neonatal stroke [12,40]. The pathophysiology may be related
to a high frequency of factor V Leiden mutation in women with
pre-eclampsia and with HELLP (hemolytic anemia, elevated
liver enzymes, and low platelet count) syndrome [41].

Fig. 25.1. Neonatal ischemic arterial stroke in a 2-day term infant with seizures at 36 hours of life. (a) High-resolution ultrasound through the anterior
fontanel showing echogenic left thalamus, basal ganglia, and hemispheric white matter with mild mass effect effacing the left ventricle in keeping with left middle
cerebral territory infarct. MRI showing (b) T2 prolongation and (c, d) reduced diffusion in the entire left middle cerebral area territory including cortex, basal
ganglia, and caudate.
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Further maternal risk factors for perinatal stroke include a
history of infertility and primiparity [12], whereas obesity, older
maternal age, family history of thromboemboblic events, sur-
gery, dehydration, shock, and prolonged bed rest are all risk
factors for maternal thrombosis [42]. Maternal cocaine use is a
rare but important cause of ischemic perinatal stroke [43,44].

Antepartum and intrapartum factors
Independent risk factors that may occur during pregnancy
and delivery include oligohydramnios, cord abnormality,
chorioamnionitis, and prolonged rupture of membranes [12].

Infant factors
A number of systemic illnesses or conditions may increase the
risk of stroke in the newborn infant. Several prothrombotic
disorders have been reported in infants with stroke, including
protein S, protein C, and antithrombin III deficiencies,
elevated lipoprotein(a), antiphospholipid antibodies, factor V
G1691A, prothrombin G20210A, MTHFR mutations, and
elevated homocysteine [39,45–50]. However, many of these
prothrombotic disorders are seen with high frequency in the
general population and, conversely, some infants with stroke
have no detectable abnormality [51]. Therefore, the exact
role of thrombophilia in the pathophysiology of perinatal stroke
remains uncertain. Meningitis/encephalitis, polycythemia,
congenital heart disease, and extracorporeal membrane oxy-
genation have all been reported in infants with stroke [52–56].

Evaluation
History and physical examination
The history and physical examination are important in the
initial evaluation of an infant with suspected stroke (Table 25.1).
Detailed family history, as well as evaluation of maternal
medical conditions and events during pregnancy and delivery,
may reveal one or more risk factors for perinatal stroke. The
initial infant examination is often normal, though there may be
subtle signs of hemiparesis or abnormal general movements.

Neuroimaging
Magnetic resonance imaging (MRI) is the study of choice for
the diagnosis and evaluation of perinatal stroke. Cranial ultra-
sound with transcranial Doppler may detect obliteration of
normal gyral patterns, echogenicity in an arterial territory
distribution, mass effect, or decrease in cerebral artery flow
velocities in the affected hemisphere [57,58]. However, cranial
ultrasound is less sensitive than other imaging modalities and
should be supplemented with computed tomography (CT), or
preferably MRI, when available [59,60]. CT has the advantage
of being readily available, and it can often be performed
without sedation. However, it provides less detailed anatomy
than MRI and exposes the infant to ionizing radiation.

Restricted water motion on diffusion-weighted imaging
(DWI) sequences is apparent shortly after the injury but
becomes falsely negative (pseudonormalizes) by approximately
7 days [61,62]. Conventional T1- and T2-weighted sequences

may be normal in the first 48 hours, making 2–5 days of life an
ideal time to image the infant with stroke. In cases of suspected
CSVT, vascular imaging (magnetic resonance venography,
MRV) with or without gadolinium contrast is essential to
accurately diagnose and follow venous thrombosis [23,63].

In cases of presumed perinatal ischemic stroke, conven-
tional T1- and T2-weighted images may reveal signs of remote
infarct, including absent restricted diffusion, cystic encepha-
lomalacia, gliosis, focal ventricular dilation, and Wallerian
degeneration of the descending corticospinal tracts (Figs.
25.2, 25.3) [29,30,64,65].

Electroencephalography
Recurrent focal seizure is the most common initial presenta-
tion of neonatal stroke [17]. An electroencephalogram (EEG)

Table 25.1. Evaluation and investigation of perinatal stroke

Investigation Comment

History

Family Careful history may reveal one or
more risk factors for perinatal stroke

Maternal

Pregnancy

Delivery

Imaging

Magnetic resonance imaging (MRI) MRI with diffusion weighted
imaging is the imaging study
of choice

Computed tomography

Cranial ultrasound

Laboratory evaluation

Complete blood count with
differential

Thrombophilia evaluation
can be performed in the mother
and child in the acute and
convalescent periods

Prothrombin time with
international normalized ratio
(PT/INR)

Partial thromboplastin time (PTT)

Serum electrolytes and glucose

Protein S/C and antithrombin III
activity

Activated protein C resistance

Lipoprotein(a)

Homocysteine

Factor V Leiden

Prothrombin 20210A

Antiphospholipid antibody testing

Other

Electroencephalogram Further evaluation can be tailored
to the nature and timing of the
insult

Cardiac echocardiogram
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is essential to evaluate for subclinical seizures (especially after
administration of antiseizure medication, which may lead to
electroclinical dissociation) and to identify background abnor-
malities, which indicate poor neuromotor prognosis [3,66].
EEG abnormalities, including focal attenuation, epileptiform
discharges, and/or focal seizures, are typically transient and
present only during the first days to weeks after the injury [67].

Laboratory studies
Initial laboratory evaluation should include studies that are
routinely performed in an infant with seizures or encephal-
opathy, such as complete blood count with differential elec-
trolytes (including calcium and magnesium), glucose levels,
prothrombin time with international normalized ratio, partial
thromboplastin, as well as cultures for infection. Once ische-
mic stroke is confirmed by imaging, the infant and mother
can be investigated for thrombophilia, both in the acute period
and again at 3 months, though the results are unlikely to
change management [68]. Transthoracic echocardiogram should
be performed in infants with abnormal cardiac examination

or suspected embolic infarct to exclude underlying cardiac
disease.

Management
During the acute phase of perinatal stroke, excellent support-
ive care is important to minimize secondary brain injury.
While there are no data from human neonatal trials, animal
and adult studies support active maintenance of physiologic
homeostasis, including temperature and blood glucose levels
[69,70]. Expert opinion supports aggressive treatment of
clinical and electrographic seizures that are frequent and/or
prolonged [71].

The value of antithrombotic therapy in neonates with
ischemic stroke is uncertain, and guidelines or recommenda-
tions are based on clinical experience in older populations,
observational or case studies, and clinical consensus. Guide-
lines by the American College of Chest Physicians recommend
3months of anticoagulation with unfractionated or low-
molecular-weight heparin for infants with cardioembolic
arterial stroke or CSVT and without large-territory involve-
ment or hemorrhage [72]. Antithrombotic therapy is not
suggested for non-cardioembolic neonatal arterial stroke. For
infants with CSVT who are not treated with antithrombotic
therapy, imaging should be repeated at 1 week to look for
propagation of the thrombosis. Infants with CSVT who are
treated with antithrombotic therapy should be imaged again at
3months to ensure complete recanalization of the venous
sinuses [72]. In the Canadian Registry of perinatal stroke,
25–30% of neonates with arterial stroke or CSVT were treated
with antithrombotic therapy [4,23]. There were no cases of
death or neurologic complication due to hemorrhage, but the
impact of treatment on outcome is unknown.

Chronic treatment for cerebral palsy due to perinatal
stroke diagnosed either in the neonatal period or retrospect-
ively involves traditional rehabilitation with passive stretching,
splinting, and casting, as well as medical or surgical treatment
for spasticity including baclofen, tendon release surgery, or
botulinum toxin A [73]. Constraint-induced movement ther-
apy (CIMT), which involves restraint of the non-affected limb
and frequent repetition of manual therapeutic tasks with the
affected limb, is a promising treatment approach for children
with hemiplegic cerebral palsy. Emerging evidence from
studies using functional MRI suggests changes in cortical
activation with CIMT [74,75]; however, a recent Cochrane
review concluded that there is only limited evidence of the
clinical effect and suggested further trials to evaluate the
efficacy of CIMT for hemiplegic children [76]. Children
should also be monitored through school age to look for subtle
signs of cognitive impairment, and referred for psychoeduca-
tional testing as needed.

Outcome
Neurodevelopmental outcome following perinatal stroke is
extremely variable between studies due to a variety of factors
including heterogeneity of the injury, variable duration of

Fig. 25.2. Chronic T1 appearance of the infarct seen in Fig. 25.1. (a) Axial and
(b) coronal images show a large porencephalic cyst that encompasses the left
middle cerebral artery territory and causes mass effect with midline shift and
expansion of the left hemicalvarium.

Fig. 25.3. (a) Acute appearance of diffusion-weighted imaging and
(b) chronic T1 changes in midbrain and pons of the patient seen in Figs. 25.1
and 25.2. Note that the areas of reduced diffusion (arrows) show later
Wallerian degeneration on the T1 images.
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follow-up, and differences in outcome measures. Most studies
suggest high risk for neurodevelopmental disability (includ-
ing cerebral palsy, epilepsy, and behavioral disorders, as well
as impaired visual function and language development)
[1–8,77,78]. In one population-based study, 68% of children
who presented in the neonatal period and 94% of children
with delayed presentation were diagnosed with one or more
disability [8].

In spite of high rates of neurological disabilities, many
studies show that children who survive perinatal stroke have
good functional outcome. This result may be due in part to
high plasticity in the developing brain. Recent studies using
functional MRI (fMRI) show bilateral or right-sided activation
of language-area homologues in children with a history of
left-hemisphere perinatal stroke [79,80].

Neuromotor outcome
Perinatal stroke is a common cause of hemiplegic cerebral
palsy. Functional motor impairment is present in up to
30–40% of children examined after 12 months of age, and
30% have some asymmetry of tone without definite hemiple-
gia [1,3,8]. The risk of motor impairment is approximately
twice as high in children who present after the neonatal
period, which is not surprising, since many of these children
are diagnosed following evaluation of pathologic handedness
or evolving cerebral palsy [8,29]. In spite of the high frequency
of motor abnormalities, the great majority of children with
neonatal ischemic stroke achieve independent walking, espe-
cially in cases of unilateral infarct [75,79].

Predicting neuromotor outcome based on early clinical,
EEG, and imaging features is important for providing prog-
nostic information to families and facilitating rehabilitation.
Furthermore, accurate early tools for predicting outcome
may ultimately aid in selecting patients for therapeutic inter-
ventions. Stroke size and location are helpful in predicting
neuromotor outcome. Infants with larger stroke size have a
higher risk of hemiplegia, especially when there is injury to the
motor cortex, basal ganglia, and posterior limb of the internal
capsule [1,3,8]. Children with injury to only cortex, basal
ganglia, or posterior limb of the internal capsule have a good
chance of normal neuromotor outcome [1,3]. Neuromotor
outcome is also highly correlated with the length and volume
of diffusion change along the descending corticospinal tracts
[65,82]. Early abnormal electroencephalogram background
may also be helpful in predicting hemiparesis outcome, with
93% sensitivity and 100% specificity in one study [1].

Neonatal seizures and epilepsy
The incidence of epilepsy after perinatal stroke is variable, and
probably depends not only on the nature of the lesion but also
on the timing and duration of follow-up. Published rates of
epilepsy after age 6 months range widely, from 0% to 67%
[6,8,83–85]. In a recent study of 64 children with neonatal
stroke and at least 6 months' follow-up, 67% developed
seizures after age 6 months (median age 16 months), but most

were seizure-free with or without medication and only 11% of
children had one or more seizures per month [85].

Neurobehavioral outcome
Cognitive outcome in children with perinatal arterial stroke or
sinovenous thrombosis is variable, but often impaired. Some
studies report “language delay” in up to 25–30% of children
[8,29]. In a study of preschool children, average scores on the
Mental Developmental Index of the Bayley Scales of Infant
Development (whose normative mean is 100 and standard
deviation 15) at age 24 months were in the low 90s (range
50s–120s) [5]. In school-age children, language development
and intelligence quotient were lower in infants with unilateral
hemispheric neonatal stroke than in with age-matched peers
[86,87]. Interestingly, the side of the lesion (right vs. left
hemisphere) did not appear to be an important factor in
language development, whereas presence of seizures beyond
the neonatal period was associated with worse outcome [87].

Behavioral abnormality was diagnosed by a physician in
11% of children who presented in the neonatal period and 35%
of children with delayed presentation in one population-based
study [8]. However, another study, using the Achenbach Child
Behavior Checklist, found no evidence of clinically significant
behavioral or emotional problems and no significant differ-
ence from controls after adjusting for intelligence quotient.

Visual function
Impairment of acuity, visual fields, or stereopsis was present in
approximately 30% of school-age children with a history of
perinatal stroke [2]. In this study, there was no relationship
between lesions of the optic radiations or visual cortex and
visual impairment, but larger middle cerebral artery lesions
were more often associated with visual findings. Children
presenting with congenital hemiplegia had a higher incidence
of visual field defects [88,89].

Stroke recurrence
The rate of stroke recurrence following perinatal stroke is
much lower than for childhood or adult stroke, which suggests
that long-term prophylaxis is probably unwarranted in most
cases. There were no recurrences in a population-based study
that identified 40 children with perinatal stroke [8]. Most of
the symptomatic recurrences (including extracerebral venous
thrombosis) seen in a prospective cohort of 215 occurred
in the context of congenital or acquired systemic illness [45].

Modeling stroke
Although mechanisms of ischemic injury in the developing
nervous system have been studied in sheep and rodent models
for over 20 years, it is only recently that animal models
recapitulating stroke have been established [90–93]. It is clear
from these newer models that mechanisms of neonatal stroke
differ both from adult stroke and from global hypoxia–ischemia.
For example, the blood–brain barrier breaks down early after
injury in the mature brain, but in the transient ischemia–
reperfusion model in the newborn rat the blood–brain barrier
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remains intact for over 48 hours [95]. This finding will
influence the development of therapies, since the ability to cross
the blood–brain barrier will greatly affect efficacy of a drug.
In addition, although necrosis is a prominent feature of adult
stroke, especially in the core of the lesion, in the newborn
animal the core undergoes apoptotic cell death [95]. Again,
these findings will influence the development of therapies, since

cell injury may be reversible in larger areas of the newborn
brain, and the cell death cascade is very different in apoptotic
cell death (see Chapter 3 for mechanisms of ischemic injury).
Although therapeutic hypothermia is moving toward standard
of care for global hypoxia–ischemia, it is yet to be studied
adequately in the setting of ischemia–reperfusion injury as seen
in neonatal stroke.
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Chapter

26 Hypoglycemia in the neonate

Satish C. Kalhan, Robert Schwartz, and Marvin Cornblath

Introduction
The mammalian fetus, in utero, is entirely dependent upon the
mother for a continuous supply of glucose and other nutri-
ents. Data from a number of studies in humans and animals
have shown that under physiological circumstances there is no
measurable production of glucose by the fetus, and that the
entire glucose pool in the fetal compartment is derived from
the mother [1,2]. The transition from the intrauterine envir-
onment to an independent extrauterine life is associated with
a number of metabolic and hormonal responses, which
allow the vast majority of neonates to adapt to the extrauterine
environment without any problem. Among the key events
involved in this adaptation is the initiation of systemic glucose
production, both from glycogenolysis and gluconeogenesis, in
the period immediately after birth [1,2]. Failure to adapt, as a
consequence of alterations in maternal metabolism such as in
diabetes in pregnancy, or as a consequence of metabolic prob-
lems in the neonate, may result in perturbations in glucose
homeostasis leading to low blood glucose concentrations or
hypoglycemia. It should be underscored that, during the initial
period after birth, there is a decline in plasma glucose con-
centration from the cord blood levels in all infants, followed
by an increase to a steady-state concentration. Although in the
majority of infants this decrease in blood glucose concentra-
tion may be transient and inconsequential, in others it may be
profound or persistent and lead to clinically serious problems
involving significant neurological injury.

Definition
Several different approaches have been used to define clinically
significant hypoglycemia in the newborn infant [3–8]. These
have been based upon (1) clinical signs, (2) statistical analysis
of glucose concentrations measured in large groups of infants,
i.e., glucose levels more than 2 SD below the mean, (3) acute
changes in metabolic and endocrine responses and neuro-
logical function, and (4) long-term neurological outcome.
None of these methods has been entirely satisfactory. The
first, based upon clinical manifestations, is confounded by
the fact that similar clinical signs can occur with a number

of clinical problems in the newborn infant, and they are not
correlated with plasma glucose concentration. The second
approach is an artificial statistical analysis without any relation
to biology, and assumes that a plasma glucose level below a
certain statistically defined value is likely to cause harm or
requires intervention [3,5–7]. The approach relating endo-
crine and hormone responses is not easy to establish in the
newborn infant because of ethical considerations. The cur-
rently established definitions are based on very few data [9].
The data correlating long-term neurological sequelae are also
confounded because of the lack of suitable normal controls,
the small number of infants followed, and failure to consider
the impact of other associated clinical problems [10,11].
Finally, all of these approaches assume the relation between
plasma glucose concentration and clinical manifestations or
cellular metabolic changes as a threshold effect, i.e., below a
given glucose concentration, brain injury would occur. How-
ever, from a physiological perspective this is not likely.

Because of these problems with definition, Cornblath et al.
have suggested the use of “operational thresholds” or levels of
plasma glucose concentration at which clinical intervention
may be considered [12]. These values were suggested based
upon the contemporary physiological and clinical data.
During the first 24 hours of age, in both term and premature
infants, a plasma glucose concentration less than 45mg/dL
(2.5mmol/L) may be considered to be “hypoglycemia.” This
definition provides an indication to raise and sustain the plasma
glucose levels to above 45–50 mg/dL (2.5–2.78 mmol/L). These
glucose levels are similar to the fetal plasma glucose concen-
tration in utero. Beyond 24 hours of age, the threshold value of
plasma glucose concentration may be increased to 45–50 mg/dL
(2.5–2.78 mmol/L). Values below this range are an indication
to clinically intervene; however, they do not necessarily imply
pathological neuroglucopenia or potential risk for neurologic
damage.

In clinically symptomatic infants, a plasma glucose con-
centration of 45 mg/dL (2.5 mmol/L) or less should be con-
sidered as the threshold for intervention. In asymptomatic
babies and those at risk for hypoglycemia, irrespective of
gestational or postnatal age, a plasma glucose concentration
less than 36 mg/dL (2.0 mmol/L) should be considered as the
threshold value. Since exclusively breastfed babies maintain
lower plasma glucose concentrations and higher concentra-
tions of ketone bodies than formula-fed infants, the above
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threshold values may not be applicable to them [3,13]. These
infants may well tolerate lower plasma glucose levels without
any significant clinical manifestation or sequelae.

There are no recent data to support the adoption of differ-
ent threshold values for preterm infants. Infants on parenteral
nutrition often have higher plasma insulin secretion due to the
β-cell stimulatory effect of administered glucose and amino
acids. The higher insulin levels will also result in suppression
of lipolysis and therefore lower concentration of alternative
fuels, i.e., ketones and fatty acids.

Hypoglycemia and the brain
The relationship between low plasma glucose concentration
and clinical brain injury has been difficult to discern, espe-
cially in newborn infants, because of a number of confounding
factors, in particular acute or chronic hypoxemia in at-risk
infants. The data from studies in animals have demonstrated
that severe persistent hypoglycemia (severe enough to result in
isoelectric EEG) certainly causes neuronal loss or damage.
These studies, although extremely important for understand-
ing the mechanism of hypoglycemia-induced neuronal injury,
are not easily translated into clinical practice. This is because
of the “protective” counter-regulatory responses in vivo
leading to availability of the alternative fuels, i.e., ketones
and lactate, for the energy metabolism of brain and thus
possibly attenuating the effects of hypoglycemia. In addition,
various confounding variables, both intrinsic, such as hypox-
emia and other clinical disorders, and extrinsic, such as thera-
peutic interventions, make the clinical data, in spite of various
statistical adjustments, extremely difficult to evaluate.

Cerebral glucose and oxygen uptake
The brain, along with the renal medulla and red and white
blood cells, is the primary consumer of glucose in the body. Of
these, the brain is quantitatively the major organ utilizing
glucose in vivo. Detailed analyses of oxygen and glucose con-
sumption by the brain under basal conditions in healthy
infants have not been undertaken. Previous data had examined
the arteriovenous differences and calculated the rate of glucose
consumption by Fick's principle in anesthetized and un-
anesthetized children (summarized by Kalhan and Kiliç [14]).
The estimated rate of glucose consumption by brain at
5 months of age (range 11 days–12 months, n¼ 12) was
27.2 mmol/100 g brain weight per minute. This rate of glucose
consumption, if completely oxidized, was higher than the
corresponding rate of oxygen consumption by the brain
[15,16]. Although similar data are not available for the neo-
nate, Kalhan and Kiliç estimated that based upon the brain
weight (� 399 g) and body weight (3.2 kg) of a full-term neo-
nate, the estimated glucose consumption by the brain would
correspond to � 8mg/kg body weight per minute, a rate very
similar to the endogenous rate of production of glucose [1,2].

The local cerebral metabolic rate of glucose (LCMRglc)
has been quantified using 2�[18F]fluoro-2-deoxy-D-glucose
(FDG) in combination with positron emission tomography

(PET) [17,18]. FDG, like glucose, is transported across the
blood–brain barrier by glucose transporters, and is taken up
by the neurons and phosphorylated by hexokinase. However,
unlike glucose, phosphorylated deoxyglucose (and FDG) is not
metabolized further along the glycolytic pathway, and is
trapped in the tissue. Thus, these studies quantify only the
tissue uptake of glucose rather than the rate of metabolism
or glycolysis by the organ or tissue. The estimated rates of
glucose consumption by this technique are lower than those
by the Fick principle [14–16]. The reasons for the discrepancy
are not easily evident. Nevertheless, PET scanning provides
a non-invasive method to examine the effects of altered
metabolism. Kinnala and colleagues quantified the LCMRglc
in eight infants after their hypoglycemia had been appropri-
ately corrected [18]. At the time of PET study, the infants were
5.3� 6.2 days (mean� SD) of age and their plasma glucose
concentration was 4.3� 1.1 mmol/L. Their data were compared
with eight control infants of comparable gestational age who
were at risk for hypoxic–ischemic brain injury and were older at
the time of study (30.8� 20.7 days). The post-conceptional age-
adjusted LCMRglc for the whole brain was not different between
the hypoglycemic (5.33� 0.60mmol/100 g brainweight/min) and
the controls (6.71� 0.60mmol/100 g brain weight/min). The
average MRglc in the cerebellum, frontal, temporal, and occipital
cortex did not differ amongst the groups. This was not surprising,
because unless a pathological lesionwith an altered rate of glucose
metabolism had occurred as a consequence of hypoglycemic
encephalopathy, no change in the metabolic rate of glucose
should be expected following recovery from hypoglycemia when
the patients are normoglycemic.

Studies in animals
Siesjo and associates have studied the effects of hypoglycemia
alone on the electroencephalogram (EEG), brain energy
metabolism, neurophysiology, and neuropathology in adult
rats. Their elegant model was controlled for hypotension,
anoxia, ischemia, and acidosis [19,20]. Their studies clearly indi-
cated that both profound (EEG isoelectric, glucose 18 mg/dL:
1.0 mmol/L) and prolonged (� 30min) hypoglycemia were
necessary to demonstrate cell necrosis in the brain. Hypogly-
cemic neuronal damage required that cellular energy states be
perturbed, suggesting that cell necrosis was the consequence
of energy failure and membrane depolarization. The energy
failure was characterized by decreases in concentrations of
phosphocreatine and adenosine phosphates; and membrane
depolarization by an influx of calcium and an efflux of potas-
sium, with an ensuing acceleration of proteolytic and lipolytic
reactions.

The distribution of the hypoglycemic neuronal necrosis
was unique, differed from that in ischemia or seizures, and
suggested the involvement of a fluid-borne extracellular toxin
as well. This could be an excitatory amino acid, such as
glutamate or aspartate. These accelerated cell death by causing
a dendrosomatic lesion attributed to calcium influx. Hypogly-
cemia in the newborn rat is also associated with increased
activation of the cerebral N-methyl-D-aspartate (NMDA)
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receptor ion channel by glutamate [21]. In the neonatal pig, a
prolonged period of profound hypoglycemia (10mg/dL) and
the presence of an isoelectric EEG (as in the adult rat) was
necessary before there was glutamate release (an early marker
of activation of the NMDA receptor ion channel) [22].

Vannucci and his collaborators have investigated the
effects of hypoglycemia alone or in association with either
hypoxemia (8% oxygen) or anoxia (100% nitrogen) in neo-
natal rats and puppies [23–25]. In contrast to the adult rat,
newborn animals tolerated as long as 60–120 minutes of blood
glucose concentrations under 18 mg/dL (1.0 mmol/L) without
changes in behavior or untoward pathologic or pathophysio-
logic consequences. If then exposed to anoxia (100% nitro-
gen), hypoglycemic rats died sooner than normoglycemic rats
(5 vs. 25 minutes). However, if they were given glucose prior
to exposure to anoxia, no significant differences in survival
times were noted [24].

In contrast, 3- to 7-day-old dogs, after similar periods of
hypoglycemia (18 mg/dL: 1 mmol/L), showed identical rates of
demise and changes in acid–base parameters, PCO2, heart
rate, and blood pressure as normoglycemic controls following
asphyxiation. Again, this indicates the resistance of the neo-
natal animal to low levels of plasma glucose. However, a recent
study by Kim et al. in newborn rats showed more cellular
injury in animals rendered hypoglycemic for 4 hours at age
7 days when compared with those aged 21 days, and that
A1 adenosine receptor activation contributed to the damage
[26]. Other studies in newborn piglets indicate that hypogly-
cemia (10–18 mg/dL: 0.55–1.0 mmol/L) promotes increases in
cerebral adenosine concentrations which contribute to pial
dilation and parenchymal hyperemia with local cerebral blood
flow increase of � 36% [27].

Studies in human neonates
A number of investigators have reported morphological
changes in the brain as a result of hypoglycemia, using com-
puted tomography and magnetic resonance imaging. These
data are limited because only the symptomatic subjects were
examined and only a few cases are reported [28–33]. Addition-
ally, imaging studies were done at varying ages in a patho-
logically heterogeneous population, with the goal to relate the
observed changes with the neurological consequences. Because
several studies were done in small-for-gestational-age infants,
the impact of chronic hypoxemia on the observed changes
cannot be easily separated. The published case reports on
23 subjects have been reviewed by Alkalay et al. [32]. The
neurological findings included dilation of the ventricle, cerebral
edema, areas of restricted diffusion, and loss of gray–white
matter differentiation. However, a consistent involvement of
the occipital lobes or parieto-occipital cortex was reported in a
majority (82%) of infants. These neuroimaging data are con-
sistent with pathological studies of occipital lobe involvement
reported by Anderson et al. and by Banker [34,35]. The reason
for the vulnerability of the occipital cortex to hypoglycemic
injury is not clear; it may be related to developmental changes
in local blood flow in response to hypoglycemia.

Finally, it is important to underscore that no clinical
correlates of these hypoglycemia-related occipital cortex
insults or injuries have been reported thus far. Only future
studies in a large group of patients will help identify specific
neurological lesions associated with hypoglycemia. Such
specificity will go a long way in helping resolve the contro-
versy regarding the long-term neurodevelopmental outcomes
of hypoglycemia in the newborn.

Neurodevelopmental outcome
A number of studies [36–38] have examined the long-term
neurological consequences of neonatal hypoglycemia (ana-
lyzed by Sinclair [39]). All of these studies are difficult to
compare because of (1) lack of a consistent definition of
hypoglycemia, (2) inconsistent clinical interventions within
and between the studies, (3) duration of follow-up, (4) retro-
spective nature of analysis, (5) inadequate or no control group,
and (6) impact of other variables such as prematurity and
intrauterine growth restriction. Nevertheless, these studies
suggest that symptomatic hypoglycemia may be associated
with long-term neurodevelopmental consequences, and that
asymptomatic transient hypoglycemia does not appear to be
associated with significant morbidity.

Lucas et al. enlarged the area of uncertainty in a retrospect-
ive analysis of their data of over 600 infants of less than 1800 g
birthweight, who were participants in a well-designed pro-
spective nutritional intervention trial [10]. They examined
the relationship between the frequency of low blood glucose
concentration over several days and neurological outcome at
18 months. They suggested that a blood glucose concentration
less than 2.6mmol/L (� 47mg/dL), regardless of symptoms,
observed 3–7 times (i.e., over 3–7 days), was associated with
adverse neurological outcome. It is important to note that
their data do not imply that the babies were continuously
hypoglycemic over 3–7 days but that they had recorded that
many low blood glucose levels. In addition, low blood glucose
levels were recorded on separate, not necessarily consecutive,
days. The broad significance of these data remains unclear.
In a follow-up report in response to a letter to the editor [11],
the authors indicated that a clinically significant reduction in
math and motor skills (approximately 0.5 SD reduction) was
the only abnormality observed at 7.5–8 years of age. Whether
the lack of persistence of neurological disability is due to
plasticity and adaptation of the developing brain or due to
inability to do precise developmental evaluation of younger
infants remains unclear.

A study of small-for-gestational-age infants has documented
a strong correlation between recurrent episodes of hypogly-
cemia and neurodevelopmental and physical growth deficits
at 5 years of age [40]. Again, the hypoglycemia occurred on a
background of intrauterine growth restriction, and therefore
the outcome is confounded by the impact of intrauterine milieu.

Clinical considerations
The clinical presentations of significant hypoglycemia are
never specific, especially in the neonate, and include a wide
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range of local or generalized manifestations common in
sick infants.

Episodes of changes in levels of consciousness, tremors,
cyanosis, seizures, apnea, irregular respirations, irritability,
apathy, limpness, hypothermia, difficulty in feeding, exagger-
ated Moro reflex, high-pitched cry, and coma have all been
attributed to or have resulted from significant hypoglycemia.
On occasion, vomiting, tachypnea, bradycardia, and “eye-
rolling” have also been associated with hypoglycemia. Some
infants with hypoglycemia are asymptomatic for unexplained
reasons. Alternative substrates such as lactate, ketones, gly-
cerol, and selected amino acids may support brain metabolism
and prevent clinical manifestations in these neonates.

The possible causes of hypoglycemia are listed in
Table 26.1. From a clinical perspective, the causes of neonatal
hypoglycemia are divided into those causing transient hypo-
glycemia and those causing persistent or recurrent hypogly-
cemia. Transient hypoglycemia, often short-lived, is related
to intrapartum and perinatal issues. Persistent or recurrent
hypoglycemia is caused by metabolic or endocrine disorders.
The long-term outcome of these infants is related to that of the
primary metabolic disorder. The management and routine
monitoring of the neonate at risk are shown in Tables 26.2
and 26.3

Therapy
Preventive interventions that have been recommended include
the early use of oral feedings [41], parenteral fluids, and
nutrient supplementation [42].

Once the diagnosis of hypoglycemia has been established
by a reliable laboratory determination, therapy should be
initiated promptly. In the asymptomatic infant during the first
hours after birth, an oral feed of mixed nutrient (formula)
may be given, and another plasma glucose measurement
obtained within 30–60 minutes after the feed. If this is still
low, parenteral glucose therapy may be indicated. In the
symptomatic infant, a blood sample can be obtained for a
glucose determination when the parenteral glucose is started.
If this initial plasma glucose value is significantly low and
symptoms disappear following the restoration of normoglyce-
mia, the diagnosis of symptomatic hypoglycemia has been
established.

Parenteral glucose should be given as an initial minibolus of
glucose 0.25 g/kg (1mL/kg of 25% glucose in water or 2.5 mL/kg
of 10% glucose in water) intravenously [43], followed imme-
diately by a continuous infusion of glucose at the rate of
6–8mg/kg body weight per minute. For a term infant weighing
3000 g body weight, it corresponds to 80–110mL/kg per day
of 10–12.5% dextrose solution. Plasma glucose concentrations
should be measured frequently to determine the effectiveness
of the therapy. If levels of plasma glucose cannot be main-
tained over 45–50mg/dL (2.5–2.78mmol/L), the rate of infu-
sion of glucose should be increased as necessary to achieve
normoglycemia.

Oral feedings can be introduced as soon as possible after
clinical manifestations subside. If the rate of glucose infusion

Table 26.1. Causes of neonatal hypoglycemia

(I) Transient hypoglycemia

(A) Associated with changes in maternal metabolism

(1) Intrapartum administration of glucose

(2) Drug treatment

(a) Terbutaline, ritodrine, propranolol

(b) Oral hypoglycemic agents

(3) Diabetes in pregnancy: infant of diabetic mother

(B) Associated with neonatal problems

(1) Idiopathic condition or failure to adapt

(2) Intrauterine growth restriction

(3) Birth asphyxia

(4) Infection

(5) Hypothermia

(6) Hyperviscosity

(7) Erythroblastosis fetalis

(8) Other

(a) Iatrogenic causes

(b) Congenital cardiac malformations

(II) Persistent or recurrent hypoglycemia

(A) Hyperinsulinism

(1) β-cell hyperplasia, nesidioblastosis–adenoma spectrum,
sulfonylurea receptor defect

(2) Beckwith–Wiedemann Syndrome

(B) Endocrine disorders

(1) Pituitary insufficiency

(2) Cortisol deficiency

(3) Congenital glucagon deficiency

(4) Epinephrine deficiency

(C) Inborn errors of metabolism

(1) Carbohydrate metabolism

(a) Galactosemia

(b) Hepatic glycogen storage diseases

(c) Fructose intolerance

(2) Amino acid metabolism

(a) Maple syrup urine disease

(b) Propionic acidemia

(c) Methylmalonic acidemia

(d) Hereditary tyrosinemia

(e) 3-hydroxy, 3-methyl glutaric acidemia

(f) Ethylmalonic-adipic aciduria

(g) Glutaric acidemia type II

(3) Fatty acid metabolism

(a) Defects in carnitine metabolism

(b) Acyl-coenzyme dehydrogenase

(D) Neurohypoglycemia (hypoglycorrhachia) due to defective glucose
transport
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exceeds 10–12 mg/kg body weight per minute for a prolonged
period, the infant may have a persistent type of hypoglycemia.

When normoglycemia has been established, the rate of
infusion of parenteral glucose can be decreased gradually over
4–6 hours, while oral feedings are taken.

Persistence of the clinical manifestations after normaliza-
tion of the plasma glucose concentration indicates that the
hypoglycemia may have been associated with or secondary
to other primary abnormalities. A systematic clinical and
laboratory diagnostic evaluation to determine the primary
disease is important, since hypoglycemia may be secondary
to a variety of neonatal conditions that in themselves may be
life-threatening or debilitating.

Transient hyperinsulinemia occurs in newborn infants
of diabetic mothers [44], or as a consequence of intrapartum
maternal hyperglycemia caused by administration of glucose
or some pharmacologic agents or tocolytic drugs. Rigorous
control of maternal metabolism during pregnancy and during
labor has reduced the incidence of hypoglycemia in infants of
diabetic mothers. Recurrent or persistent (> 7 days) hypogly-
cemia, although rare, is associated with high mortality and
morbidity. A definite pathophysiologic classification can often
be determined, even though specific molecular defects for
every type are still not known. A detailed discussion of these
syndromes, as well as the hereditary defects in carbohydrate,

amino acid, and/or fatty acid metabolism, has been published
elsewhere [45,46]. This category of neonatal hypoglycemia
may be suspected as either requiring infusions of large
amounts of glucose (> 12–16mg/kg body weight/min) to main-
tain normoglycemia or low blood glucose levels persisting or
recurring beyond the first 7–14 days of life.

If persistent or recurrent hypoglycemia is anticipated or
suspected, a diagnostic blood sample should be taken for the
determination of plasma glucose, insulin, and β-hydroxybutyrate
concentrations prior to initiating therapy. Analyses for growth
hormone, adrenocorticotropic hormone (ACTH), cortisol,
thyroxine (T4), glucagon, somatomedins (insulin-like growth
factors (IGF) 1 and 2 and their binding proteins), as well as for
other substrates, such as lactate, pyruvate, uric acid, and
quantitative amino acids (especially glutamine and alanine),
are also indicated. These blood samples, if obtained before and
after glucagon administration at the time when the patient is
hypoglycemic, are often diagnostic [46].

Hyperinsulinemic (organic) hypoglycemia
The concept of hyperinsulinemic hypoglycemia is not new.
Subtotal pancreatectomy, introduced by Graham and Hartmann
[47], had been utilized in infants who could not be managed
by the contemporary therapies. The major advance in diagno-
sis occurred in 1960 when Yalow and Berson [48] described
the radioimmunoassay of insulin, allowing for micro- and
then rapid analysis (within hours to days) of plasma insulin
concentrations in infants. The simultaneous analysis of plasma
glucose and insulin has permitted rapid diagnosis and early
definitive therapy. Recent studies also indicate that hyper-
insulinemia, especially with diffuse islet-cell abnormalities, is
inherited as an autosomal recessive [49,50]. The gene locus
for this rare autosomal recessive “disease” of persistent hyper-
insulinemic hypoglycemia of infancy has been identified at
the region of chromosome 11p between markers D11S1334
and D11S899 [49–51]. The β-cell sulfonylurea receptor (SUR)
has been cloned [53]. Furthermore, individuals with hyperin-
sulinemic hypoglycemia were found to have two separate SUR
gene site mutations [49,52]. In addition, functional candidate
genes are being investigated in an autosomal dominant form
of this disorder. Glaser [51] has reported on the etiology as
well as the molecular biology of this disorder. The diagnosis
of primary hyperinsulinemia can even be made in utero, by
analyzing insulin concentrations in amniotic fluid in subse-
quent pregnancies, and this permits treatment to begin soon
after birth [54].

Medical therapy has been most effective with diazoxide,
which inhibits insulin secretion [55]. Pharmacologic agents
such as somatostatin and/or glucagon have permitted pre-
operative stabilization but have not usually provided long-
term effective therapy. Octreotide (a long-acting somatostatin
preparation) has been used with mixed success in conjunction
with frequent feedings and raw cornstarch at night for long-
term therapy to avoid pancreatectomy and the potential of
subsequent diabetes mellitus [51,56].

Table 26.3. Routine monitoring for infants at the highest risk for
developing significant hypoglycemia

(1) LGA as well as all infants of insulin-dependent and gestational diabetic
mothers and obese mothers

(2) SGA, including the smaller of discordant twins

(3) Apgar scores < 5 at 5 min or later as well as those who require
significant resuscitation

(4) Significant hypoxia and/or perinatal distress

(5) ELBW infants (< 1250 g)

(6) Severe erythroblastosis

(7) Infants of mothers on tocolytic therapies, oral hypoglycemic agents,
β-adrenergic blockers, etc.

Notes:
In these high-risk infants, routine screening should be done on admission to
the nursery or at 2–2.5 h of age and then before feedings. Certainly, any infant
with the clinical manifestations noted above should be screened for
hypoglycemia.
LGA, large for gestational age; SGA, small for gestational age; ELBW, extremely
low birthweight.

Table 26.2. Management of the neonate at risk

Clinical management of neonatal hypoglycemia is based
on four basic principles

(1) Monitoring infants at highest risk

(2) Confirming that the plasma glucose concentration is low and is
responsible for the clinical manifestations

(3) Demonstrating that all of the symptoms have responded following
appropriate glucose therapy

(4) Observing and documenting all of these events
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Surgical outcome improved with preservation of the spleen
to avoid delayed major infections but was not consistently
successful with subtotal pancreatectomy. As a result, Harken
et al. strongly recommended near-total (95–99%) or total
pancreatectomy [57]. Over time, this form of aggressive ther-
apy has become accepted at early stages (weeks) after diagnosis
and failed medical therapy.

A detailed report of the clinical features of 52 neonates
with hyperinsulinism was presented by de Lonlay-Debeney
et al. [58,59]. Their studies were unique because of preopera-
tive pancreatic vein catheterization with insulin measurements
and intraoperative histologic studies. Surgical resection was
partial pancreatectomy for focal lesions but near-total resec-
tion for diffuse lesions. To date, the outcome for patients with
focal lesions was satisfactory, i.e., normal parameters of glu-
cose metabolism. In contrast, patients with diffuse pancreatic
lesions had a variety of defects in glucose metabolism (hypo-
glycemia or hyperglycemia) in the year after surgery. The
neurologic outcome of these plus 48 patients was reported in
2001 [60]. These data show that, in spite of early and aggres-
sive treatment, psychomotor retardation and epilepsy were
often seen in patients with neonatal onset of hyperinsulinemic
hypoglycemia. Moreover, these findings also support the
possibility that the fetus could have been damaged in utero.

The frequency of hyperinsulinemic hypoglycemia is
unknown. Birth weights have been normal, but are usually
increased. Both sexes are affected, and familial occurrence has

been reported on a number of occasions [61]. Aggressive, early
medical or surgical intervention does not assure a successful
outcome [62]. Of 12 infants who were operated on between
5 and 18 days after birth, 10 were reported with normal mental
status. However, five had seizures, one was retarded, and
another died. This limited outcome may relate to the severity
and duration of the hypoglycemia or to other congenital
metabolic factors. However, the data, at present, do not show
a clear relationship between the duration or severity of hypo-
glycemia, type of underlying pathology, type of therapy, and
outcome.

Summary
Significantly low blood glucose concentration is a frequent
observation in the healthy newborn infant during transition
to extrauterine life. While the majority of these hypoglycemic
episodes are transient, in some infants hypoglycemia can be
severe and persistent. Transient hypoglycemia has not been
associated with any long-term neurological consequences.
In contrast, recurrent or persistent symptomatic hypoglycemia
can result in neuronal injury and long-term morbidity.
An expeditious recognition of hypoglycemia and prudent
clinical interventions may help prevent several of these conse-
quences of brain injury. Newer non-invasive techniques will
help assess the magnitude of brain injury and relate it to later
morbidity.
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Chapter

27 Hyperbilirubinemia and kernicterus

David K. Stevenson, Ronald J. Wong, and Phyllis A. Dennery

Introduction
The term kernicterus was originally used to describe the
deposition of bilirubin in the basal ganglia. It was first
described in 1903 by Schmorl [1]. More recently, the term
has also been used in reference to the chronic and permanent
clinical sequelae of bilirubin toxicity [2]. For the acute mani-
festations of bilirubin toxicity, the term acute bilirubin enceph-
alopathy or ABE has been adopted. Another acronym, BIND,
has been adopted to describe any bilirubin-induced neurologic
dysfunction [3]. Although technically the diagnosis of kernic-
terus can only be confirmed at autopsy, brain magnetic reson-
ance imaging (MRI) studies may now aid in the confirmation
of the diagnosis in a living child with severe jaundice. The
MRI signature for kernicterus includes high signal intensity on
T1-weighted (T1W) images in the globus pallidus, internal
capsule, thalamus, and hippocampi (Fig. 27.1). The associated
T2W images have abnormal increased signal in the globus
pallidus and thalamus in the same regions as the high signal
on the T1W images (Fig. 27.2). Loss of demarcation between
globus pallidus, internal capsule, and the anterior thalamus
was the major finding [4,5]. The source of these abnormal
signals has not been definitively identified, and therefore the
MRI findings should not be considered diagnostic in them-
selves, but only consistent with the diagnosis of kernicterus in
the context of severe neonatal jaundice and the acute and
chronic clinical features of bilirubin toxicity (Table 27.1).

Neonatal jaundice and neurotoxicity
Most often a benign condition, a majority of term neonates
develop neonatal jaundice, which is a consequence of relatively
increased bilirubin production (two- to threefold higher in a
neonate compared to an adult) and limited ability to conjugate
bilirubin in the transitional time after birth. Compared to
healthy term infants, polycythemic infants or those with hem-
olysis can produce significant amounts of bilirubin [6]. By
convention, a serum or plasma bilirubin concentration higher
than the 95th percentile or high-risk zone on the hour-specific
bilirubin nomogram [3] is considered pathologic. Moreover,
there is not any “safe” level of bilirubin that can be universally

agreed upon, because the level at which neurotoxicity develops
and the conditions under which toxicity manifests remain
incompletely understood. Importantly, BIND or bilirubin
toxicity, including ABE and kernicterus, does not occur in
the absence of hyperbilirubinemia. Among the survivors, the
acute and chronic features of ABE and kernicterus, respect-
ively, are listed in Table 27.1. Importantly, each infant may not
have all of the features of the syndrome, and the permanent
injuries may vary in severity and include subtle neurologic
deficits, suggesting that there may be a spectrum of injuries
caused specifically by bilirubin.

The topic of bilirubin neurotoxicity has also been reviewed
by Volpe [7]. That bilirubin is toxic is undisputed, and a
variety of cellular toxic effects of bilirubin have been described
[8–13]. From a clinical perspective, there are a variety of
factors that influence empirically the neurotoxic effects of
bilirubin. However, the exact mechanism(s) by which bilirubin
injures the brain, and in particular what contributes to injury
in an individual infant, is poorly understood.

Most of the experimental work on bilirubin toxicity has
been done in vitro. In such systems the binding of bilirubin to
albumin is a critical phenomenon for understanding bilirubin
toxicity [14–16]. However, its relevance to toxicity in intact
animals or humans remains uncertain or is not known in most
cases [17]. Nothing is known with certainty with respect to
where bilirubin acts and how it acts. Overall, the in vitro
studies of bilirubin toxicity are inconclusive, and extrapolation
to in vivo conditions is uncertain because of confounding
uncontrolled factors. Additionally, data suggest a beneficial
antioxidant role of bilirubin [18,19], although it is not clear
whether this is of physiologic relevance in neonates. Conjugat-
ing capacity (hence the ability to excrete bilirubin) probably
varies significantly in the general population and is further
influenced by genetic conditions like Gilbert syndrome, which
is associated with a mildly decreased uridine diphosphate
glucuronosyltransferase (UGT) activity, attributed to an
expansion of thymine–adenine (TA) repeats in the promoter
region of the UGT1A1 gene, the principal gene encoding UGT
[20–22]. There may also be racial variation in the number of
TA repeats, thus suggesting a reason for differences in biliru-
bin metabolism between certain ethnic groups [23]. Recently,
a DNA sequence variant (Gly71Arg) has also been associated
with decreased UGT activity and neonatal hyperbilirubinemia
in Asians [24]. Even more interesting is the potential for gene
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interaction suggested in a number of reports on glucose-
6-phosphate dehydrogenase (G6PD) deficiency and Gilbert syn-
drome [20,25,26]. Besides genetic differences in conjugating
capacity, genetic differences in the capacity to produce bilirubin
attributed to polymorphisms (GT expansions) in the heme oxy-
genase 1 (HO-1) gene promoter [27–30], and genetic differences
in the transporters (organic anion transporter protein 2) involved
in bilirubin uptake from circulation [31,32], also may contribute
to individual differences in transitional hyperbilirubinemia.

One of the major risk factors for severe neonatal hyper-
bilirubinemia and bilirubin toxicity is severe hemolysis [33].
Under such conditions (Rh disease), a serum or plasma biliru-
bin level of 20 mg/dL or greater has been empirically associ-
ated with a risk for neonatal brain injury or death. Thus
“vigintiphobia” has a historical and not a scientific basis, but
extrapolation to other hyperbilirubinemic conditions besides
Rh disease is not clear [34,35]. One historical exception to the

role of hemolysis in severe hyperbilirubinemia is the clinical
experience reported by Silverman et al. in 1956 [36] with
premature infants treated with sulfisoxazole. This tragedy
suggested that great caution should be exercised in using any
new drug in a neonate. In fact, all drugs considered for use
in neonates should be tested for their capacities to displace
bilirubin from albumin, in order to avoid history repeating
itself. Practically, the prediction of severe jaundice, or more
accurately the lack of it, is now possible by combining an
hour-specific bilirubin level with an estimate of the degree of
bilirubin production with carboxyhemoglobin (COHb) or end-
tidal breath carbon monoxide (CO) or ETCO analyses [37].

Prediction of hyperbilirubinemia
With early discharge, it is often difficult to observe infants
long enough to detect pathologic hyperbilirubinemia.
Although not perfect, hour-specific bilirubin levels can assist
in the prediction of which infants might develop severe neo-
natal jaundice, or be less likely to develop it, according to
predetermined thresholds [3]. An hour-specific bilirubin level
represents the interaction of increased bilirubin load and
the ability to excrete the load. Hemolysis can be diagnosed
sensitively by estimating bilirubin production non-invasively.
Measurements of CO or COHb, corrected for ambient CO
(ETCOc or COHbc, respectively) are useful techniques that
have been used experimentally to estimate hemolysis and the

Fig. 27.1. Series of three axial T1-weighted (T1W) images showing the
following anatomy: (a) the hippocampus and temporal lobe; (b) the basal
ganglia and subthalamus; and (c) the lenticular nuclei and thalamus. The major
abnormality on these T1W images was the abnormal high signal intensity seen
in the hippocampus in the medial temporal lobe (arrow, a). This was confirmed
on sagittal images. This abnormally high signal intensity was also noted in
the globus pallidus but not the putamen (b, c). The thalamus was less involved,
but some increased signal intensity was present in the ventroposterolateral
nucleus. The findings were bilateral and symmetrical in these structures and
typical of regions of the brain damaged in kernicterus. Reproduced with
permission of the AAP from Pediatrics 1994; 93: 1003–6 [4].

Fig. 27.2. T2-weighted images at the same anatomical levels as the
T1-weighted (T1W) images shown in Fig. 27.1. Findings on these images are
more subtle than the T1W abnormalities and are characterized by increased
signal intensity in the same regions: the globus pallidus and anterior thalamus
are best seen in image (c). The basal ganglia abnormality is seen primarily as
a loss of demarcation between the globus pallidus, internal capsule, and
thalamus. The increased signal in the hippocampi is also subtle and best
seen in image (a) as an area of increased signal intensity paralleling the
temporal horn medially. Reproduced with permission of the AAP from
Pediatrics 1994; 93: 1003–6 [4].

Table 27.1. Clinical features of bilirubin toxicity

Acute bilirubin encephalopathy (ABE)

Early phase Lethargy

(Reversible) Hypotonia

Poor sucking

Intermediate phase Moderate stupor

(Reversible) Irritability

Hypertonia, manifested by backward arching
of the neck (retrocollis) and trunk (opisthotonos)

Fever

High-pitched cry

Advanced phase Pronounced retrocollis–opisthotonos

(Probably irreversible) Shrill cry

No feeding

Apnea

Fever

Deep stupor to coma

Sometimes seizures and death

Chronic bilirubin encephalopathy or kernicterus

(Irreversible) Severe form of athetoid cerebral palsy

Auditory dysfunction

Dental-enamel dysplasia

Paralysis of upward gaze

Sometimes intellectual and other handicaps
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potential for hemolytic jaundice [38]. These early detection
tools may help in deciding which infants should be observed
more frequently and treated, because jaundice associated with
hemolysis represents one of the most common serious threats.
The importance of identifying increased bilirubin production
as a contributing cause of neonatal jaundice cannot be over-
emphasized. Empirically, the rate of rise of the bilirubin level
serves as a surrogate for this bilirubin load phenomenon. The
risk of injury associated with hyperbilirubinemia is dependent
upon how much bilirubin gets into tissues. This varies with
the capacity to keep bilirubin in circulation (mainly deter-
mined by the albumin concentration) [14,39], the amount of
bilirubin produced over time relative to what can be elimin-
ated, and the metabolic state of the infant [11,40]. Thus the
bilirubin level by itself may not always reflect the magnitude
of risk, but the higher the bilirubin level associated with
increased production of the pigment, the higher the risk. An
estimate of the magnitude of the bilirubin load using an index
of bilirubin production, like ETCOc or COHbc, combined
with an hour-specific bilirubin level provides even more infor-
mation about the nature of the infant's transitional hyperbili-
rubinemia. Such a diagnostic approach could allow clinicians
to make better judgments about which infants could be dis-
charged early, which should be followed more closely over
the first week of life, and which might require therapy, includ-
ing home phototherapy. With the burden still on physicians
to exclude hemolytic disease for compliance with the 2004
American Academy of Pediatrics (AAP) clinical practice
guideline for management of hyperbilirubinemia in the new-
born infant � 35weeks' gestation [2], infants who are dis-
charged before 48 hours should probably have more than
a direct Coombs test in order to determine if they have

hemolysis. A positive direct Coombs test does not make this
diagnosis. Only 50% of infants with a positive Coombs test
actually hemolyze, and up to 25% of those with an ABO blood
type incompatibility with their mother and lacking a positive
Coombs test will have evidence of hemolysis based on a more
sensitive test, the ETCOc [41].

Management of neonatal
hyperbilirubinemia
Neonatal hyperbilirubinemia was reviewed in 2001 [42].
Moreover, the AAP has attempted to address the management
of hyperbilirubinemia in the healthy term newborn (Fig. 27.3)
[2]. However, the latter practice parameter now does apply to
term infants with a variety of complicating conditions, and
to near-term (35–37 weeks' gestation) infants or preterm
infants. These guidelines should not be characterized as stand-
ards, as they have important limitations. Nonetheless, they
should be followed with the exclusion of infants of less than
35 weeks' gestation. When newborn infants are discharged
before the total serum bilirubin (TSB) level is likely to have
peaked, the medical responsibility for follow-up of the infant
cannot be shifted to the parents without clear recommenda-
tions for follow-up by a physician or an appropriately trained
individual [2].

The practice in many communities suggests that some
lower-risk infants with serum or plasma total bilirubin levels
above 20 mg/dL (depending upon the postnatal age in hours)
may be managed without exchange transfusion, but according
to the new guideline all should be treated with intensive
phototherapy; and if the TSB level is 25mg/dL or higher,
it should be considered a medical emergency and the infant

Fig. 27.3. Guidelines for exchange transfusion in
infants of 35 or more weeks' gestation. Note that
these suggested levels represent a consensus of
most of the committee but are based on limited
evidence, and the levels shown are approximations.
During birth hospitalization, exchange transfusion
is recommended if the TSB rises to these levels
despite intensive phototherapy. For readmitted
infants, if the TSB level is above the exchange level,
repeat TSB measurement every 2–3 hours and
consider exchange if the TSB remains above the
levels indicated after intensive phototherapy for
6 hours. Reproduced with permission of the AAP
from Pediatrics 2004; 114: 297–316 [2].
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should be admitted to the hospital pediatrics service for
intensive phototherapy while preparation for an exchange
transfusion is undertaken [2]. Immediate exchange transfu-
sion is recommended if the infant shows signs of bilirubin
encephalopathy or if the TSB is � 5 mg/dL above the hour-
specific lines for the various risk categories. The many other
nomograms for guiding the decision making of practitioners
with respect to the treatment of hyperbilirubinemia also
should not be considered irrefutable standards, but rather
recommendations for practice that need to be adapted and
modified on an individual basis. Furthermore, there is no
absolute standard level at which phototherapy should be
applied, although the AAP recommendations are reasonable
in this regard. In premature infants, some investigators have
recommended the use of phototherapy at very low bilirubin
levels, because kernicterus has been diagnosed in such infants
at bilirubin levels between 5 and 8 mg/dL [43]. Common sense
usually weighs heavily in the decision to start phototherapy in
an effort to avoid exchange transfusion – a procedure that
carries a small but definite risk. Another factor that needs to
be considered is the duration of exposure to high bilirubin
levels, and this may also influence the decision to intervene
earlier or more aggressively in a context where a level remains
high despite intensive phototherapy.

In the presence of hemolysis, a total bilirubin level of
20mg/dL or greater has been associated with an increased
risk of neonatal brain injury or death. Therefore, exchange
transfusion should be seriously considered in the infant under
such circumstances, and particularly if the bilirubin level does
not decrease rapidly under intensive phototherapy. An infant
with jaundice associated with breastfeeding is a typical
example. Such infants should not have markedly increased
bilirubin production. However, despite the assumed benign
nature of jaundice associated with breastfeeding, some practi-
tioners would recommend exchange transfusion for any infant
with a total bilirubin level greater than 25mg/dL that does not
respond to intensive phototherapy. Moreover, exchange trans-
fusion might be considered at a lower level if the infant were
preterm or sick in any way, in particular if the infant were
asphyxiated or infected or had cardiorespiratory or metabolic
instability. Infants with bilirubin levels greater than 30mg/dL
should definitely be exchanged if technically possible. Occa-
sionally, an exchange might reasonably be avoided if the
bilirubin level dropped dramatically below 25mg/dL under
intense phototherapy while preparing for the exchange. The
use of drugs capable of displacing bilirubin from albumin
in general should be avoided in the newborn. The use of
intralipid as a continuous infusion at a rate to prevent central
fatty acid deficiency is not dangerous, because free fatty acid
albumin ratios are not elevated into the range at which
displacement of bilirubin from albumin would be expected.

Breastfeeding of any infant with a propensity for increased
bilirubin production (e.g., bruising, hematoma, prematurity)
represents an increased risk for hyperbilirubinemia and war-
rants close follow-up of the infant throughout the first week
and into the second week of life. Early discharge of an infant
from the hospital requires that a practitioner follow the AAP
practice guideline [2].

Reemergence of kernicterus
In the 1980s and 1990s, kernicterus had become a rare occur-
rence. However, with discharge from the hospital occurring
sooner after birth, the peak of neonatal hyperbilirubinemia
more often occurs outside the hospital, observed by parents
and not by physicians or other trained personnel. Thus there
has been a re-emergence of reported kernicterus in the USA
and possibly elsewhere [4,44–48].

There are some particular clinical problems that get
practitioners into trouble more often than others. Most of
them can be related to the early discharge of infants from
the hospital. One example is the breastfeeding infant with
increased bilirubin production. The source of the increased
bilirubin production may be unrecognized hemolytic disease
or simply bruising or hematoma formation. The increased
bilirubin production, combined with a lack of a decrease in
the enterohepatic circulation, may contribute to a very rapid
early rise in the TSB level over the first several days of life,
which can be missed if the infant is discharged before the time
of peak hyperbilirubinemia at approximately 3–4 days. The
peak may also be later, as is often the case when increased
bilirubin production is a major factor contributing to jaundice,
or when a conjugating defect is present, such as in a certain
proportion of Asians [41,49]. Even a large premature or near-
term infant who is breastfeeding, and does not have an obvious
complication predisposing to increased bilirubin production,
may have more difficulty in lowering the bilirubin level and
should be followed closely throughout the first 2 weeks of life.
Currently, term newborns are rarely seen by a practitioner
in this period once discharged from the hospital. This is not a
good practice. In hemolytic disease, late anemia is a compli-
cation that should also not be overlooked once hyperbilirubin-
emia has been successfully managed. Such anemia may be so
severe as to require transfusion by the second to fourth week of
life. An estimate of bilirubin production will help in the recog-
nition of this problem in the absence of hyperbilirubinemia.

In summary, bilirubin toxicity, manifested as either ABE
or kernicterus, is a real entity that has been more frequently
reported in the last decade due to relaxed vigilance in
the treatment of neonatal hyperbilirubinemia. It is most often
preventable by the use of predictive tools, and aggressive
intervention when appropriate.
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Chapter

28 Polycythemia and fetal–maternal bleeding

Ted S. Rosenkrantz, Shikha Sarkar, and William Oh

Introduction
Since the third edition, this chapter has been expanded to
cover both polycythemia and fetomaternal hemorrhage, a
topic that is not extensively or comprehensively discussed in
most commonly used textbooks. In the former the hematocrit
and blood volume are generally increased, while in the latter
both are generally very low. In both conditions, however, there
is concern about inadequate organ blood flow, oxygenation
delivery, and potential for hypoxic injury, especially in the
brain. A large body of definitive information on polycythemia
is available that allows conclusions to be made as to manage-
ment and patient outcome. However, the area of fetomaternal
hemorrhage has not been as comprehensively investigated
and relies mostly on small clinical series and case reports.
There are no controlled basic or clinical trials, which hampers
our understanding of pathophysiology as well as therapeutic
modalities. This leaves us with gaps in our knowledge of this
important topic. What is presented here is the most current
body of information and recommendations for diagnosis,
treatment, and reported outcomes.

Polycythemia
Polycythemia and hyperviscosity were first associated with
adverse neurologic events and sequelae in a series of case
reports. The first case often referenced was published by
Wood in 1952, and this was followed by a small series of
infants with polycythemia and hyperviscosity who displayed
multiple problems, including cerebral dysfunction [1–5]. Since
those early reports it has become clear that polycythemia has
multiple etiologies which influence whether and which prob-
lems may be associated with it in the newborn period. In
addition, more recent animal and human studies have clarified
the relationship between polycythemia and alterations in func-
tion of various organs [6–33].

Definition
Polycythemia is usually defined in the literature as a hemato-
crit value � 65% when the blood sample is obtained from
a free-flowing, large venous blood vessel such as the inferior

vena cava (umbilical vein sample) spun in a centrifuge [34].
Sampling from small vessels with low flow or capillary samples
will produce higher values. In addition, hematocrits calculated
by a Coulter counter will yield comparatively lower values
[35–37]. Independent of sample site or measurement tech-
nique, the hematocrit increases over the first 2–4 hours of life,
gradually returning to the birth value by 12–24 hours of age
[34,38,39].

Incidence
The incidence of polycythemia varies by definition, altitude of
the population, pregnancy risk factors, and techniques
involved in the delivery of the fetus, and timing and sampling
sites of blood samples. Studies by Wirth et al. have demon-
strated that higher altitude is associated with a higher inci-
dence of polycythemia in the general newborn population.
At sea level the incidence is 1–2%, while at 1600 feet (430 m),
it has been documented to be 5% [40,41].

Causes of polycythemia
A number of fetal and birth complications are known to
increase the hematocrit. These problems can usually be attrib-
uted to acute or chronic fetal hypoxia, or placental transfusion
due to delayed clamping of the umbilical cord (Table 28.1)
[2,6,41–54].

Effects of increased hematocrit on organ
blood flow and function
Using in vitro techniques, increases in hematocrit are associ-
ated with increases in whole-blood viscosity [55,56]. This
observation led many to believe that very high hematocrit
levels would be associated with decreased organ blood flow,
particularly in the brain. It has been hypothesized that this
reduction in blood flow would lead to organ hypoxia and
damage. A detailed examination of the data from several
sources will clarify the relationship between hematocrit, blood
viscosity, organ blood flow, and oxygenation.

Viscosity
Fluids can be categorized as Newtonian and non-Newtonian
[57,58]. Blood is a non-homogeneous, non-Newtonian fluid.
This means that there is not a reciprocal relationship between
shear stress and shear rate as with Newtonian fluids such
as water [57–59]. There are numerous factors that affect
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whole-blood viscosity, including pH, plasma protein concen-
tration, red cell deformity, white blood cell, fibrinogen, and
platelet concentration, blood vessel diameter, and blood velocity
[14,56,60–66]. However, in the newborn, the single most
important factor is red cell concentration or hematocrit.
When measured in vitro by a Wells viscometer, blood viscos-
ity will increase as hematocrit increases [60]. In the newborn
the increase becomes exponential at hematocrit values � 65%.
However, in small tubes and the capillaries, blood viscosity
becomes similar to the viscosity of the plasma, independent of
the hematocrit [58,59,67,68]. This suggests that changes in
organ blood flow are not likely to be affected by hematocrit
alone or blood viscosity as determined by in vitro techniques.

Relationship between polycythemia,
blood viscosity, and organ oxygenation
Based on the stipulation that polycythemia is associated with
an increase in blood viscosity that results in decreased blood
flow, many individuals have assumed that polycythemia and
hyperviscosity result in organ – particularly brain – ischemia
and hypoxia. However, a series of experiments performed
between 1980 and 1995 have now clarified the changes in
blood flow, oxygen delivery, and utilization of the brain of
the newborn with polycythemia.

Since Wood's first report, it has been assumed that infants
with polycythemia had a reduction of brain blood flow due
to sludging of red blood cells within the small blood vessels
and capillaries of the brain. Utilizing Doppler techniques, we
demonstrated that infants with polycythemia did have a
reduction in brain blood flow that returned to normal baseline
values following a partial exchange transfusion to reduce the
hematocrit [9]. In order to understand the factors that were
responsible for the reduction of brain blood flow, our group
studied a series of newborn lambs in which hematocrit, whole-
blood viscosity, and arterial oxygen content were independ-
ently varied [19]. The data demonstrated that the changes in
brain blood flow were due to changes in oxygen content,

which change in parallel with the changes in the hematocrit
in the newborn. This is a normal physiologic response.
Viscosity did not influence brain blood flow in this study.
This finding has been confirmed by others [69]. Additional
studies found that the usual reciprocal relationship between
arterial oxygen content and brain blood flow which results in a
consistent delivery of oxygen to the brain existed in conditions
of increased hematocrit [18,20,70,71]. Further, brain uptake of
oxygen was unaffected by polycythemia. These data strongly
suggest that the elevated hematocrit alone cannot account
for the neurologic abnormalities observed in infants with
polycythemia and hyperviscosity.

Blood flow and functional changes in other
organs related to increases in hematocrit
As noted, there are numerous signs and symptoms attributed
to polycythemia. These are listed in Table 28.2. Cardiac output,
as reflected clinically by heart rate, is decreased [7,9,72,73].
Systemic oxygen delivery is normal, due to the reciprocal
relationship between increased arterial oxygen content and
cardiac output. Systemic blood pressure is not affected by
polycythemia. The respiratory distress and cyanosis that occur
are likely due to decreased pulmonary blood flow [10,21,74].
Decreased pulmonary blood flow and increased pulmonary
vascular resistance associated with shunting have been docu-
mented in human and animal investigations. Feeding intoler-
ance, as evidenced by poor suck and oral feeding, is probably
due to neurologic dysfunction [75]. On the other hand there is
an increased risk of lower gastrointestinal dysfunction, includ-
ing ileus and necrotizing enterocolitis [7,10,23,24,76–79].
Nowicki et al. have documented changes in gastrointestinal
blood flow and oxygen delivery and utilization in the unfed
and fed state [7]. A study by Black et al. has suggested that
partial exchange transfusion may contribute significantly to
the development of necrotizing enterocolitis [24]. Renal func-
tion is compromised, as evidenced by a decreased renal plasma
flow and glomerular filtration rate, and decreased urine
output in those infants with normovolemic polycythemia [13].

Table 28.1. Polycythemia: etiologies and high-risk groups

Delayed cord clamping

Acute hypoxia

Meconium-stained infants

Post-term infants

Chronic hypoxia

Placental insufficiency

Infants of diabetic mothers

Large-for-gestational age infants

Twin-to-twin transfusion

Other

Trisomy 21

Beckwith–Wiedemann syndrome

Fetal/neonatal hyperthyroidism

Table 28.2. Signs and symptoms associated with polycythemia

Cyanosis

Plethora

Tremulousness/jitteriness

Seizures

Respiratory distress

Cardiomegaly

Lethargy

Poor suck and feeding

Hyperbilirubinemia

Thrombocytopenia

Hypoglycemia

Hypocalcemia
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Newborn infants with polycythemia are at increased risk for
hypoglycemia [26,27]. It is not clear whether this is due to
decreased gluconeogenesis or increased glucose utilization. Of
concern is the finding that cerebral glucose delivery and
uptake at whole-blood or plasma glucose concentrations are
somewhat greater than concentrations that are generally
accepted as normal [71]. This is due to the fact that glucose
only exists in the plasma fraction of the blood. This fraction is
reduced in polycythemia. Therefore the glucose-carrying cap-
acity of the blood is reduced. When taken in combination with
the decreased cerebral blood and plasma flow, cerebral glucose
delivery, the limiting determinant of cerebral glucose uptake,
reaches its lower limit for normal cerebral glucose uptake
at higher concentrations of glucose compared to normal
infants. This may have some implication for impaired cerebral
function in infants with polycythemia.

Effects of polycythemia on neurologic function
Information about neurologic function is limited by study
design and selection process for subjects. A number of studies
have examined neurologic function in the newborn period,
while others have concentrated on long-term development
outcome. Of those examining symptomatic newborns, only
two studies have been prospective and randomized. To date,
there are no controlled randomized studies of asymptomatic
polycythemic infants to determine their long-term neurologic
outcome with reference to treatment. However, as cited in the
discussion below, some of the studies, such as those by Bada
et al. [75] and Høst and Ulrich [79], included asymptomatic
infants as well as those exhibiting signs and symptoms that are
associated with polycythemia.

Symptomatic infants
Problems in the newborn period
Symptoms associated with polycythemia are listed in Table 28.2
[5,76,77,80]. The first controlled study of symptomatic infants
and the effects of a partial exchange transfusion to reduce
the hematocrit were reported by Goldberg et al. [77]. Prechtl
and Brazelton examinations were initially abnormal in the
polycythemic population compared to control infants. Nor-
malization of these examinations in the polycythemic infants
who received therapy to reduce the hematocrit was not accel-
erated. Van der Elst et al. performed a study of similar design
in which the Brazelton score alone was used to evaluate the
infants [78]. While the polycythemic infants were different
from control infants, again, therapy to reduce the hematocrit
did not alter outcome in the newborn period.

There have been some studies that have specifically exam-
ined the outcome of small-for-gestational-age infants. As a
group, the small-for-gestational-age infants have an increased
incidence of polycythemia and an outcome that is inferior to
those infants who have normal intrauterine growth [52,81].
Polycythemia, likely a compensatory mechanism for chronic
hypoxia, does not appear to be an independent factor in the
outcome of this group of infants [53,75].

Long-term sequelae
Goldberg et al. were able to re-examine a subset of the original
study population at 8 months of age [77]. Abnormalities were
found in 67% of the infants treated with partial exchange
transfusion, 50% of the untreated infants, and 17% of the
control infants. These findings are in contrast to those of
van der Elst et al., who found that all of the infants had normal
neurologic examinations [78]. There were no differences in
the developmental scores of the three groups.

Black et al. have performed two studies to determine the
long-term outcome of infants with polycythemia. In the first
study 111 infants with polycythemia and 110 control infants
were studied [80]. The infants with polycythemia were not
randomized as to observation or treatment. Follow-up exam-
inations were performed between 1 and 3 years of age. Control
infants had fewer abnormalities compared to the polycythemia
group. The polycythemic infants were characterized by a 25%
incidence of motor abnormalities, especially spastic diplegia.
Forty percent had some type of handicap. However, there were
no differences in outcome when the two subsets of polycythe-
mic infants (observed vs. treated) were compared.

In 1985 Black and colleagues published data on a group
of 93 infants with polycythemia who were randomized to
treatment or observation [82]. The total population included
infants who were symptomatic and asymptomatic in the new-
born period. At 1 year 59% of the infants were available for
follow-up, and no differences between the groups were found.
At 2 years 61% of the original group was examined, and
the treated group had fewer abnormalities. This same group
was called back again at school age (7 years of age) [83]. At
that time only 49 of the original 93 infants were available for
evaluation. Significant differences between the control and
polycythemic infants persisted. However, the observed and
treated polycythemic groups were virtually identical.

Høst and Ulrich revealed the outcome of 635 infants
as part of a public health project [79]. Screening in the new-
born period revealed that 117 (18%) had venous hematocrit
> 60%, 30 (4.7%) had hematocrit > 65%, and seven had
hematocrit greater than 70%. Only 13 had any symptomatol-
ogy that could be ascribed to polycythemia. None received
an exchange transfusion to reduce the hematocrit. Over 80%
of the infants were available for follow-up at age 6 years.
Of those restudied, 104 of 113 polycythemic infants were
normal. The remainder had minor problems, such as febrile
convulsions, that could not be attributed to polycythemia in
the newborn period.

Lastly, Bada et al. examined a group of infants with asymp-
tomatic and symptomatic polycythemia and a control group
of infants [75]. Follow-up at 30 months of age revealed no
differences between the three groups of infants. However,
when multivariant analysis was performed using multiple
perinatal factors, it became clear that these other perinatal risk
factors were highly related to outcome in all groups of infants,
and polycythemia fell out as a non-significant factor.

When the results of these studies are taken together with
our current knowledge of adaptive fetal physiology, several
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conclusions can be made. First, polycythemia appears to be an
adaptive mechanism for chronic and acute fetal hypoxia. Hyp-
oxia alone is known to be responsible for irreversible brain
injury. Second, exchange transfusion does not appear to have
an appreciable influence on the long-term neurologic function
of infants with elevated hematocrits at birth, although the
polycythemia is clearly a marker for increased risk of cerebral
dysfunction. The demographic data from the studies of Black
et al. and Bada et al. clearly indicate that these infants, par-
ticularly those who are symptomatic in the newborn period
and in later life, are those infants that experience an adverse
fetal environment [75,82,83]. Therefore it would appear that
the events, particularly hypoxic–ischemic events, that result in
an increase in hematocrit are likely to be responsible for the
observed cerebral dysfunction. This would explain the failure
of postnatal reduction of the hematocrit to alter the long-term
prognosis.

Asymptomatic infants
There are still institutions that screen either all or high-risk
infants for polycythemia. There are no large population stud-
ies of the long-term outcome of this type of population. Based
on the findings in the studies cited in the preceding section, as
well as a meta-analysis by Dempsey and Barrington [84], these
infants may be at some non-quantifiable increased risk for
long-term sequelae; however, current data strongly suggest
that there is no evidence that an exchange transfusion to
reduce the hematocrit will change the outcome, as these
sequelae appear to be due to other adverse perinatal events.
Based on the data from well-designed trials, the American
Academy of Pediatrics Committee of the Fetus and Newborn
made the following statement: “The accepted treatment of
polycythemia is partial exchange transfusion. However, there
is no evidence that exchange transfusion affects long-term
outcome. Universal screening for polycythemia fails to meet
the methodology and treatment criteria and also, possibly the
natural criterion.” [85]

Recommendations for therapy
Partial exchange transfusion may be of benefit for those
infants who exhibit signs and symptoms or complications that
have been demonstrated to be related to physiologic abnor-
malities caused by polycythemia. Such manifestations or clin-
ical conditions include respiratory distress with cyanosis, renal
failure, and hypoglycemia. Before considering therapy, the
infant should be evaluated for other temporal and clinical
events which may, in fact, be responsible for the problems
observed. A partial exchange transfusion should not be done
in the hope of correcting neurologic abnormalities in the
immediate newborn period or preventing future neurologic
dysfunction.

As there are no adequate scientific data to demonstrate
any benefit for polycythemic infants who are asymptomatic
in the newborn period, simple observation alone would
seem prudent. In situations when there are subtle signs and

symptoms, or in the presence of an extremely high hematocrit
(e.g., > 70%), the decision to perform a partial exchange
transfusion may be initiated on individual clinical judgment
based on the level of hematocrit, certainty of interpreting
clinical symptoms, and the potential risk of the treatment
(partial exchange transfusion). For those who develop neuro-
logic abnormalities at a later time, the events during the
prenatal and perinatal period should be examined carefully
to verify an etiology, other than polycythemia, that might
explain the cerebral dysfunction.

Summary
Since the last version of this chapter there has not been further
original work on polycythemia, hyperviscosity and outcome
[86]. The new meta-analyses and the statement from the
American Academy of Pediatrics concur with our thoughts
on this topic [84–86]. That is, there are no data to support
a direct relationship between polycythemia and neurologic
dysfunction. Polycythemia appears to be a marker for adverse
prenatal and perinatal events that are known to cause mild to
catastrophic neurologic injury. Postnatal exchange transfusion
has not been shown to be of long-term benefit to infants who
are symptomatic in the newborn period. There are no data to
support the efficacy of this therapy in the infant with an
elevated hematocrit who is otherwise normal.

Fetomaternal hemorrhage
Fetal cells very commonly cross the placental barrier before
delivery, during labor, and after delivery. The volume of fetal
cells entering the maternal circulation is generally quite small
(0.01–0.1 mL) [87]. When the mother is Rh-negative and the
fetus is Rh-positive, this may lead to maternal antibody pro-
duction and hemolysis in the fetus. This is a preventable
problem with the availability of Rhogram®.

The focus of this review is the passage of a large volume of
fetal cells into the maternal circulation (massive fetomaternal
hemorrhage, FMH), which results in either acute anemia
and hypovolemia or chronic and progressive anemia in the
fetus. An acute FMH is frequently associated with a sudden
deterioration in fetal well-being. A more chronic hemorrhage
generally allows the fetus to compensate unless the hemoglobin
concentration becomes so low that the fetus develops hydrops
fetalis. A catastrophic outcome secondary to FMH can be
prevented if the hemorrhage is detected in a timely fashion
so that appropriate intervention can take place that prevents
fetal hypoxia. What follows is a discussion of the incidence,
presentation, potential interventions, and outcomes of preg-
nancies complicated by FMH.

Incidence
Although 50–75% of pregnancies are associated with some
degree of FMH, volumes of transfer are usually small, from
0.01 to 0.1mL. Massive FMH is defined as the presence of
20–60 mL or more of fetal blood in the maternal circulation.
FMH of this size is reported to occur 1 to 6/1000 births [88–90].
Large hemorrhages with clinical impact on the fetus and
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newborn are so uncommon that most of the information is
based on case reports and a few small series [88–92]. Most of
these data are retrospective. Lastly, the diagnosis may be
affected by the method used to detect fetal cells in the maternal
circulation.

Etiology
FMH has been associated with a maternal history of vaginal
bleeding, abdominal trauma, placenta previa, placental abrup-
tion, and cord compression [88,93]. There are contradictory
reports regarding the mode of delivery. Ness et al. reported a
higher incidence with cesarean section, and Salim et al. reported
no difference for a large FMH between cesarean section and
vaginal deliveries [90,94]. Emergency cesarean, cord around the
neck, and low birthweight were associated with larger FMH
[90]. Large FMH have also been described with external ceph-
alic version, with anterior placenta, and with placental tumors
such as chorioangiomata and choriocarcinoma [95–99].
Lastly, there is only speculation on the pathophysiology of
how fetal cells enter the maternal circulation and what is
responsible for the large, clinically important hemorrhages.

Diagnosis
The diagnosis of FMH is made by detecting fetal RBCs in
maternal blood. The Kleihauer–Betke test (KB) has been used
as the standard since it was described in 1957 [100]. The
principle of the KB test is that fetal hemoglobin (HbF) is
resistant to elution by an acidic buffer whereas the adult
hemoglobin (HbA) is eluted by the acid buffer. When the
blood film is fixed and stained, the fetal cells containing HbF
are stained and the maternal cells appear as “ghost cells.”

The extent of the FMH can only be estimated accurately if
done before delivery, as postpartum estimates may be falsely
elevated from extra fetal blood extravasated into the maternal
circulation with delivery of the placenta. There may also be
false-positive results in mothers with increased fetal hemo-
globin synthesis such as sickle cell disease, thalassemia, and
hereditary persistence of HbF.

Using the KB test and basic physiologic principles, FMH
can be calculated using the following formula [101]:

Fetal blood volume

¼ Maternal blood volume	Maternal HCT	%fetal cells ðKBÞ
Newborn HCT

This is based on the assumption that maternal blood volume
is 5000 mL, maternal hematocrit (HCT) is 35%, and newborn
HCT is 50%.

Flow cytometry is a new technology also available for the
estimation of FMH [102]. It has been shown to be accurate,
more sensitive, and reproducible [103]. It is a more specialized
test that is more expensive and not done routinely in all
hospitals. It has been useful in Rh-incompatible pregnancies
to decide accurate dosage of anti-D immunoglobulin. It is
also useful in clarifying KB test results when there is a
known maternal excess of fetal hemoglobin such as hereditary

persistence of Hemoglobin F (HPHF) and the KB test would
overestimate the FMH [104].

Clinical presentation
Presentation of the fetus or newborn depends on the amount
and timing of the FMH [93]. The most common presentation
appears to be an acute event. In this situation a large FMH is
associated with decreased fetal movement or loss of fetal
movements and sinusoidal fetal heart-rate pattern. FMH has
been associated with 3–14% of all stillbirths, and should
be suspected in unexplained stillbirth and anemia [93,105].
Giacoia reviewed these variables to see if there was a correl-
ation to the amount of hemorrhage [89]. One hundred thirty-
four cases were evaluated, and 17 had absent fetal movements
for 1–7 days. A sinusoidal heart-rate pattern was found in 21%
and decreased fetal movements in 40%. No difference was
found between cases with FMH less than 200 mL or more
than 200 mL. Others have found that the absolute blood flow
velocity of the middle cerebral artery in the fetus may also aid
in the diagnosis of fetal anemia [106].

Infants born after an acute hemorrhage are often tachy-
cardic and tachypneic. The newborn's hemoglobin can be
as low as 4–6 g/dL [92]. In cases of acute massive FMH, the
newborn presents with hypovolemic shock, acidosis, respira-
tory distress, persistent pulmonary hypertension, hypoxic
ischemic encephalopathy, and multiorgan failure.

If the FMH is a slow, chronic process the newborn may
present with pallor but is otherwise hemodynamically stable as
there has been time for the fetus to compensate. If the hemo-
globin reaches very low levels, then the fetus will develop
hydrops fetalis. There have been reports of fetal transfusion
in instances when the fetus is still very premature. The correc-
tion of fetal anemia leads to resolution of the hydrops and
allows continuation of the pregnancy [107].

Treatment
Newborn infants with a significant hemorrhage require rapid
assessment and treatment. Treatment of an acute hemorrhage
consists of volume replacement with crystalloid and packed
RBC under close monitoring. These infants will also need
assessment and treatment for metabolic acidosis, respiratory
distress, and ongoing hypotension. Evaluation and therapy
for possible hypoxic–ischemic encephalopathy and seizures is
also required. For infants with chronic anemia and symptoms
of hydrops, exchange transfusion is a more appropriate means
of correcting the anemia, as these infants will have a normal
blood volume. These infants will often need additional therapy
for respiratory distress and congestive heart failure.

Outcomes
In the study by Giacoia, six infants survived, five were still-
born, and five died in the neonatal period [89]. Kecskes found
that only the postnatal presentation and an initial hemoglobin
of < 4 g/dL were associated with a poor outcome [108]. Other
case reports with reviews of the literature have shown good
outcomes with very low hematocrits. Rubod et al. studied the
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long-term prognosis for infants after massive fetomaternal
hemorrhage and concluded that FMH � 20mL/kg significantly
increased the risk of death and preterm delivery, but long-
term follow up in survivors was not associated with neurologic
sequelae [88]. However a detailed review of documented cases
of FMH reveals that a significant number of survivors develop
cerebral changes including in intraventricular hemorrhage,
cerebral infarction, ventriculomegaly, periventricular leuko-
malacia, and cerebral atrophy. There are also some infants
with initial normal neurological examinations and imaging
studies who eventually developed cerebral palsy [89,109].
Therefore the ultimate outcome may be dependent on mul-
tiple factors, including the size of the hemorrhage and the time

between hemorrhage and delivery, as well as on recognition of
the anemia and hypotension and timely therapy [108].

Conclusion
Massive FMH is not as uncommon as previously believed. It is
an important cause of fetal morbidity and mortality in low-
risk pregnancies. KB test and flow cytometry are the two
diagnostic tools available to establish the diagnosis. Outcomes
appear to be related to the degree of fetal/neonatal anemia,
a high index of suspicion leading to prompt obstetrical diag-
nosis and intervention, and rapid evaluation and treatment of
the newborn. In all cases of unexplained fetal death a KB test
should be performed.
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Chapter

29 Hydrops fetalis

David P. Carlton

Introduction
Hydrops fetalis is the presence of excess body water in the
fetus resulting in skin edema coupled with effusions in the
pleural, peritoneal, or pericardial space. Because most preg-
nancies in the United States include routine fetal assessment
by ultrasound, most cases of hydrops will be recognized before
birth. An associated abnormality can be diagnosed either ante-
or postnatally in the majority of patients who have hydrops.
The prognosis for survival is generally poor. Over 50% of
fetuses diagnosed with hydrops die in utero, and of those
that survive to delivery, over half will die postnatally despite
aggressive support [1,2].

Immune hydrops
Immune hydrops is a late manifestation of the anemia that
results from fetal erythrocyte destruction by transplacentally
acquired maternal antibodies to fetal red-cell antigens. The
severity of anemia necessary to disturb total body water is
unpredictable, but a hematocrit of less than 20% is commonly
associated with hydrops [3]. Fetuses with an immune basis for
their hydrops who are not treated with intrauterine red-cell
transfusion face a significant risk of in utero death.

Historically, themost common antigen causing an antibody-
mediated hemolytic anemia was the Rh D. Anemia as a function
of sensitization to the D antigen is infrequent today because of
the routine use of Rh immunoglobulin in the management
of women who are Rh-D-negative [4,5]. Sensitization to other
red-cell antigens, including Kell, e, and c also causes fetal
hemolytic anemia and results in immune hydrops [6].

Non-immune hydrops
Non-immune hydrops occurs in approximately 1/2000–4000
deliveries and is a more frequent category of hydrops than
immune hydrops [7]. Observational studies suggest that post-
natal mortality averages �50%, but the risk of death in a
patient with non-immune hydrops is influenced significantly
by the presence of accompanying disorders [1,8–10].

Approximately 60–80% of the cases of non-immune
hydrops in the United States occur in association with an

identifiable disorder. Well over 100 different diagnoses have
been linked to non-immune hydrops, but in only a limited
number of these conditions are there pathophysiological links
between the associated disorder and the development of
hydrops [11]. In 20–40% of patients who have non-immune
hydrops, an associated condition will not be found despite a
thorough investigation [1,9,12]. These patients are considered
to have “idiopathic” non-immune hydrops (Table 29.1).

Proposed mechanisms of edema formation
in patients with hydrops
The net flux of liquid into the interstitial space governs
whether edema formation occurs. Excess fluid will leave the
circulation and enter the interstitial space if vascular surface
area is increased, endothelial barrier integrity is compromised,
hydrostatic pressure difference between the vascular and inter-
stitial spaces is increased, or protein oncotic pressure differ-
ence between the vascular and interstitial spaces is decreased
[13]. Fluid clearance from the interstitial space is impaired
when lymphatic drainage is impeded.

Processes that increase right atrial and central venous
pressures are common in hydropic infants and will result in
an increase in upstream microvascular hydrostatic pressure
and thus an increase in transvascular fluid filtration into the
interstitium. Simultaneously, this same elevation in central
venous pressure will also impede lymphatic return of intersti-
tial fluid back into the central circulation. Even minimal
increases in lymphatic outflow pressure impair lymphatic
drainage [14,15]. Because central venous pressure is the rele-
vant outflow pressure for lymphatic drainage in the fetus, even
small increases in central venous pressure may reduce the
effectiveness of interstitial fluid clearance. Thus, in conditions
that increase central venous pressure, hydrops may be caused,
or at least aggravated, by two distinct mechanisms: increased
transvascular fluid entry and impaired fluid clearance.

Tachyarrhythmias or myocardial dysfunction may also
be associated with an elevated central venous pressure. For
instance, myocardial dysfunction is the presumed basis for
hydrops in fetuses who have an elevation in umbilical venous
pressure [16,17]. Packed red-cell transfusion in anemic fetuses
reduces umbilical venous pressure, presumably by improving
cardiac function, and thus prevents hydrops formation. Even
in hydropic fetuses that are not anemic, there is evidence
of myocardial dysfunction and elevated umbilical venous
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pressure, although in many of these fetuses the etiology of
myocardial dysfunction is obscure [16,17].

Another mechanism that has been proposed to account for
hydrops is an increase in endothelial permeability. At least
in infants with Rh hemolytic anemia, transvascular albumin
flux measurements are similar regardless of the presence of
hydrops, which suggests that there is no impairment of vascu-
lar integrity [18]. Similarly, tachyarrhythmias increase central
venous pressure and total body water, but vascular permeabil-
ity is unaffected [19]. Thus, there is insufficient evidence at
this time to confirm or refute the notion that increased vascu-
lar permeability is one of the pathophysiological mechanisms
underlying the formation of hydrops.

Another possible explanation for hydrops is hypoalbumin-
emia. Indeed, information from infants with Rh hemolytic
disease and hydrops suggests that serum albumin concentra-
tion correlates with the degree of body water [18]. Likewise,
pericardial fluid accumulation is related to the presence of
hypoalbuminemia, not myocardial dysfunction [20]. On the
other hand, observations from infants who are born with
inherited abnormalities of serum proteins suggest that hypopro-
teinemia alone does not consistently result in hydrops. Patients
who have congenital nephrotic syndrome or analbuminemia
do not have hydrops in utero or at the time of birth, although
they may become edematous postnatally [21,22]. Similarly, in
fetal lambs made hypoproteinemic, total body water is relatively
unaffected [23]. Taken together, the experimental evidence
linking hypoproteinemia as an essential component in the
pathophysiology of hydrops remains controversial.

Neurologic injury associated with hydrops
Neurologic injury in patients who have hydrops may occur
under several different settings. First, obvious abnormalities
of the central nervous system such as porencephaly, absence of
the corpus callosum, and encephalocele have all been identified
as primary lesions that at times are associated with hydrops [24].

Second, occult neurological injury may be present in
patients who have no obvious cause of their hydrops. The
neuropathological changes of antenatal anoxia have been

Table 29.1. Conditions associated with non-immune hydrops

Idiopathic

Non-immune anemias

Homozygous α-thalassemia (Hb Bart's hydrops)

Erythrocyte enzyme abnormalities

Fetal hemorrhage

Fetal–maternal hemorrhage

Twin-to-twin transfusion sequence (donor or recipient)

Parvovirus infection

Red-cell aplasia

Chromosomal/syndromic/genetic abnormalities

Trisomy 21, 18, 13

Turner syndrome

Chromosomal deletions/rearrangements

Noonan syndrome

Myotonic dystrophy

Tuberous sclerosis

Cardiovascular abnormalities

Arrhythmias (congenital heart block and supraventricular
tachyarrhythmias)
Structural heart disease

Chest masses

Congenital cystic adenomatoid malformation

Congenital lymphangiectasis

Sequestration

Bronchogenic cyst

Gastrointestinal abnormalities

Diaphragmatic hernia

Meconium peritonitis

Intestinal atresia

Urinary tract abnormalities

Kidney dysplasia

Urinary tract malformations and obstructions

Intracranial abnormalities

Developmental brain malformations

Intracranial hemorrhage

Arterial or venous intracranial malformations

Encephalocele

Lymphatic and vascular abnormalities

Intravascular thrombosis

Chylothorax

Cystic hygroma

Placental or umbilical cord abnormalities

Chorioangioma

Fetal tumors

Rhabdomyosarcoma

Sacrococcygeal teratoma

Neuroblastoma

Hemangioendothelioma

Hepatoblastoma

Infections

Parvovirus B19

TORCH (Toxoplasma, syphilis, rubella, cytomegalovirus, herpes simplex)
infections

Enteroviruses

Metabolic abnormalities

Storage diseases

Skeletal dysplasias

Maternal-specific associations

Antepartum indomethacin

Diabetes mellitus
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observed in patients who died with idiopathic non-immune
hydrops, suggesting that some types of neurologic injury may
be present, but undiagnosed, in otherwise “idiopathic” cases of
non-immune hydrops [25]. The possibility that asphyxia plays
a causative role in some cases of hydrops is underscored by the
disturbances in total body water seen in fetal animal experi-
ments of umbilical cord occlusion [26–28]. Short periods of
cord occlusion sufficient to cause hypotension, acidemia, and
cerebral hypoperfusion, but not death, result in hydrops
within days, and the excess body water may persist for as
long as 6 weeks post-occlusion [26–28]. There is a marked
reduction in brain growth and structural maturation, and
microscopically there is neuronal loss in the basal ganglia,
hippocampus, and brainstem [28,29].

Third, and perhaps most common, is the brain injury that
is associated with the underlying disorder that accompanies
the hydrops. Genetic and chromosomal syndromes, congenital
infections, and metabolic diseases are examples of disorders
that are seen in conjunction with hydrops and that often have
abnormal neurologic sequelae as a feature of their symptom
complex. Other brain injury syndromes are more directly
linked to hydrops. For instance, the presence of severe
platelet alloimmunization has been linked to intracranial hem-
orrhage in utero and resultant fetal anemia which then causes
hydrops; intracranial hemorrhage in the absence of thrombo-
cytopenia has also been associated with hydrops [30,31]. An
anecdotal report has linked maternal parvovirus infection,
a common infectious agent linked to fetal anemia and non-
immune hydrops, to stroke and seizures in the fetus [32].

Antenatal management
Antenatal management of the hydropic fetus is focused
initially on diagnosing associated conditions, because thera-
peutic options are limited in most cases. Obtaining the appro-
priate samples for genetic analysis, infectious agents, and
anatomic screening are but a few examples of the diagnostic
categories that will be investigated by the obstetrical staff. Of
the therapeutic interventions available, intravascular infusion
of packed red blood cells is the most consistently successful
strategy available to treat hydrops, but its usefulness is limited,
of course, to fetuses that have anemia [33,34]. Successful
treatment of fetal supraventricular tachycardia, evacuation of
pleural fluid collections, and fetal surgical repair of lesions
such as congenital cystic adenomatoid malformation or sacro-
coccygeal teratoma has resulted in the resolution of hydrops,
but of these, treatment of supraventricular tachycardia is the
most widely available and well-accepted [35–37].

Management of the hydropic fetus
around the time of birth
Although the most appropriate time for delivery of a hydropic
fetus cannot be discerned from the available observational
studies, delivery at a more immature gestational age does not
appear to confer a survival advantage [1,8,38]. Timing of
delivery should be based on several factors, including the

degree of fetal lung development and maturation, general fetal
health, and progression of hydrops as an indication of fetal
deterioration. Antenatal steroids should be administered to
accelerate fetal lung maturation if they are otherwise indicated.
Although there is no information available to allow for firm
recommendations as to mode of delivery, most hydropic
fetuses are delivered by cesarean section. Regardless of mode
of delivery, fetuses that have non-immune hydrops often have
some degree of birth depression, and for this reason delivery
should occur at a tertiary neonatal center [39]. Tracheal intub-
ation is almost always needed in patients who have significant
hydrops, and edema of the face and oropharynx can make
this procedure difficult even for experienced clinicians [1].
Diminished thoracic compliance often requires drainage of
the pleural and peritoneal spaces in the delivery room to
improve gas exchange. Pleural effusions are more common
in patients who die soon after birth than in patients who
survive, presumably as a result of effusion-induced pulmonary
hypoplasia [1,8].

Postnatal diagnostic studies
The choice of diagnostic studies postnatally should be guided
by history and neonatal examination, but in a significant
proportion of patients who have had a thorough fetal evalu-
ation, no associated disorder will be discovered postnatally
[11,40,41]. Diagnostic studies should include chromosomal
assessment, as well as other studies to exclude genetic syn-
dromes. Echocardiography should be performed to evaluate
whether structural heart disease is present and to assess myo-
cardial function. Electrocardiography will be necessary if a
rhythm disturbance is suspected. Imaging studies are often
necessary, and these may include plain film radiography of the
chest and abdomen or ultrasonography of the head and abdo-
men. These investigations will sometimes reveal occult abnor-
malities that will help clarify whether a genetic syndrome is
present. Subspecialty consultation with an expert in clinical
genetics may be helpful if further evaluation of the patient is
necessary.

Pathological examination of the placenta is important, and
plans to preserve the placenta for subsequent evaluation
should be considered, because some conditions associated
with hydrops are readily diagnosed by placental examination
but are difficult to diagnose in the newborn in the absence of
invasive procedures. For example, a few of the inborn errors of
metabolism that are associated with hydrops have characteris-
tic pathological features on placental examination [42].

Postnatal management
If the patient survives the initial resuscitative period, numerous
life-threatening complications may occur, including infection,
airleak syndromes, and hypotension. All of these complications
may result in direct or indirect neurological injury, pre-
dominantly because they cause or aggravate cardiorespiratory
instability. Cardiorespiratory instability may result in ischemia
and hypoxemia, and thus increase the risk for neurological
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injury in a manner similar to other conditions in high-risk
patients in the newborn intensive care unit who suffer from
physiological instability.

Respiratory failure is common, not infrequently requiring
aggressive conventional mechanical ventilation or high-
frequency ventilation [43]. Extracorporeal membrane oxygen-
ation (ECMO) has been used successfully in hydropic infants,
but selection of patients who are likely to have good outcome
from treatment with ECMO remains problematic because lung
growth sufficient to provide for adequate gas exchange may not
occur during the period of ECMO treatment [44]. Although
there is no information regarding surfactant content or function
in newborn infants who have hydrops, if exogenous surfactant
replacement is otherwise indicated in a non-hydropic infant of
similar gestational age, surfactant should be administered.

Cardiovascular instability is frequent, and will be exacer-
bated if high mean airway pressure is necessary to provide
adequate gas exchange. Fluid infusions are often needed to
help maintain circulating volume, and vasopressors may be
required to treat hypotension and myocardial depression. In
patients with structural heart disease, therapy is directed
towards correcting the abnormal physiology, as it would
be in a non-hydropic infant who has a similar lesion. Prosta-
glandin E1 infusion should be used to maintain ductal patency
if otherwise indicated.

Intravenous fluids should be administered, keeping in
mind the goal of promoting sodium and water loss during
the first week after birth. Serum electrolytes and body weight
measurements should be used to help guide fluid therapy.
After the initial period of fluid stabilization, parenteral nutri-
tion will be necessary. The goal of intravenous nutrition
should be to provide targeted calorie and nutrient requirements
while limiting fluid administration to the greatest extent pos-
sible, at least until body edema has resolved. Patients who have
hydrops will often lose 20–30% of birthweight during the first
2 weeks after birth before the nadir of postnatal weight is reached,
but clinical examination should guide this assessment [1].

If significant asphyxia complicates the hospital course,
coagulopathy is common, and prothrombin and partial throm-
boplastin times should be measured. Treatment for clinically
important coagulopathy consists of the administration of fresh
frozen plasma or, if indicated, cryoprecipitate.

Most patients who have non-immune hydrops will be hypo-
proteinemic and hypoalbuminemic. Diminished serum protein
concentration at the time of birth increases the risk of early
death [1]. Although there is no evidence to suggest that out-
come is improved by the infusion of colloid solutions, infusion
of 5% or 25% albumin is a common therapeutic maneuver.
Whether maintaining serum albumin in the range usually
found in non-hydropic infants improves outcome is unclear.

Many of the comments above regarding postnatal manage-
ment of patients with hydrops apply to those who have
either immune or non-immune hydrops. However, additional
management issues are relevant for the infant who has
immune hydrops, specifically if hemolysis continues to com-
plicate the postnatal course. Intravenous immune globulin

decreases the rate of erythrocyte destruction and reduces the
likelihood that exchange transfusion will be necessary. Intra-
venous immune globulin can be administered at 0.5 g/kg body
weight, and may have to be repeated within 24–48 hours after
the initial infusion [45,46]. Other complications encountered in
patients with immune hydrops include thrombocytopenia and
hypoglycemia, either of which may lead to neurologic injury.

Outcome of hydropic infants
In selected patients who have non-immune hydrops, the elec-
troencephalogram (EEG) can show marked abnormalities,
including burst–suppression, abnormal background patterns,
multifocal sharp waves, and seizure activity [47]. Patients who
have significant abnormalities on EEG also show severe
abnormalities neuropathologically, at least some which appear
to be antenatal in origin. Of interest, cranial ultrasound exam-
ination fails to demonstrate anatomic abnormalities in the
majority of these patients. In a series of patients with hydrops
who died in utero or shortly after birth, neuropathological
findings of antenatal hypoxic–ischemic injury were found in
over 50% of the patients [48].

Only limited information is available documenting the
long-term neurological outcome of hydropic infants. In
patients who receive intrauterine transfusions for severe Rh
hemolytic disease, neurologic outcome appears to be inde-
pendent of the presence of hydrops at initial fetal presentation
[33,34]. Of course, in this population survival of hydropic
infants is reduced compared to non-hydropic infants, thus
introducing selection bias as a contributor to the apparent
equivalence in outcome. In fetuses with immune hydrops,
90–95% will have normal neurological exam and 80–85% will
have a normal developmental outcome at follow-up between
6months and 6 years [33,34]. These outcomes compare favor-
ably with other high-risk infants managed in the neonatal
intensive care unit. As might be expected, perinatal asphyxia
is related significantly to abnormal neurologic outcome [34].
Because hydropic infants who are anemic do not tolerate the
hypoxemia that accompanies vaginal delivery, cesarean section
is frequently the most prudent route of delivery [49]. The
long-term neurologic outcome for patients with non-immune
hydrops is limited, but observational data would suggest a
normal neurologic outcome in 65–85% [8,38,50,51].

Summary
Many patients who have hydrops will die soon after delivery
because of pulmonary hypoplasia and the inability to establish
adequate gas exchange. Of those patients that survive the
immediate postnatal period, many will succumb to the under-
lying condition associated with their hydrops. In patients
who have non-immune hydrops and who survive to discharge,
neurologic outcome is not routinely dismal, despite the
difficulty encountered during their hospital course. The risk
of neurologic impairment appears to increase in association
with birth at earlier gestational ages, and with underlying
disorders in which neurologic dysfunction is an expected
feature.
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Chapter

30 Bacterial sepsis in the neonate

Hayley A. Gans

Introduction
Bacterial sepsis in the neonate is a significant cause of
morbidity and mortality. More than half of all admissions
to a neonatal intensive care unit (NICU) are for infants with
or who are at risk of developing sepsis. Diagnosis is challen-
ging since clinical signs are non-specific, supportive rapid
screening laboratory assays lack good positive predictive value
(PPV), and the entity carries a high mortality rate. As a result,
a conservative approach to these patients has evolved, with
many infants who are not septic receiving antibiotics. This
chapter will discuss the epidemiology, diagnosis, treatment,
and prevention of neonatal sepsis.

Meningitis accompanies sepsis in approximately one-
quarter of cases of neonatal disease, and thus the two processes
share a common etiology and pathogenesis. This chapter will
cover only bacterial sepsis of the term infant, since meningitis
is covered elsewhere (Chapter 31). Further, prematurity and
residence in an intensive care unit are independent risk factors
for bacterial sepsis that differ from sepsis in the term infant,
and these will not be considered here. In addition, the
emphasis of this chapter will be on early-onset neonatal dis-
ease, with less of a concentration on late-onset sepsis.

Epidemiology
Although the ability to diagnose bacterial sepsis has improved,
septicemia remains a frequent cause of neonatal morbidity
and mortality. The first records of positive blood cultures were
reported from Yale in 1928 [1]. Since then, the predominant
bacterial organisms that cause sepsis in the neonate continue
to change [1–4]. The cause of these variations is complex and
often unidentified, but recent patterns will most strongly
reflect the use of intrapartum antibiotic prophylaxis (IAP)
among other influences [2,3,5–10].

Two distinct patterns of neonatal sepsis have been
described, differentiated by time of disease onset, predominant
organism, and associated risk factors [3,5,10–15]. Early-onset
disease (EOD) is defined as occurring � 7 days postnatally
with a strong association with obstetrical complications or
risk factors. Therefore, disease is caused by microorganisms

that colonize the maternal genital tract [12,14]. Some argue
for a further stratification into “very-early” onset, within
48 hours of birth, since the pathophysiology may be different.
It is believed that this group acquires infection in utero at
a particularly susceptible stage, accounting for the very
high mortality in these infants. Acquisition in utero can be
through ascending spread from the lower genital tract or
through transplacental transmission after maternal bacteremia
[14,16]. In contrast, infants with EOD acquire the infecting
organism at the time of delivery, resulting in a lower case-
fatality rate [16].

Late-onset disease (LOD) presents> 7 days of life, in infants
lacking a history of obstetrical risk factors, and involves organ-
isms that could be acquired perinatally as well as postnatally
[14,17]. Therefore these infections are acquired through
passage in the birth canal, horizontally in the hospital, or in
the community [14].

The incidence of neonatal sepsis has been difficult to gauge,
since sepsis is a clinical diagnosis and some septic episodes
are culture-negative. In the age of IAP, culture-negative sepsis
rates will rise, making incidence rates more difficult to evalu-
ate. In addition, as the number of preterm infants rises, the
rates of sepsis have been influenced by this population's
unique susceptibility to infection. Later reports have included
many of these infants in studies, and thus determining rates
for term infants has been more difficult. Despite these chal-
lenges, there are several reports attempting to characterize
the incidence of neonatal sepsis (Fig. 30.1) [1,3–5,12,13,16,
18–20]. The longest-running record, dating to the 1960s,
shows incidence rates of EOD at 1/1000 live births in the
United States, with rates peaking at 3.89/1000 live births
in 1978 [1], followed by a subsequent decline and stabilization
throughout the 1980s to a rate of approximately 2.2–2.8/1000
live births [1,4]. Enhanced surveillance since the 1990s has
provided varying rates, with reports of 7.1–19/1000 live births,
with trends in the early and late 1990s indicating no overall
changes in the incidence of EOD despite advances in preven-
tion practices [3,18]. Recent reports concentrating on EOD
have shown a dramatic decline in neonatal sepsis, owing to the
decreased rates attributable to group B Streptococcus (GBS)
infection, with rates from other organisms remaining unchanged
or increasing [2,3,5,10,13,18,19].

There are discrepant reports for LOD rates, but these
appear to be unchanged overall, with some reports showing
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increased rates secondary to Escherichia coli (E. coli) [2,3].
Current reports show overall rates of neonatal sepsis of
0.8–8.2/1000 live term births in developed countries [2,3,5,
13,18]. EOD has an annual incidence of 0.3–7.2/1000 live
births [2,3,5,13,18], and LOD, 1.9–8.23/1000 live births [2,3].
The incidence rates for the major individual organisms are
described below.

Risk factors and pathogenesis
A neonate's susceptibility to infection is multifactorial. Unique
to the neonatal host are deficiencies in various arms of the
immune system and circumstances where exposure to a large
number of organisms occurs. Susceptibility to infections in the
neonate also arises when there are interruptions in the natural
barriers of the body, which occur frequently in the birthing
process.

Immunologic limitations have been documented in both
innate immunity, including cellular defenses (such as eosino-
phils, neutrophils, platelets, and monocytes) and adaptive
immunity, involving both cell-mediated immunity and
humoral responses [21,22]. Antigen presentation by dendritic
cells and activity of natural killer cells have also been shown to
be deficient in the neonate, and in neonatal sepsis in particular
[23]. In addition, the lack of opsonizing antibody to encapsu-
lated bacteria confers a susceptibility to many of the bacteria in
the maternal genital tract to which the neonate is exposed [24].

Obstetrical factors for the term infant can be used to
determine risks for early-onset, but not late-onset, neonatal
sepsis (Table 30.1). These risk factors have been most exten-
sively studied for GBS and not for non-GBS sepsis, and differ-
ences do exist. Particularly, 80% of GBS disease is seen in
infants born > 37 weeks, while only 40% of non-GBS sepsis
is reported under these circumstances. Thus, preterm delivery
is a strong risk factor for non-GBS neonatal sepsis [10,15].

Documented obstetrical risk factors that all organisms share
include prolonged rupture of membranes> 18 hours [25], with
the longer time between rupture of membranes and delivery
increasing the exposure of the fetus. Some organisms, such as
Listeria monocytogenes and Treponema pallidum, can cause
infection despite the barrier of the placenta and amniotic fluid,
with inoculation occurring via maternal bacteremia [12].

Maternal fever is also associated with neonatal sepsis, with
the degree of fever reflecting strongly on the risk to the infant
[10,16]. Studies have shown that maternal fever alone predicts
approximately 26% of term infants with proven EOD and who
were asymptomatic at birth [26]. For GBS, EOD is 10-fold
higher in the presence of maternal fever [27]. Additional risk
factors for GBS infection include a pregnancy complicated by
GBS bacteriuria, history of a previous infant with invasive
GBS disease, young maternal age, African-American race,
Hispanic ethnicity, and frequent vaginal examinations during
labor [15,28,29].

Risk factors for LOD have been rarely reported. One recent
study has identified IAP exposure, with a nearly twofold higher
risk for developing sepsis compared to control patients [30].

Etiology
Overall there is only a small group of organisms accounting
for the majority of neonatal sepsis, with a very large and varied
group of organisms accounting for the minority of cases [16].
Before the introduction of antibiotics, the predominant organ-
isms causing neonatal sepsis were Gram-positive, with group
A β-hemolytic Streptococcus (Streptococcus pyogenes) the
major etiologic entity. This was replaced by the intestinal
Gram-negative bacilli, particularly E. coli, after the introduc-
tion of sulfonamides in the early 1940s [1]. Staphylococcus
aureus (S. aureus) was observed to be a major pathogen from
1950 to 1963, but for reasons that are not clear has diminished
in importance since this time [1,4]. Recent reports of increasing
rates of S. aureus infections in NICUs, with a particular focus
on methicillin-resistant S. aureus (MRSA) have been almost
exclusively in the preterm infant or resident of a NICU [31,32].
This is true also of the rising prevalence of commensal organ-
isms as a cause of neonatal sepsis, such as coagulase-negative
S. aureus, and thus neither will be covered further here [3].

Even in early reports, GBS held its place as a major con-
tributor to neonatal sepsis, and was a leader in early fulminant
disease (Figure 30.1). Over time, the predominance of GBS has

Table 30.1. Maternal risk factors associated with early-onset neonatal sepsis in
term infants for all pathogens and specific to Group B streptococcal disease

Risk of proven sepsis

All neonatal pathogens

Maternal fever � 38 �C (100.4 �F) ↑ 1–4 times

Prolonged rupture of membranes> 18h 1%

Chorioamnionitis 3–20%

Vaginal exams � 6 ↑ 3 times

Maternal urinary tract infection Unknown

Group B Streptococcus (GBS)

GBS bacteriuria Unknown

Previous infant with invasive GBS
disease

Additive with fever ↑ 5 times

Maternal colonization with GBS 1–2%

Source: Adapted from [10,12,14,25,35].
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Fig. 30.1. Sepsis rates for early-onset neonatal disease in the United
States from 1965 to 2005. Adapted from references 1, 2, 3, 4, 9.
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risen to assume the lead in causing Gram-positive septicemia
in EOD since the 1970s, with a peak incidence in the 1990s
before prevention methods were put into place [1–5,10,13,14].
GBS previously accounted for 25–35% of sepsis overall, with
80% occurring in the first 48 hours of life, resulting in 55%
of EOD. Recent reports show a dramatic decline in overall
numbers of EOD by about 80%, secondary to decreases in
GBS. Rates of EOD caused by GBS now parallel infections
caused by E. coli, which traditionally ranked second. E. coli
causes 27% of sepsis overall, and traditionally caused 13%
of EOD, but 31% of LOD [1–4]. Rates of E. coli have been
reported to have declined, remained unchanged, or increased
since the introduction of intrapartum antibiotics, depending
on the study, but these changes do not appear to be dramatic
[2,5,7].Klebsiella pneumoniae and Enterobacter cloacae are seen in
about 15% of cases of septicemia, with less frequent reports of
other organisms, such as Listeria monocytogenes, Haemophilus
spp., Pseudomonas spp., Streptococcus pneumoniae, viridans
Streptococcus, enterococcal Group D Streptococcus (enterococ-
cus), and Staphylococcus spp. Some of the latter organisms
have a strong association with prematurity or an underlying
condition or procedure. The important individual organisms
are discussed separately below.

Clinical presentation
The spectrum of clinical signs in neonates that develop sepsis
is varied, and symptoms are non-specific. During delivery,
signs of fetal distress, such as tachycardia and low Apgar
scores, have been associated with sepsis, but both lack specifi-
city [33,34].

Subtle signs of infection include poor feeding and
decreased responsiveness, with more prominent symptoms
being temperature instability, apnea, respiratory distress, jaun-
dice, lethargy, vomiting, and diarrhea [35]. Though a serious
bacterial infection is rare in asymptomatic neonates [36],
infants who are bacteremic may have no symptoms initially,
but deteriorate rapidly [17,37]. Due to the non-specific and
subtle presenting clinical signs of septic neonates, clinical
symptoms cannot be used alone to identify high-risk infants.

Concerns regarding an increase in asymptomatic neonates
who become septic have arisenwith the institution of guidelines
for the prevention of GBS sepsis and rise of IAP in at-risk
mothers. Ottolini et al. studied 20 554 newborns, with a
group of 1665 asymptomatic at-risk infants [38]. In this
group, 1.0% developed clinical signs of early-onset sepsis
within 48 hours of delivery, but none had a positive blood
culture and complete blood count (CBC) parameters did not
add value to clinical findings. All septic infants in this study
were symptomatic within 48 hours of birth, with the major-
ity symptomatic before this time. Ninety-one percent of
infants had more than one sign or symptom of sepsis and
71% had three or more, indicting that vigilance within the
first 48 hours is the most sensitive tool for determining
septic newborns. The frequency of signs and symptoms of
sepsis in this study is shown in Table 30.2.

Focal infections, such as meningitis, are more commonly
seen in LOD, and thus symptoms particular to the area of
infection may be present [12].

Diagnosis
The optimal workup of a newborn with suspected sepsis is not
well defined. Presenting clinical signs are often non-specific,
and thus differentiating truly infected infants from infants
symptomatic as a result of non-infectious causes is challen-
ging. In addition, many septic infants will show rapid clinical
deterioration relatively late, making clinical parameters less
useful for treating sepsis early. The importance of initiating
prompt antimicrobial therapy to reduce the high mortality
rate, and for improving long-term outcomes, makes identifying
the septic infant early essential. In addition, standard culturing
procedures do not offer a timely method to differentiate septic
neonates, and may not prove helpful if IAP was used.

Given the inherent difficulty in determining which infants
are at risk for developing sepsis, infants with signs consistent
with sepsis of any pattern historically have received therapy to
reduce the potential morbidity and mortality. It is estimated
that 11–23 infants are treated for every documented case of
neonatal sepsis, accounting for the treatment of 4.4–10.5% of
all infants born in the United States [39,40]. This overutiliza-
tion of antibiotics results in most infants receiving antibiotics
unnecessarily, putting these infants at risk for complications of
therapy and contributing to the development of multiple-
drug-resistant bacteria.

Efforts have been made to develop rapid diagnostic
methods for the early detection of infants who will progress
to sepsis, and for identifying those infants who are symptom-
atic for non-infectious reasons. In the latter group, the goal is
to safely allow for the discontinuation of antibiotics. Ideally,
the development of a rapid test would also aid in guiding the
initiation of therapy on only those infants in whom it is
necessary [39]. Adjunctive tests have been evaluated, including
markers such as C-reactive protein (CRP), interleukin 6 (IL-6),
interleukin 8 (IL-8), procalcitonin (PCT), tumor necrosis
factor a (TNF-a), neutrophil CD-11b, granulocyte colony-
stimulating factor (G-CSF), neutrophil surface antigen
CD64, and hematologic abnormalities, such as an elevated
immature-to-mature neutrophil ratio.

Table 30.2. Frequency of signs of sepsis in neonates

Signs Frequency (%)

Tachypnea 58.0

Cyanosis 25.0

Lethargy 20.0

Apnea/bradycardia 20.0

Hypoglycemia 8.4

Fever 7.0

Hypothermia 3.5

Source: Adapted from [38].
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Cultures are the gold standard for the definitive diagnosis
of neonatal sepsis. All infants suspected of sepsis should have a
blood culture drawn prior to the initiation of antibiotics.
Venous puncture is the preferred method for obtaining blood
for culture [41]. The optimal number of blood cultures is
under debate. Some suggest obtaining blood from two sites
in order to increase the yield of a positive result, especially
when a small bacterial load is expected, as in the case of infants
born to mothers who received IAP [42]. In addition, this may
help clarify when a contaminating organism is isolated. How-
ever, the density of bacteria may be higher in neonates and the
bacteremia more continuous than in older patients, and thus a
single blood culture may be adequate [43].

Approximately 92% of true pathogens are isolated from
blood culture within 36 hours and 98% within 48 hours [44].
The negative predictive value for infection with a definite
bacterial pathogen negative blood culture is 99.7% at 36 hours
and 99.8% at 48 hours [45]. This high bacterial isolation rate
would support the discontinuation of antibiotics in the asymp-
tomatic term neonate who is undergoing a suspected sepsis
rule-out. It will be important to determine if this remains the
case in the era of increased use of IAP.

Obtaining cultures of the cerebrospinal fluid (CSF) and
urine has been debated. The necessity of doing a lumbar punc-
ture in a neonate suspected of sepsis is covered in Chapter 31.
Urine cultures have been shown to be important in LOD [46],
but the data are variable for EOD. Given that neonatal urine
tract infections are thought to be a result of hematogenous
spread of the organism and not direct inoculum into the
urinary tract, the low yield of urine cultures in the evaluation
of infants with suspected sepsis – only about 0.1–1% – war-
rants eliminating urine cultures from the workup in the first
24 hours of life [47]. There does not appear to be any addi-
tional information obtained from the culturing of non-sterile
surface sites [48].

In an attempt to develop a rapid diagnostic test to distin-
guish between infants suspected of and infants with sepsis,
many researchers have looked to blood test assays. One study
evaluated multiple rapid tests and their utility in diagnosing
neonatal bacteremia in cases of suspected sepsis [49]. The
results showed the non-specific nature of an elevated white
blood cell (WBC) count, since it was positive in 71% of
culture-proven bacteremia, but also 42% of infants with nega-
tive blood cultures. Immature-to-total neutrophil ratios were
not elevated in the majority of infants with negative blood
cultures, but it was also negative in 29% of infants with
positive blood cultures.

CRP, an acute-phase reaction to inflammation or tissue
necrosis, is thought to be a good predictor of bacterial sepsis in
the neonate [50], with its predictability peaking at 24–48 hours
after presentation with infection [51]. The majority of the
highest titers have been documented in response to bacterial
illnesses, with moderate elevations tending to be more non-
specific. Levels decline rapidly once the ongoing process
resolves, and thus serial titers are a helpful measure of disease
activity [52]. Authors have shown that the negative predictive

value (NPV) of a negative CRP after 24 hours is approximately
85–99% predictive of not having a bacterial process, and thus a
negative CRP may warrant the discontinuation of antibiotics
[39,51]. Unfortunately, the PPV is not high enough right after
delivery, approximately 89–93%, in proven EOD, given that
other processes, such as the stresses of delivery (prolonged
rupture of membranes, low Apgar score) correlate with a non-
specific rise of CRP for approximately 3 days [51,53,54]. Thus,
CRP cannot be used to guide the initiation of therapy to only
infants who are truly infected and in the early stages of sepsis,
but has value in discontinuing therapy in neonates undergoing
a sepsis evaluation if levels remain low.

The poor PPV of CRP has led to evaluations of other
cytokines, independently or in combination with CRP, to
increase the sensitivity of rapid determination of infants at
risk for sepsis, since many of these cytokines may become
abnormal prior to elevations in CRP. Many cytokines have
been evaluated from multiple sources, and in many different
settings, and thus the results vary depending on the study
[54–58]. IL-6, the major inducer of CRP, has been one target
of investigation [53,54]. While not performing better than
CRP as a single marker of infection, IL-6 did have high
NPV. In addition, the combination of IL-6 and CRP performed
better than each parameter alone as a negative predictive guide,
with a value of 90% even early in the first 24 hours after
delivery. IL-8 has also been studied in combination with
CRP since it is an early proinflammatory marker [59]. Franz
et al. showed that using high thresholds for both IL-8 and
CRP (> 70 pg/mL and > 10 mg/L, respectively) achieved a
sensitivity of 96–100%, but a PPV of only 65–77% for deter-
mining neonatal bacterial sepsis [59]. By restricting therapy
to infants in this group only, there was a 60% reduction in
antimicrobial use and only 23% of infants were treated
unnecessarily. Once again, there was a good NPV of having
two negative tests 24 hours apart.

PCT and TNF-a have also been targeted as proinflamma-
tory markers [56,58]. While some discrepancy in results exists,
Kocabas et al. demonstrated that with high cutoff values, PCT
and TNF-a had the best PPV and NPV compared with other
markers studied, including CRP [56]. PPVs were 97% and
96%, and NPVs were 97% and 100% for TNF-a and PCT,
respectively. The levels of these cytokines declined over the
first 7 days of treatment in neonates that recovered, and stayed
elevated in those neonates who died, indicating the potential
value of these markers for determining response to therapy.

Neutrophil CD11b, a surface marker activated early in a
host's innate immune response to invading microbes, is ele-
vated in infants with proven and suspected sepsis, and remains
low in infants with symptoms caused by non-infectious
disorders [60,61]. Once again, if CD11b is determined to
be helpful in the diagnosis of neonatal bacterial sepsis, it
will most likely be in concert with the other markers, especially
CRP. Weirich et al. showed that, while CD11b was elevated
in infants with proven viral illnesses and symptoms indistin-
guishable from bacterial sepsis, the CRP never rose in
these infants [61], and Nupponen et al. showed that, used in
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combination with IL-8, most proven and suspected bacterial
illnesses were determined very early in the workup of symp-
tomatic neonates [60].

BothG-CSF and intercellular adhesionmolecule 1 (ICAM-1)
have been studied, and have been shown to have some promise
for the early detection of neonatal sepsis. They lack reliable PPV
and sensitivity, but again have good NPV [62,63].

Many of these assays are not readily accessible or results
rapidly available to be useful clinically. Continuing the quest
to determine the best diagnostic assay or profile has brought
neutrophil surface antigen CD64 under investigation, since
levels have the potential to be rapidly determined using flow
cytometry, using very small blood volumes, and levels can be
quantified precisely [55]. Studies have shown the high sensi-
tivity of this marker (95–96%) in septic neonates, and a good
NPV of 93–97%, but again it requires further evaluation for
broader applicability [57].

None of the studied methods has improved upon the PPV
of using risk factors and clinical signs consistent with infec-
tion, low absolute neutrophil count, and immature-to-total
neutrophil ratio � 0.25 to determine infants with sepsis, even
in the age of IAP, as revealed by a large outcome study of 2785
infants [36]. In this study, the majority of infants that had
either culture-proven or suspected sepsis were identified as
“at risk for infection” using obstetrical risk factors including
maternal chorioamnionitis, prolonged rupture of membranes
(> 18 h), maternal fever (> 38 �C), GBS carriage, foul-smelling
amniotic fluid, and prematurity. The rest of the infants were
identified through screening, CBC, and clinical presentations.
Eighty percent of these infants were symptomatic within
12 hours of birth. All of the infants, including the 20% that
were asymptomatic at the time of evaluation, had significantly
lower absolute neutrophil counts than the infants without
sepsis, and all received antibiotics by 12 hours of age. The
infants whose mothers had received IAP were more likely to
be asymptomatic, less likely to be critically ill or to be infected,
and had better outcomes compared with infants whose
mothers did not receive IAP.

Treatment
Empiric treatment with broad-spectrum antibiotics guided by
the knowledge of etiologic organisms and their susceptibility
patterns is the standard of care in neonatal sepsis. The goal of
any antibiotic therapy is the elimination of the bacteria as
quickly as possible, reducing the source for the host inflamma-
tory process that is responsible for the clinical signs related to
sepsis. In addition, it is important to avoid hematogenous
dissemination of the infecting organism to secondary sites.
Ampicillin is most commonly chosen for its coverage of
GBS, Group D non-enterococcal Streptococcus, L. monocyto-
genes, Enterococcus, and other anaerobes. In addition, an ami-
noglycoside is added for appropriate coverage of Gram-negative
organisms and for synergy with ampicillin for treatment of
Enterococcus, GBS, and L. monocytogenes [64,65]. The choice of
initial antibiotic therapy will require close monitoring in the

age of growing IAP and the potential for emerging microbial
resistance. A number of reports have tried to address the issue
of changing patterns of antibiotic susceptibility in the era
of IAP [2,6,9]. Most studies have not documented increased
antibiotic resistance among term infants with sepsis, but have
shown an increased incidence of resistant E. coli sepsis in
preterm infants, particularly after prolonged antepartum
exposures. Antibiotic treatment can be narrowed in culture-
proven sepsis once susceptibility of the organism is known.

Despite appropriate antibiotic treatment, the mortality rate
for neonates remains high. Therefore, there is interest in
adjunctive therapy targeted at areas of immune immaturity
in the neonate. Given the success of intravenous immuno-
globulin (IVIG) in the prevention of bacterial infections in
primary agammaglobulinemia, studies have been tried in neo-
natal sepsis. A meta-analysis reviewed three studies, all of
which showed a sixfold decrease in acute mortality in the
infants treated with one dose of 500–750 mg/kg of IVIG, but
long-termmortality and morbidity must still be evaluated [66].

Granulocyte–macrophage colony-stimulating factor (GM-
CSF) has been evaluated to target neonatal neutropenia, which
is associated with increased morbidity and mortality when
present during bacterial sepsis [67]. Studies have documented
the safety of both G-CSF and GM-CSF in neonates, and a
recent randomized controlled trial showed a significant
increase in neutrophil count in the GM-CSF-treated infants
[68–70]. The mortality rate in this study was decreased by 20%
in the infants receiving GM-CSF. Though promising for
improving outcome of neonatal sepsis, there is concern about
the long-term toxicity on the developing bone marrow of the
neonate, and further efficacy studies in larger cohorts are
still required before GM-CSF is used as standard adjunctive
therapy for neonatal sepsis.

Outcome
There is a clear association between sepsis and mortality, with
a less well-defined causal relationship with long-term morbid-
ity. Mortality from sepsis accounts for approximately 16% of
neonatal deaths, but reports on early-onset mortality rates
attributable to sepsis range from 15% to 50% [16,21]. Mortal-
ity in the first few days after birth was highest, and is not
dependent on the causative agent. LOD carries a much lower
case-mortality rate of approximately 17–22%, and is more
dependent on the etiologic organism, with E. coli carrying the
highest rates of mortality, followed by S. aureus and GBS [16].

Over time a dramatic decrease in mortality has been dem-
onstrated, most closely associated with changes in mortality
due to GBS sepsis. In the 1930s, mortality rates as high as
80% were demonstrated, with a continued decline to present
levels, which appear to have plateaued [21]. Mortality from
GBS sepsis peaked at 47% in 1974, reaching a nadir of 18% in
1978. Mortality from other entities remained appreciably
unchanged during the same period despite the use of appro-
priate antimicrobial therapy [1]. The cases of GBS reported
in the later series also document a falling rate of fulminant
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disease. Using a National Hospital Discharge survey, Lukacs
et al. reported a decline in mortality rates for term infants with
neonatal sepsis from 19/1000 live births in 1990 to 14/1000
live births in 2001, a decline of 23% [18]. The decline in
neonatal mortality secondary to sepsis is multifactorial, related
to prevention, early detection, advanced supportive care, and
antimicrobial therapy [4].

With declining mortality rates, and increasing numbers of
survivors of neonatal sepsis, defining the morbidity in these
survivors is becoming increasingly important. Most of the
documented adverse outcomes, particularly neurologic def-
icits, are seen in neonates that had meningitis as part of their
sepsis [71], and there are clear orthopedic deformities as a
result of neonatal osteomyelitis [72]. These infants, however,
are neurologically intact. Bennet et al. reviewed the outcomes
of survivors of neonatal sepsis from 1969 to 1983, including
premature and term neonates, and showed that approximately
8% of septic neonates that survived without meningitis or
osteomyelitis had long-term sequelae [73]. These infants
account for 40% of the infants that developed sequelae and
50% of those with severe developmental delay. Other compli-
cations were deafness, hydrocephalus, and mild developmental
delay. The hearing impairment observed was associated with
Gram-negative sepsis, but it could not be determined if it was
as a result of treatment with an aminoglycoside, sepsis alone,
or both. All of the infants that developed sequelae were those
with obstetrical and neonatal risk factors, and thus identifying
these infants and utilizing preventive measures should impact
not only survival, but also long-term outcome. Unfortunately,
the same does not hold true for meningitis. Alfven et al.
studied 90 infants with neonatal sepsis and also reported that
most survivors of sepsis without meningitis that developed
long-term sequelae had other underlying conditions, such as
prematurity, and maternal preconditions such as diabetes.
Most other survivors were noted to have normal growth and
development at the time of follow-up 2–6 years later [74].

The role of bacterial sepsis as an independent factor in the
poor outcomes and long-term morbidity in infants with other
neonatal complications, such as perinatal asphyxia, preterm
labor, and prematurity, cannot be easily determined and has
not been reported [75].

Investigators have also studied the role of intrauterine
exposure to infection and inflammation, even in uninfected
neonates, in long-term neurologic outcomes, particularly cere-
bral palsy. While associations are strongest for preterm
infants, there are some increased risks for the term infant
reported [76]. Changing epidemiology would be expected with
the increased use of intrapartum antibiotics, but this has not
been addressed.

Prevention
Prevention measures have been targeted almost exclusively
at GBS sepsis, and these are covered in more detail below.
In theory, these strategies have the potential efficacy for pre-
venting non-GBS sepsis, but this has not been well studied.

Schuchat et al. showed in a multicenter study that prevention
was 63% effective in the prevention of non-GBS EOD [15].
Currently the first-line agents for IAP are penicillin and
ampicillin, which are less effective against the second leading
cause of EOD, E. coli. Whether the impact would be greater
on non-GBS EOD with different chemoprophylaxis is yet to
be studied.

Global approaches to the prevention of neonatal sepsis are
challenging, since there is a variety of pathogens causing
disease, and thus pathogen-specific approaches will not be
broadly applicable. One renewed area of interest is in disinfec-
tion of the birth canal during labor and/or of the newborn
at birth with topical microbicides that have broad antimicro-
bial activity. Studies in the developing world have shown
promise, while others have not shown a benefit [77,78]. The
fear of increased bacterial resistance with the use of IAP has
prompted interest in pursuing this preventive strategy, which
has the potential to cover multiple pathogens and has the
benefit of ease of implementation.

Specific organisms
The major organisms associated with bacterial sepsis will be
covered in more detail, but an exhaustive review of all etiologic
agents of neonatal sepsis is beyond the scope of this chapter.
Given the importance of GBS in neonatal sepsis and mortality,
it will be discussed in more detail than other organisms, which
will be reviewed for the qualities that are unique to them and
deserve mention beyond the general discussion above.

Group B Streptococcus
The organism
GBS emerged as a leading cause of neonatal infections and
mortality in the 1970s, and remains an important cause of
disease in the term and preterm infant [17,79]. The organism
is a Gram-positive coccus and is found as a colonizer of the
female genital and rectal areas. The organism gains access to
these secondary sites of colonization from the gastrointestinal
tract, which serves as the most likely human reservoir [80].
Approximately 10–35% of women are asymptomatic carriers
of GBS. The colonization rate of infants exposed to maternal
sources of GBS is about 50%, but 98% of these infants are
asymptomatic. Eighty percent of the remaining 1–2% of
exposed infants will develop EOD presenting as sepsis, pneu-
monia, or meningitis. The majority of these infants are symp-
tomatic within 2 days of birth, with the rest presenting within
the first week [79,80].

Approximately nine serotypes of GBS have been identified,
with serotype III causing approximately 36% of EOD, 90% of
early-onset meningitis, and 71% of LOD (regardless of site of
infection), despite a smaller representation in maternal colon-
ization rates [17,81]. Recently serotype V has been increasing as
an important isolate in neonatal disease, accounting for about
14% of GBS EOD [82]. In EOD without meningitis the non-III
GBS serotypes are evenly distributed, with non-typable strains
accounting for approximately 2–10% of disease [81].
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The capsular polysaccharide (CPS) antigens are major
virulence factors of GBS, and immunity is known to be a
type-specific anticapsular antibody that promotes opsoniza-
tion of homologous GBS strains in concert with the comple-
ment system. The concentration of CPS-specific antibody that
is protective is not known and may depend on serotype and
bacterial inoculum, as well as the maturity of the immune
system [83]. The lack of passive antibodies at protective levels
may partially explain the virulence of GBS serotype III in EOD
disease with meningitis and LOD.

Epidemiology
The exact incidence of GBS disease is hard to determine.
Published reports are variable, reflecting reporting practices
based on high-risk groups and single institutions, and may not
correctly reflect disease incidence in a larger population. GBS
was an infrequently reported pathogen in neonatal sepsis until
the 1970s, when it became dominant in EOD, resulting in
7500 cases and over 1000 deaths annually [1]. Studies over a
10-year period from 1989 to 1999 in the United States report
an incidence of 1.4–3.2/1000 births for EOD and 0.24–0.5/
1000 births for LOD [84]. After GBS incidence rose, preven-
tion strategies were shown to be efficacious in preventing EOD
by interrupting transmission vertically between mothers and
their newborns [85]. Reports from the Centers for Disease
Control and Prevention (CDC) surveillance showed a decline
in the incidence of GBS EOD by 43% in some sites for the
years 1993–95, but no changes were found at other locations
[86]. In this evaluation, there were clear differences in rates when
race was considered, with African-American rates the highest,
and this has been substantiated in other studies [87]. During
the same period the incidence for LOD remained unchanged.
This trend, therefore, most likely represents practices that
interrupt intrapartum transmission of GBS, including practice
guidelines and enhanced detection techniques, rather than
decreasing GBS carriage rates. This led to further attempts at
prevention, and initial guidelines were issued in 1996, with
revisions in 2002 [88,89]. After the implementation of these
guidelines, studies showed declining incidence rates in EOD
by 80% in GBS EOD, bringing the incidence from 1.7/1000
live births in 1993 to 0.34/1000 live births in 2004 (Fig. 30.2)
[90]. The greatest change was seen in the mid-1990s, but active
surveillance by the CDC showed a continued decline of 33%
during 2003–2005 for GBS EOD, while LOD rates were
unchanged [91]. Annual cases for early-onset GBS disease
were 131–202 over the study period, with an incidence of
0.33/1000 live births, and LOD accounting for 0.12/1000 live
births annually. The race discrepancy was again noted, with
rates in African-American infants increasing by 70%. Whether
there will continue to be a decline in rates of EOD from GBS
is unknown.

Recurrent disease occurs in only a small percentage
(0.4–0.9%) of appropriately treated infants that survive their
initial GBS infection [92]. Though GBS is strongly associated
with disease in preterm infants, the majority of cases (up to
82%) are still seen in term infants [28].

Pathogenesis
The pathogenesis of very-early-onset GBS disease is hypothe-
sized to occur through ascending spread of the organism into
amniotic fluid from which the fetus aspirates [80]. This results
in exposure to a larger inoculum of organisms than could be
achieved through other routes. GBS has been shown to cross
intact membranes [93]. EOD is thought to represent acquisi-
tion of the organism at the time of delivery. LOD is less well
understood, with only a portion of cases reflecting coloniza-
tion at the time of delivery, since only 50% of infants with
LOD are born to mothers with positive cultures for GBS, with
nosocomial and community acquisition thought to account
for the remainder of cases [17,94,95].

Risk factors
The major risk factors associated with GBS EOD are outlined
above and in Table 30.1. The risk of disease is associated with
infant exposure to a high inoculum of organisms and a rela-
tively immunocompromised host. An infant will be at an
increased risk for colonization with GBS if the mother is
heavily colonized, or if obstetrical manipulations allow for
bacterial replication [96]. African-American women have
higher rates of heavy colonization with GBS, which may
account for the higher rates of neonatal disease [97].

Clinical presentation
The clinical presentations of GBS disease are non-specific and
include sepsis, meningitis, pneumonia, and less frequently
cellulitis, omphalitis, osteomyelitis, and septic arthritis. Bac-
teremia with or without pneumonia accounts for 89% of
disease in infants under 90 days, with meningitis only compli-
cating 10% of these cases [86]. Septicemia accounts for 25–40%
of presentations, and pneumonia for 35–55% [17].

Infants presenting with sepsis represent the full range of the
spectrum of disease, including multiorgan failure, acidemia,
and hypotension requiring full life-support measures, as well
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Fig. 30.2. Incidence of early- and late-onset Group B streptococcal disease
and impact of preventive strategies from 1998 to 2004.
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as interventions to correct metabolic abnormalities. Respiratory
findings were prominent in the majority of EOD (80%), but
poor feeding, lethargy, hypothermia or fever, abdominal
distension, pallor, tachycardia, and jaundice have all been
described [17].

Severe pulmonary hypertension can adversely affect the
clinical course and outcome of these infants, and is thought
to be secondary to cardiolipin and phosphatidylglycerol,
which are elaborated by the bacteria [98]. Many of these
infants require treatment with inhaled nitric oxide (iNO),
extracorporeal membrane oxygenation (ECMO), or both.

Diagnosis
The only definitive diagnostic test for GBS sepsis is a positive
culture. Culture results are obviously not available at the time
of presentation, and all symptomatic neonates require a full
septic evaluation and initiation of broad-spectrum antibiotics,
usually with ampicillin and an aminoglycoside. These can be
narrowed once culture results and sensitivities of the organism
are determined (see below).

The evaluation and management of high-risk infants born
to women with risk factors, particularly if they have received
IAP, present particular difficulties and are controversial. This
is particularly true if the infant is asymptomatic, as some
infants that are bacteremic may be asymptomatic at birth,
and partial treatment afforded by antibiotics given to the
mother may mask early signs [99]. Guidelines have been
created in some institutions (Fig. 30.3) that include obtaining
a blood culture and CBC in infants that have one or more
risk factors for sepsis. Empiric antibiotics are initiated if the
total WBC count is below 5000/mm3 or an immature-to-total
neutrophils ratio (I/T ratio) is above 0.2. These are discontinued
at 48 hours if blood cultures remain negative [44].

Treatment
Antibiotics are the hallmark of treatment for all forms of GBS
sepsis, with the drug of choice being penicillin at 2 000 000
units/kg per day. There have been no clinical isolates of GBS
showing resistance to penicillin or ampicillin, though the latter
has a slightly broader spectrum and thus, when GBS has been
confirmed, it is often recommended that penicillin be used
when possible. These organisms are also sensitive to cephalo-
sporins, vancomycin, and semisynthetic penicillins at variable
activities. Erythromycin resistance is reported in 7–25% of isol-
ates, and resistance to clindamycin in 4–15%. There is evidence
of synergy with an aminoglycoside. The duration of treatment of
bacteremia without meningitis is 10–14 days [17,100].

Outcome
Initial reports of GBS sepsis in the neonate documented mor-
tality rates of approximately 50% [17], but this dropped
quickly in the 1980s to 15% and further to present levels of
about 4–6% [86].

Morbidity has been more difficult to define, but reports
from the 1970s showed profound neurologic sequelae if men-
ingitis was documented [17], andmore recent reports of infants
treated with ECMO have shown some long-term neurologic

impairments [101]. Newer evaluations are needed for infants
that survive GBS sepsis in the age of intensive supportive care.

Prevention
With the increase in GBS incidence and the decline in mortal-
ity, efforts have now turned to prevention. The strategies
for the prevention of GBS transmission from mother to fetus
have evolved over the past 25 years, but it was not until the
CDC, American College of Obstetricians and Gynecologists
(ACOG), and the American Academy of Pediatrics (AAP)
reached a consensus that prevention made sense and was
economically affordable that practices started changing
[88,102,103]. Since GBS disease in the neonate is rapidly
progressive and often evident shortly after birth, and antenatal
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∗ If no maternal intrapartum prophylaxis (IAP) for GBS was  
 administered despite an indication being present, data are  
 insufficient on which to recommend a single management  
 strategy. 
†  Includes complete blood cell (CBC) count and differential, blood  
 culture, and chest radiograph if respiratory abnormalities are  
 present. When signs of sepsis are present, a lumbar puncture, if  
 feasible, should be performed.
∂  Duration of therapy varies depending on results of blood culture,  
 cerebrospinal fluid (CSF) findings, if obtained, and the clinical  
 course of the infant. If laboratory results and clinical course do not  
 indicate bacterial infection, duration may be as short as 48 h.
¶  CBC with differential and blood culture.
∗∗  Applies only to penicillin, ampicillin, or cefazolin and assumes  
 recommended dosing regimens.
††  A healthy-appearing infant who was ≥ 38 weeks’ gestation at  
 delivery and whose mother received ≥ 4 h of IAP before delivery  
 may be discharged home after 24 h if other discharge criteria have  
 been met and a person able to comply fully with instructions for  
 home observation will be present. If any one of these conditions is  
 not met, the infant should be observed in the hospital for at least  
 48 h and until criteria for discharge are achieved.

Fig. 30.3. Sample algorithm for management of a newborn whose mother
received intrapartum antimicrobial agents for prevention of early-onset
Group B streptococcal disease or suspected chorioamnionitis. This represents
one approach only, and is not definitive or the only algorithm that has been
developed. From [89].
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antibiotics are effective in preventing the majority of EOD, the
burden of prevention has fallen on those caring for pregnant
women. Two strategic guidelines are in use to address this
dilemma, with different efficacy and risk factors associated
with each. ACOG first published guidelines in 1992, and
supported a risk-based strategy, while the AAP published a
screening-based approach. Confusion persisted for a number
of years as to the best strategy to use, and in 1996–97 all three
bodies reissued consensus statements. After this time, all insti-
tutions that offered obstetrical services must either adapt a
screening-based or a risk-based approach to GBS prevention,
but it was not clear which was superior, if either. In 2002, a
report comparing the rates of GBS EOD showed that the use
of screening strategies prevented 50% more neonatal disease
than risk-based protocols, calling into question the recom-
mendation for endorsing both strategies as equivalent [27].
These findings led to the new prenatal GBS prevention guide-
lines put forth in 2002, which recommended antenatal screening
of all pregnant women (Fig. 30.4) [89]. The screening-based
approach allows for the potential use of antibiotics early in
delivery (as opposed to the alternative of waiting 18 hours
after ruptured membranes or until a fever develops in the
mother), and in mothers who may still colonize their infants
despite the lack of symptoms. Reviews of maternal and infant
records of infants with EOD show that 50–70% of these
infants were born to mothers who lack risk factors [28,104].
One of these studies reported that up to 79% of EOD could
be prevented by the screening-based approach [104]. Conse-
quently, the risk-based strategy has been abandoned, and is
now used only when screening has not been done.

Despite the better performance of the screening strategies,
methods for GBS detection are not sensitive enough to aban-
don the importance of intrapartum risk factors, since GBS

EOD continues to occur in institutions relying on screening-
based strategies [105].

Screening-based approaches provide IAP to all women
with positive cultures for GBS performed late in gestation
and all women without cultures that are delivering< 37 weeks’
gestation. Risk-based approaches provide IAP to women with
the following risk factors: delivery < 37 weeks’ gestation,
prolonged rupture of membranes � 18 hours, intrapartum
temperature � 38 �C. Both strategies provide IAP to women
with GBS bacteriuria, and to women who previously delivered
an infant with GBS disease.

There is also evidence to suggest that at least 4 hours of
intrapartum antibiotics is better than shorter courses: up to
40% of infants born to colonized mothers were still colonized
if antibiotics were given within 1 hour of delivery, but only 1%
of infants were colonized if the mothers received ampicillin
> 4 hours before delivery [106].

Others have advocated more selective use of intrapartum
chemoprophylaxis (SIC) [107,108]. By restricting intrapartum
prophylaxis to GBS-colonized women with additional intra-
partum risk factors, it was predicted that approximately 60%
of the cases could be prevented while exposing fewer than
5% of women to antibiotics, with the remaining cases being
of lesser severity because of the absence of risk factors.

Some of the issues raised above are addressed by combin-
ing this strategy with the use of intramuscular penicillin in
neonates of colonized mothers without risk factors (selective
neonatal chemoprophylaxis or SNC). The use of penicillin
in neonates has been shown to reduce the rate of EOD GBS
without an increase in incidence of LOD [109]. Some authors
advocate combining SIC with SNC [108]. In their proposal all
prenatal cultures would be obtained at 35 weeks’ gestation,
and risk factors extended to include all women without

Intrapartum prophylaxis indicated 
• Previous infant with invasive GBS disease 
• GBS bacteria during current pregnancy 
• Positive GBS screening culture during current 
      pregnancy (unless a planned cesarean delivery, in the 
      absence of labor or amniotic membrane rupture, is 
      performed) 

• Unknown GBS status (culture not done, incomplete, or 
      results unknown) and any of the following: 
 • Delivery at ≤ 37 weeks’ gestation∗ 
 •  Amniotic membrane rupture ≥ 18 h  
 • Intrapartum temperature ≥ 100.4°F (≥ 38.0°C)† 

Intrapartum prophylaxis not indicated 
• Previous pregnancy with a positive GBS 
     screening culture (unless a culture was also 
     positive during the current pregnancy)  

• Planned cesarean delivery performed in the 
      absence of labor or membrane rupture 
      (regardless of maternal GBS culture status)  

• Negative vaginal and rectal GBS screening 
     culture in late gestation during the current 
     pregnancy, regardless of intrapartum risk 
     factors 

Vaginal and rectal GBS screening cultures at 35–37 weeks’ gestation for ALL pregnant 
women (unless patient had GBS bacteriuria during the current pregnancy or a previous infant 
with invasive GBS disease)

∗ If onset of labor or rupture of amniotic membranes occurs at < 37 weeks’ gestation and there is a significant  
 risk for preterm delivery (as assessed by the clinician), a suggested algorithm for GBS prophylaxis manage- 
 ment is provided 
† If amnionitis is suspected, broad-spectrum antibiotic therapy that includes an agent known to be active against 
 GBS should replace GBS prophylaxis.

Fig. 30.4. Indications for intrapartum antibiotic prophylaxis to prevent Group B streptococcal disease under a universal prenatal screening strategy based
on combined vaginal and rectal cultures collected at 35–37 weeks’ gestation from all pregnant women. From [89].
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prenatal care and delivering prematurely. In addition, any
woman with a febrile course consistent with chorioamnionitis
would receive full treatment with ampicillin and an aminogly-
coside, and not just prophylaxis. Further, all asymptomatic
infants born to GBS-colonized women would be given peni-
cillin. This approach would be expected to protect those
infants born to colonized mothers that are symptomatic at
the time of delivery. Infants more likely to be infected with
GBS at the time of delivery are more likely to be born to
colonized mothers without risk factors, and therefore should
be protected by SNC. This would be expected to decrease the
incidence of GBS EOD by approximately 75–90% and limit
the exposure to penicillin to < 10%. There is still concern
about the use of this strategy, particularly with the postpartum
use of penicillin in neonates [110].

It is clear that the use of prevention strategies reduces the
incidence of EOD. The CDC surveyed hospitals in eight states,
and reported that the proportion of hospitals with formal
intrapartum GBS prevention policies increased to 59% in
1997 [86]. Even limited compliance with any prevention strat-
egy that resulted in a reduction in EOD GBS was shown to be
cost-effective [111]. It is important to note that despite best
practices and the institution of appropriate IAP, GBS disease is
not likely to be eliminated without the development of other
strategies.

The impact of IAP on LOD has been evaluated in one
study, which showed that in a small cohort of infants, cases
of LOD were 14% more likely to occur in infants exposed to
IAP than in unexposed infants. In addition, the bacterial
isolates of the exposed infants were more likely to be resistant
to ampicillin, but not to other antibiotics [30]. Clearly this is
an area that deserves further study.

Chemoprophylaxis
Chemoprophylaxis during pregnancy, prior to onset of labor,
has been studied as a way of preventing neonatal GBS disease.
Most studies show that there is no impact on maternal car-
riage despite a reduction in the colonization of neonates and
thus invasive GBS disease [112]. The administration of ante-
partum chemoprophylaxis to all GBS carriers has potential for
approximately 10 deaths annually from anaphylaxis [113], and
a proportion of women and fetuses suffering less severe reac-
tions [114]. In addition, the use of antepartum chemoprophy-
laxis challenges the pediatrician to understand how to treat
the neonates born to mothers who have been treated with
antibiotics [115].

Challenges for the use of IAP include adherence to the
recommendation for administration of antibiotics at least
4 hours prior to delivery. As many as 50% of woman who are
GBS carriers do not receive the antibiotics as recommended
due to the rapidity of labor and delivery [116]. The use of
intrapartum antibiotics is also plagued with the potential
emergence of resistant microbes, including non-GBS organ-
isms. Towers et al. showed that, while the incidence of GBS in
their institution declined over an 8-year study period as a
result of increasing intrapartum ampicillin use, there was also

a coincident rise in EOD caused by non-GBS organisms [114].
The majority of these cases were in infants whose mothers had
been given intrapartum ampicillin, and 87% of the bacteria
were ampicillin-resistant. The conclusion was drawn that the
use of penicillin, with a more narrow spectrum, would be
more prudent in this setting. These findings have not been
supported by more recent studies that have sought to define
the situation in more detail. In these early studies the bulk of
this disease was found in preterm rather than term infants [15].

The influence of IAP alone on these trends is not clear,
since bacterial resistance is seen as a general pattern outside of
neonatal sepsis. Recent studies support no link between the
increased use of IAP and emerging resistant GBS or non-GBS
bacteria, except in preterm, low-weight neonates [6,9]. Further,
there seems to be a trend towards decreasing non-GBS EOD
by both Gram-positive and in some studies Gram-negative
bacteria. It is probable that the phenomenon now highlighted
is that the remaining cases of EOD reflect pathogens that are
not susceptible to the current IAP, and thus these strains are
causing a higher proportion of cases without an overall change
in incidence [6].

In an attempt to define if differences exist in neonatal
bacterial colonization, Jaureguy et al. studied stool pathogens
of 3-day-old neonates exposed to IAP compared with unex-
posed infants [117]. No differences were seen with the colon-
ization of resistant organisms, but infants receiving IAP had
lower rates of anaerobic colonizers, such as Clostridium.

Immunoprophylaxis
Despite the successes of prevention strategies on reduced
incidence of GBS sepsis, there continue to be challenges in
implementation of the guidelines and concerns related to
adverse outcomes. In addition, the prevention strategies are
not expected to prevent LOD, GBS-related stillbirths, or pre-
maturity, and so recent developments are focusing on vaccines.
Vaccines are expected to be effective by providing a boost in the
maternal anticapsular antibody titers so that higher levels are
transferred transplacentally to the neonate. The hope is to
overcome the neonatal susceptibility to GBS disease that is
believed to arise from deficiencies in protective levels of mater-
nal anticapsular antibodies, particularly to serotype III [81].

The initial attempts at producing an effective vaccine con-
centrated on GBS serotype III, but it was not until the poly-
saccharide was conjugated to tetanus toxoid that promising
results were observed [118]. In addition, the initial target
populations for these vaccines were pregnant women in their
second trimester, but this proved to be very controversial.
Therefore the focus for vaccine-induced immunity to GBS
has shifted to women in the child-bearing age prior to preg-
nancies, and also to children. The immunity for a conjugate
vaccine is expected to be lasting, and vaccinating the latter two
populations would offer protection even to newborns born
years after effective immunization.

One goal of GBS vaccination is to achieve decreases in
mucosal colonization as well as protective antibody titers.
Given the multitude of serotypes causing GBS disease, a
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multivalent vaccine will be the only viable strategy to potential
disease elimination, although great accomplishments can be
expected using vaccines targeted at GBS serotype III since it is
the major cause of EOD associated with meningitis and LOD.
Other GBS serotypes have been tested for immunogenicity,
but a multivalent candidate vaccine has not yet been fully
developed [119,120].

One approach focuses on the development of a recombin-
ant vaccine that contains the pili that afford the bacteria ability
for enhanced colonization and infection. Animal studies have
been successful, paving the way for phase I clinical trials. If
successful, this vaccine would reduce bacterial colonization at
the mucosal level and induce both humoral and mucosal
immunity [121,122].

Overall, while promising in early studies, all the proposed
vaccines in development face obstacles to starting phase III
clinical trials. Among the challenges is the need for large-scale
trials, and the use of intrapartum prophylaxis has created a
necessity for immunologic correlates, which have not yet been
identified. Most important are the issues regarding the use of
vaccines in pregnant women.

Escherichia coli
E. coli is the second most important pathogen in neonatal
sepsis, and the primary Gram-negative coliform causing dis-
ease [1,16]. The antigenic structure of E. coli is very complex,
and a great genetic diversity exists in the strains that colonize
humans. Despite the large number of different colonizing
strains, there is a strikingly small number of strains that cause
disease [123]. One of the capsular antigens of E. coli, the K1
antigen, is related to invasive disease and is uniquely associ-
ated with neonatal meningitis. Approximately 80% of E. coli
meningitis in neonates is caused by K1 strains, and though this
association is not as strong with bacteremia, K1 strains have
been cultured from the blood of infants with sepsis without
meningitis [124]. There is also a higher rate of morbidity and
mortality associated with sepsis and meningitis caused by the
K1 strains compared with disease caused by non-K1 strains.
The increased morbidity and mortality are related to the
concentration and persistence of the capsular polysaccharides
of these K1 strains in blood and CSF [125].

Pili on the surface of E. coli K1 strains are important for
mucosal colonization, but a shift to a non-piliated form where
the capsular protein becomes important is the form of the
bacterium that is found in the blood stream of animal models.
The importance of these phase shifts in the E. coli K1 strain's
ability to avoid immune recognition by the host defenses is
considered an important virulence factor [126].

The pathogenesis of fetal colonization is similar to that of
GBS and other organisms that are acquired from the maternal
birth canal either prior to or at the time of delivery (see
above). Though E. coli only causes approximately 13% of
EOD, it is responsible for 31% of LOD, for reasons that are
not clearly understood [1,4]. Sarff et al. and McCracken et al.
showed high rates of carriage of K1 strains of E. coli in hospital

personnel, and subsequent acquisition of identical strains in
the neonates they cared for [124,125]. In addition, there was
acquisition of these strains in neonates born to mothers that
were not colonized with these strains. Cook et al. examined
other virulence factors of E. coli strains associated with neo-
natal sepsis, documenting unique adherence phenotypes that
enhance the virulence of these strains [127]. These properties
are related to those seen in other extra-intestinal E. coli
infections.

The epidemiology of E. coli disease is outlined above.
Unique to E. coli sepsis are higher rates of morbidity, longer
hospital stays, and increased need for mechanical ventilation
compared with GBS EOD. In addition, E. coli EOD carries
higher mortality rates, despite appropriate treatment [128].
Further, changing patterns of E. coli LOD will need to be
monitored, as one study documented an increase in both term
and preterm E. coli LOD since 1997, the cause of which is yet
unidentified [2]. In addition, multiple studies have identified
prematurity as an increased risk for E. coli sepsis in any period
after birth, while term E. coli EOD appears to be declining,
and there appears to be protection associated with longer
exposure (� 4 h) of IAP [20,129].

Treatment for E. coli bacteremia without meningitis is
dictated by the susceptibility to antibiotics of the isolate.
Treatment with ampicillin in susceptible strains alone or in
combination with an aminoglycoside is appropriate therapy.
The use of broader regimens, particularly cephalosporins,
should be carefully considered and used only if deemed neces-
sary, since there is concern for the emergence of cephalo-
sporin-resistant strains of Enterobacter cloacae, Klebsiella,
and Serratia species in the institutions where these infants
reside. The duration of therapy for uncomplicated disease is
usually 10–14 days.

Streptococcus pyogenes
(group A β-hemolytic Streptococcus)
Streptococcus pyogenes has been a historically important cause
of neonatal sepsis from the sixteenth century, and was the
predominant organism causing disease from 1930 to 1940 [1],
but incidence dropped off markedly in the antibiotic era [130].
There has been a recent increase in group A β-hemolytic
Streptococcus (GAS) disease rates in children and adults, and,
while still rare, increased reports of GAS disease in neonates
from sporadic disease and associated with outbreaks have been
published [131,132]. Surveillance will indicate if this trend
continues, and the impact on neonatal disease, but given the
continued susceptibility of GAS to intrapartum penicillin and
ampicillin, IAP is thought to represent a viable prevention
strategy for this pathogen.

GAS has been cultured from the anus and vagina of preg-
nant women, the umbilical stumps of neonates, and the hands
and nasopharynx of neonates, mothers, and nursery person-
nel. Transmission is thought to be at the time of delivery and
postnatally. Most colonized infants are asymptomatic, but rare
cases of invasive disease, such as sepsis and meningitis, have
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been documented. In the past, most disease presented as
indolent omphalitis [130]. This is in contrast to more recent
reports of neonates with a severe EOD associated with high
mortality rates, pointing to the possibility of a resurgence of
disease with a more aggressive course similar to GBS EOD
[133,134]. If there appears to be a true increased incidence of
such disease then preventive measures such as those utilized to
decrease the incidence of GBS may become increasingly
important.

No strains of GAS have emerged that are resistant to
penicillin, and this remains the drug of choice for treatment
[135]. In the era of new more invasive neonatal sepsis caused
by GAS, adjunctive therapies with clindamycin and IVIG may
be warranted, but studies in neonates are lacking at the present
time [136,137].

Enterococcal group D Streptococci
The incidence of enterococcal group D Streptococci (Entero-
coccus) as a cause of neonatal sepsis rose in the 1980s and
1990s from approximately 0.12/1000 live births to 0.8/1000 live
births in one study and three-fold in another [138,139]. Elim-
inating prematurity as a risk factor, EOD was not associated
with obstetrical complications, and very few term infants
were noted to have LOD, and these were associated with
complicated postnatal courses with invasive procedures. Fur-
ther, the increased incidence was not a result of the use of
broader-spectrum antibiotics, which were not in common use
at the reporting institutions. Since the increased cases were
late, occurring in hospitalized neonates, they were thought to
represent longer survival of mostly preterm infants in NICUs
[138,139].

The organism is a Gram-positive organism that has been
known as a human pathogen for approximately 100 years
[140]. The two important species that cause disease in humans
are Enterococcus faecalis and E. faecium [139].

The clinical signs again are often subtle and non-specific.
The major signs of enterococcal sepsis include respiratory

distress and apnea, but rarely are chest x-rays positive. Tem-
perature instability and hypothermia are also present in
15–60% of infants. Diarrhea was the second most frequent
symptom encountered in EOD, and rarely does meningitis
complicate EOD. About 40% of infants with EOD can be
expected to be asymptomatic at birth, and they are often
screened only because of maternal risk factors [138,139].

Enterococci are moderately resistant to ampicillin and
penicillin, and highly resistant to all cephalosporins. Optimal
therapy includes both a penicillin and an aminoglycoside for
synergy, or vancomycin. There are concerns that neonatal
enterococcal infections will continue to rise and be more
difficult to treat, given the appearance of strains that are
vancomycin-resistant in the United States. The hospital sur-
vival rates of infants with vancomycin-resistant enterococcus
(VRE) are significantly worse than those of infants with sus-
ceptible strains [138]. Outcomes for Enteroccocus sepsis
appear to be good, with quick clinical improvements, but
long-term studies are lacking. Case-fatality rates are low –
approximately 5.5–10% – and appear to relate to underlying
conditions [138,139].

Summary
The changing prevalence of organisms responsible for neo-
natal sepsis, and the potential for emerging resistance in these
organisms, underscores the necessity for close vigilance and
surveillance of this disease. Many advances have been made in
the prevention and treatment of neonatal bacterial sepsis, but
mortality and morbidity remain high. By adapting more strin-
gent prevention guidelines and developing better diagnostic
and treatment strategies, there is hope that dramatic improve-
ment will occur in both the mortality rates and the incidence
of morbidity in the survivors. Ideally, the future focus will be
on the development of other prevention strategies such as
vaccines and local antiseptics that could have broader and
more dramatic influences on neonatal sepsis.
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Chapter

31 Neonatal bacterial meningitis

Alistair G. S. Philip

Introduction
The term meningitis refers to inflammation of the leptomen-
inges covering the brain. Bacterial infection of the meninges
usually produces a suppurative process or “purulent meningi-
tis.” However, it is probably more correct in the newborn
infant to consider the condition as bacterial meningoencepha-
litis, since it is common to have involvement of the cerebral
hemispheres as well as involvement of the meninges.

From the clinician's perspective it has been traditional to
think of neonatal sepsis (septicemia) and meningitis together,
because the clinical manifestations may be indistinguishable.
For many years, the proportion of cases of neonatal sepsis that
also had documented meningitis was considered to be one-
quarter to one-third. For instance, in 1986 it was estimated
that one case of neonatal meningitis occurs for every four
cases of sepsis [1]. Indeed, this was my personal experience
in Vermont between 1975 and 1980, when 12 of 41 cases
(29%) with neonatal sepsis in the first week after birth had
associated meningitis [2]. However, in the early 1990s the
proportion of cases decreased to as low as 5% [3]. This may
be less true in other countries, with 32 of 229 (14%) noted in
Israel, 107 of 577 (18.5%) in Panama, and 14 of 84 (17.8%) in
Kenya [4–6]. It is also noteworthy that with meningitis due to
Group B Streptococcus (GBS), the proportion of cases may
relate to the time of onset of the disease. For instance, if GBS
sepsis was detected within 12 hours of birth, the proportion
with meningitis was 6%, whereas it was 53% if over 7 days of
age, in a recent study from the Netherlands [7].

Incidence
The incidence of neonatal bacterial meningitis will vary from
one center to the next, but national studies have shown the
incidence to be quite similar (Table 31.1). In the Netherlands
[8] the incidence in 1976–82 was 0.23/1000 live births, and in
England and Wales the incidence in 1985–87 was 0.32/1000
live births and did not change significantly when re-evaluated
in 1996–97 [9]. Twenty years ago the lowest incidence, of
0.16–0.17/1000 live births, was reported from Australia, where
rates have since fallen to even lower levels [10–12]. We are
now in an era of widespread intrapartum chemoprophylaxis to

prevent GBS infection, and this seems to have resulted in
a decrease in meningitis incidence in several countries [13].
In a review of early-onset infection from Australia and New
Zealand (Australasia), the incidence of early-onset GBS menin-
gitis fell from 0.24/1000 in 1993 to 0.03/1000 in 2002, whereas
the incidence of meningitis due to Escherichia coli did not
change [14]. On the other hand, data from the Netherlands
documented a sharp reduction in early-onset GBS sepsis, from
0.54/1000 in 1997–98 to 0.36/1000 in 1999–2001, but GBS
meningitis rates were 0.14 and 0.17/1000 live births respectively
for these two time periods [7].

A further indication that the incidence may be falling is the
fact that, compared to the latter half of the twentieth century,
there have been few reports concerning neonatal meningitis so
far in the twenty-first century. The incidence of sepsis and
meningitis is higher in neonates of low birthweight (< 2500 g)
and especially very low birthweight (VLBW: < 1500 g) [14–17].
There is also a slight male preponderance in most reports.

Need for lumbar puncture
It is unusual to encounter meningitis in the first 24 hours after
delivery, and because of this many clinicians elect not to
perform a lumbar puncture at that time, particularly when
evaluation for sepsis/meningitis is being performed only for
risk factors (e.g., prolonged rupture of membranes, maternal
fever, etc.) [3].

This issue remains controversial, but in places with a
higher incidence of neonatal meningitis it would seem prudent
to perform lumbar puncture whenever meningitis is suspected
[18]. Where there is a low incidence of meningitis, there are
differences of opinion about the best approach to adopt in the
term infant, but there is also no uniformity of opinion
regarding the VLBW infant. This is because the procedure
itself may cause disruption of normal physiology, may pro-
duce a “traumatic tap,” or may be unsuccessful [19].

Some authors have documented an extremely low yield
from cerebrospinal fluid (CSF) obtained very early, particu-
larly when performed for features of respiratory distress syn-
drome, and it may add little to blood culture alone. However,
one study documented that 28% of infants (12 of 43) with
meningitis had a negative blood culture, including seven of the
eight infants whose mothers received prenatal antibiotics.
With an increasing number of women receiving prenatal
antibiotics to prevent GBS infection, this raises some concern,
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but there may be alternative strategies that can be adopted (see
Diagnosis, below). A 5-year analysis of neonatal bacterial
sepsis also stressed the possible interference of intrapartum
maternal antibiotics in obtaining positive blood cultures, but
recorded only five cases of bacterial meningitis and 209 cases
of septicemia [20].

Johnson et al. (in 1997) looked at 24 452 term newborns
from 1987 to 1993 [21]. Of the infants evaluated for infection
based on risk factors, 3423 (14%) were asymptomatic. Among
this group, 17 (0.5%) were bacteremic, but none had meningi-
tis. An additional 1712 (7%) were evaluated for signs of sepsis,
55 of whom (3.2%) were bacteremic, with 11 cases of menin-
gitis (10 of whom had positive blood cultures). They con-
cluded that lumbar puncture is unnecessary in asymptomatic
term newborns – a position affirmed by Pong and Bradley in
their review [22].

I agree with this approach and, even in the presence of
signs of sepsis, would recommend a selective policy on the first
day, taking specific signs and markedly abnormal laboratory
values into consideration (see Diagnosis, below). After the first
day, evaluation for sepsis/meningitis should include a lumbar
puncture, in most cases. Particularly when neonates with non-
specific illnesses are seen in an outpatient setting, the need to
consider meningitis has been emphasized [23].

It is also important to note that a lumbar puncture may be
indicated even more in VLBW infants. In a large experience
from the NICHD Neonatal Research Network, one-third of
VLBW infants had meningitis in the absence of a positive
blood culture [24].

Case fatality
Despite a decrease in meningitis relative to sepsis, the case-
fatality rate has remained extremely high until recently. The
rate in England and Wales among 450 cases seen in 1985–87
was 20% [9]. Case-fatality rates are usually higher in neonates

with Gram-negative infections, with a rate of 32% in England
and Wales and a threefold increase compared to Gram-positive
infections in another study [9,25].

On the other hand, a 21-year experience in Dallas, Texas,
indicated a case-fatality rate with Gram-negative bacillary
meningitis of 17% for the years 1969–89 [26]. It should also be
noted that 61% of the survivors in Dallas had long-term seque-
lae. Even with Gram-positive meningitis the outcome frequently
involves impairment. For instance, Edwards et al. evaluated
38 survivors of GBS meningitis at over 3 years of age [27]. Only
50% were functioning normally. In a more recent study from
Toronto, Canada, the case-fatality rate was 13% in 101 infants
with definitive bacterial meningitis born between 1979 and 1998,
and an additional 17% hadmoderate or severe disability at 1 year
of age [28]. The best outcome was reported from Greece for the
years 1983–97, where 70 of 72 term infants with Gram-negative
bacterial meningitis survived to discharge and survivors had
a low incidence of neurologic sequelae [29]. Experience in
England and Wales also suggests a marked decrease in case
fatality in more recent years (8% in 1996–97) [30], but with
continued high rates of disability [9]. Case-fatality rate was also
markedly reduced (to 8%) in southern Taiwan in 1994–2001,
compared to 17% in 1986–93 [31]. The most recent data from
other countries (less well developed) continue to show high case-
fatality rates of 30–40%, with a high incidence of neurologic
sequelae in survivors [32,33]. It has also been observed that
case-fatality rates are higher in VLBW infants [13,24].

Thus it is clear that neonatal meningitis remains an
important cause of mortality and morbidity. Early diagnosis
and treatment remain desirable goals, but prevention may be
even more desirable. These areas will be discussed later.

Etiology
Prior to the mid-1970s, Escherichia coli was the leading cause
of neonatal bacterial meningitis in most developed countries.
Even in the period 1975–83, E. coli was the leading cause of
neonatal meningitis in England and Wales [34], and the same
was true in the Netherlands from 1976 to 1982. However, as
long ago as the early 1970s, GBS accounted for 31% of 131
cases of neonatal meningitis and E. coli for 38% in the Neo-
natal Meningitis Co-operative Study. Since the late 1970s,
GBS, also known as Streptococcus agalactiae, has assumed the
dominant role in most countries reporting on the causative
organisms of neonatal meningitis. However, Gram-negative
bacteria (Klebsiella spp. and E. coli) continue to predominate
in some developing countries [4,5,15,35], although GBS may
be increasing [4,33]. Experience from Dallas during 1987–94
indicated that GBS accounted for 52% and E. coli for only 9%
of 74 cases of neonatal bacterial meningitis (Trujillo and
McCracken, personal communication). On the other hand,
in Toronto, Canada, between 1979 and 1998 GBS decreased
from 59% to 42% and E. coli increased from 22% to 27% [28].
A further decrease in GBS meningitis, but not E.coli meningi-
tis, has been seen in Australasia in recent years, presumably
related to increased use of intrapartum antibiotics [14].

Table 31.1. Incidence of neonatal bacterial meningitis

Authors Country Years Rate per
1000 live
births

Mulder and Zanen
1984 [8]

Netherlands 1976–82 0.23

Tessin et al. 1990 [16] Sweden 1975–86 0.40

De Louvois et al. 2005 [9] England
and Wales

1985–87 0.32

Francis and Gilbert
1992 [11]

Australia 1987–89 0.17

Greenberg et al. 1997 [4] Southern
Israel

1986–94 0.45

Isaacs et al. 1999 [10] Australia 1991–97 0.16

De Louvois et al. 2005 [9] England
and Wales

1996–97 0.31

Gordon and Isaacs
2006 [12]

Australia
and New
Zealand

1992–2002 0.10
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Meningitis due to GBS is usually associated with late-onset
infection, generally considered to be more than 5 days after
birth, in contrast to the clinical picture of sepsis and pneumo-
nia associated with early-onset GBS infection, although cases
of early-onset meningitis certainly occur. In a recent report
from Italy, among 30 infants with early-onset GBS infection,
only two had culture-proven meningitis, whereas meningitis
was documented in 12 of 26 with late-onset GBS disease [36].
Similarly, babies infected with Listeria monocytogenes, particu-
larly serotype IVb, are more likely to have meningitis as the
most frequent clinical manifestation with late-onset infection
[37]. Although L. monocytogenes is not as prevalent in the
USA, it has been an important organism in some countries
and has been implicated in epidemics in North America [38].
In a report from Kuwait, L. monocytogenes was the common-
est organism isolated in 45 neonates with bacterial meningitis,
accounting for 31% of the total, compared to 15% for GBS and
11% for E. coli [39].

Meningitis due to GBS is most frequently due to serotype
III, even with early-onset meningitis. In contrast to a broad
distribution of serotypes in neonatal early-onset sepsis, over
85% of early-onset (n¼ 46) and late-onset (n¼ 121) meningi-
tis cases were reported due to serotype III by Baker in 1979
[40]. Rather similar findings were reported by Carstensen et al.
when describing a national study from Denmark [41], when
77% of early-onset (n¼ 13) and 100% of late-onset (n¼ 18)
meningitis cases were type III infections. Experience from the
Netherlands showed 57% of GBS meningitis to be the result of
type III [8]. Recently, serotype V has been implicated more,
and it has been shown that the biotype may be an important
factor, as a result of the loss of catabolic function [42]. Of 15
biotypes, B1 to B6 were 13 times more likely to invade the
central nervous system of the neonate than B7 to B15. Among
42 GBS strains associated with neonatal meningitis, 86% were
identified as B1 to B6 [42]. Cases of neonatal meningitis
attributed to E. coli are predominantly the result of those
carrying the K1 capsular antigen. Most reports indicate that
75% of strains of E. coli causing neonatal meningitis are K1
strains, and Mulder et al. had 88% K1 strains [43].

In at least one country (Serbia), recent experience
(1991–2000) indicates that Klebsiella species account for more
cases of neonatal meningitis than either E. coli or GBS [44].
There are many other organisms that have been implicated
in neonatal meningitis, most of which are relatively uncom-
mon (for extensive lists, with references, see Davies &
Rudd, and Pong & Bradley [22,45]). It should be noted that
the fourth commonest organism in England and Wales was
Streptococcus pneumoniae (or pneumococcus), which was
almost as common as L. monocytogenes [34]. Neisseria menin-
gitidis, which is a frequent etiologic agent in older infants and
children, is an uncommon cause of neonatal meningitis, but
cases continue to be reported [46]. Hemophilus influenzae,
which was a common causative organism of meningitis in
infancy until recently, has also been an uncommon etiologic
agent in the neonate and is usually non-typable (not type b),
even in years prior to the introduction of H. influenzae type b

vaccine. In the VLBW infant the organisms noted above may
still be implicated, but infection with coagulase-negative
staphylococci (especially Staphylococcus epidermidis) is more
common [47].

Some organisms have a penchant for causing more
difficulty than others. Important among them is Citrobacter
diversus, which seems to predispose to the development of
brain abscess (or abscesses) [48], for reasons that are not
completely clear.

Pathophysiology and pathology
Bacteremia and susceptibility
Although some cases of neonatal meningitis are encountered
without accompanying bacteremia, the most likely route of
spread is via bloodstream infection. Indeed, it has been sug-
gested that the magnitude of bacteremia is associated with the
occurrence of Gram-negative meningitis. Thus, those factors
that predispose to neonatal sepsis (septicemia) may also be
considered as risk factors for meningitis.

Infection may be acquired from the mother or may be
acquired after birth. Bacteria may also possibly gain access to
the meninges by direct spread from the oropharynx. Prenatal
risk factors include prolonged rupture of the fetal membranes,
particularly if there is evidence of chorioamnionitis, and pre-
term labor without apparent explanation. Much research has
linked amniotic fluid infection to preterm labor [49]. Male
infants seem to be more susceptible to infection than female,
with a higher incidence in almost every series. VLBW infants
are at particularly high risk (see Introduction, above) and an
increased risk for GBS infection has been reported in twins
[50], although this may be related to the higher incidence of
preterm delivery with multiple births. An additional high-risk
group is infants with galactosemia, who are particularly sus-
ceptible to infection with E. coli [51].

The characteristics of some bacteria seem to be associated
with an increased propensity to cause neonatal meningitis
[52]. The capsular polysaccharide of GBS type III, E. coli K1,
and L. monocytogenes serotype IVb all contain sialic acid
in high concentration. All these organisms have been closely
linked to meningitis. The ability of bacteria to interact with
neutrophils may also affect virulence. It has been shown
that impaired interaction with neutrophils is characteristic of
virulent clones of E. coli, more likely to produce invasive
infection [53].

The hospital environment can be particularly hostile for
VLBW infants, who may require prolonged intubation with
endotracheal tubes or prolonged catheterization of major
blood vessels. Central venous catheters, in particular, seem to
predispose to bacteremia, with the possibility of meningitis
as a consequence.

Anatomical pathology
Because meningitis is now relatively infrequent, it is necessary
to rely on older information for a description of the morpho-
logical inflammatory response [54]. Initially (during the first
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week) polymorphonuclear leukocytes (PMNs) aggregate in a
meshwork of fibrin over the outer part of the arachnoid
membrane. This exudate may occur over the cerebral hemi-
spheres, but is also found at the base of the brain. Later
(second and third week) PMNs decrease, while histiocytes
and macrophages increase [54].

Pathologically, changes in blood vessels are very common,
with inflammatory infiltrates leading to thromboses of arach-
noidal or subependymal veins. There may be severe conges-
tion or hemorrhagic encephalopathy of the brain substance.
This may lead to necrosis of nerve cells and leukomalacia.
Additional findings that may help to explain the sequelae
among survivors of bacterial meningitis are segmental arteritis
of meningeal and perforating branches of the carotid artery,
compression or collapse of surface veins by purulent menin-
geal exudate and by cerebral edema, and phlebitis of cortical
veins [55]. The major neuropathological features of neonatal
bacterial meningitis are summarized in Table 31.2.

Cytokines and chemokines
In recent years, there has been an increased awareness that
outcome may be related to circulating humoral factors as well
as direct bacterial invasion of the meninges [56]. These
humoral factors are called cytokines and chemokines. Levels
of the proinflammatory cytokines interleukin 1β and tumor
necrosis factor a (cachectin) were detected in the CSF of most
neonates with Gram-negative bacterial meningitis, and peak
concentrations of interleukin-1β correlated with outcome.
While some cytokines may produce adverse effects, others
have been shown to have beneficial effects (e.g., interleukin
10, which is an anti-inflammatory cytokine) and could prove
useful as adjunctive therapy [56].

Blood–brain barrier
Another factor that normally plays a role in protection against
the spread of bacterial infection is the blood–brain barrier.
The permeability of the blood–brain barrier has been shown
to increase in stressed neonates and those with bacterial men-
ingitis, when compared to “healthy” infants or neonates with
aseptic meningitis [57]. The brain is normally protected from
undesirable fluctuations of humoral factors by the blood–
CSF–brain barrier, which primarily exists at the arachnoid

membranes, the choroid plexus, and the endothelial cells of
brain capillaries. The endothelial cells produce continuous
tight junctions in the walls of capillaries, which act as the
barrier, but can be disrupted by hyperosmotic solutions.

The ability of lipopolysaccharide derived from E. coli O111
B4 to disrupt the blood–brain barrier has been shown in
newborn piglets during experimental neonatal meningitis
[58]. Disruption was demonstrated by leakage of sodium
fluorescein from blood vessels within about 1 hour of intra-
cisternal injection of lipopolysaccharide. E. coli was chosen
because this organism remains a frequent cause of meningitis
in human newborns. The authors postulated that “the prod-
ucts of Gram-negative organisms could adhere to the adven-
titial surface of cerebral capillaries, resulting directly in
separation of the tight junctions between endothelial cells
and a marked increase in pinocytotic activity within the endo-
thelium” [58]. This model could prove useful for studying
both pathogenesis of neonatal meningitis and also its therapy.

Disruption of the blood–brain barrier with exudation of
albumin across the leaky junctions may lead to cerebral
edema, with increased intracranial pressure and altered cere-
bral blood flow. These in turn can produce cranial nerve
injury, seizures, and hypoxic–ischemic injury.

There is also evidence to suggest that genetic factors may
contribute to bacterial penetration of the blood–brain barrier.
This transcellular penetration (transcytosis) has been demon-
strated for GBS, E. coli K1, L. monocytogenes, Citrobacter
freundii, and Streptococcus pneumoniae [59].

Diagnosis
Clinical features
Bell and McGuinness have noted that there were only occa-
sional publications on neonatal bacterial meningitis in the first
half of the twentieth century [55], with authors stressing the
rareness of the condition and the difficulty of clinical diagno-
sis until the advanced stages were reached. However, during
the second half of the twentieth century, many cases were
encountered and diagnosed, probably as a result of increased
awareness, and there was a voluminous literature on the sub-
ject. Now, in the twenty-first century, the condition is becom-
ing relatively rare again, but those clinical features that initiate
investigation for sepsis continue to be those that should also
raise the possibility of meningitis. These clinical manifesta-
tions include lethargy, abdominal distension, respiratory dis-
tress, temperature instability, irritability, apnea, or cyanotic
spells [26,60]. When these features cannot be explained by
other diagnoses, it is important to evaluate the baby for infec-
tion, including a lumbar puncture to obtain cerebrospinal fluid.

Late signs of bacterial meningitis are a bulging anterior
fontanel and seizures, although in some reports seizures were
surprisingly common [26,28,29]. Nuchal rigidity is almost
never seen in the neonate [29]. If investigation of meningitis
is not performed until these late signs are seen, serious mor-
tality and morbidity are likely to result [30]. Unfortunately, in
many cases of later onset, this is the situation that prevails.

Table 31.2. Neuropathological features of neonatal bacterial meningitis

Acutea Chronic

Arachnoiditis Cerebral cortical atrophy

Cerebral edema Developmental defects

Cerebral abscess Hydrocephalus

Encephalopathy Multicystic encephalomalacia

Infarction Organizational defects

Vasculitis Subdural effusion

Ventriculitis White-matter atrophy

Note:
aMay be visible on ultrasonography [74].
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Cerebrospinal fluid
In contrast to older infants and children, CSF obtained early in
the course of meningitis may not demonstrate specific cellular
changes in the neonate. The interpretation of CSF changes
is compounded by the presence of up to 25–30 white blood
cells per cubic millimeter (WBC/mm3) in neonates without
infection (Table 31.3), and by the difficulties in obtaining CSF
uncontaminated with blood. In one study, 21 samples from
39 neonates with meningitis on CSF culture could be
evaluated with cell counts. Only 12 of 21 had more than
25WBC/mm3, illustrating the importance of sending the fluid
for culture in every case where lumbar puncture is performed.
It also illustrates that, when infection is suspected, antibiotics
should be initiated promptly after specimens for culture have
been sent. Decisions about discontinuing antibiotics can be
made 48–72 hours later.

Culture of CSF remains the “gold standard” as far as
diagnosis of bacterial meningitis in the neonate is concerned.
Higher WBC counts may be seen with Gram-negative rods
than with Gram-positive cocci, although CSF protein and
glucose usually are not different [61]. As just mentioned, it is
possible to have a lack of pleocytosis, but to have a positive
culture (presumably early in the course of the illness). A recent
study showed that 10% of infants with meningitis had less
than 4 WBC/mm3 in the CSF, leading to the suggestion that
no single value in the CSF can reliably exclude the presence of
meningitis in the neonate [62]. For this reason, CSF should
always be sent for culture. A case has also been made for
repeating lumbar punctures when bacteremia is documented,
since pleocytosis developed in several infants whose CSF was
initially normal [63]. In cases of meningitis which grow Gram-
negative organisms, it is common for the CSF to remain
culture-positive for several days [26]. This seems to be less
true with Gram-positive organisms, but whenever persistently
positive cultures occur, it suggests that ventriculitis may be
present.

The technique of performing a lumbar puncture (or spinal
tap) is important. Care needs to be taken to avoid excessive
flexion of the trunk or neck, since this may produce hypox-
emia. Although intuitively local anesthesia might seem to

lessen physiologic instability, this was not observed in a con-
trolled trial [64]. On the other hand, it seems important to
use needles with stylets, since needles without stylets carry the
risk of introducing epithelial cells into the spinal canal, with
subsequent development of epidermoid tumors [65]. Short
needles for this purpose are available, and they allow consider-
able stability during manipulation.

Examination of CSF microscopically may reveal a specific
organism more rapidly than waiting for culture. In one large
cooperative study, smear with Gram's stain correctly identified
80% of organisms prior to culture results [66].

Although it was suggested in older children that CSF
C-reactive protein (CRP) levels might help to make a rapid
diagnosis of bacterial meningitis, CRP in CSF was not shown
to be helpful in neonates [67].

It is also possible to detect bacterial antigen in CSF using
either countercurrent immunoelectrophoresis or latex particle
agglutination (LPA). The latter is quicker and simpler and has
proved quite useful in type III GBS meningitis. Although there
is an LPA test for E. coli K1 antigen, which cross-reacts with
Neisseria meningitidis group B, this has not been shown to be
particularly reliable or useful.

Other laboratory evaluations
Additional help in evaluating infants with suspected sepsis
and/or meningitis comes from blood leukocyte counts and
CRP measurements. As with any severe infection, total leuko-
cyte counts are frequently low (below 5.0	 109/L), with
increased ratios of immature to total neutrophils [68]. Impor-
tant observations on the usefulness of serum CRP determina-
tions in bacterial meningitis were published over 30 years ago
[69]. The most uniform pattern of high serum CRP values in
neonates was seen with cases of E. coli meningitis. Marked
increases in serum CRP were noted in four cases of neonatal
meningitis reported by Sabel and Wadsworth, with three cases
seen on the first day after delivery [70]. Although serum CRP
may not always be elevated at the initial evaluation for
suspected sepsis/meningitis [68,71], it increases reliably in cases
of meningitis, sometimes to very high levels within 24–48 hours
[68,72]. Pourcyrous et al. documented increased levels of
CRP in 11 of 13 (85%) neonates with meningitis at initial
evaluation [71]. By 12 hours later, all 13 had elevated levels.
Consequently, CRP determinations may be particularly help-
ful if a decision has been made to defer performing a lumbar
puncture in an unstable infant. If the serum CRP remains
normal, meningitis is virtually eliminated, but if it increases
substantially (above 4 mg/dL) lumbar puncture should be
performed. This number proved useful in infants over
2months of age, who had been ill for more than 12 hours
and had fever [73]. When CRP was less than 2 mg/dL, all had
confirmed or probable viral infection, whereas above 4 mg/dL
79% had bacterial infection [73].

Imaging studies
The most useful technique for imaging the brain in cases
of bacterial meningitis is probably ultrasonography. This is

Table 31.3. Findings in the cerebrospinal fluid (CSF) of non-infected
term neonates

Features Bonadio
et al. [123]

Ahmed et al. [124]

Number of infants 35 108

Age at evaluation 0–4 weeks 0–30 days

White blood cells

Mean 11/mm3 (11	 106/L) 7.3/mm3 (7.3	 106/L)

Range 0–35/mm3

(0–35	 106/L)
0–130/mm3

(0–130	 106/L)
(only 3 with > 20/mm3)

Protein – mean 84mg/dL (0.84 G/L) 64mg/dL (0.64 G/L)

Glucose – mean 47mg/dL (2.6 mmol/L) 51mg/dL (2.8mmol/L)
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because it can be accomplished at the bedside (through the
anterior fontanel) and considerable experience has accumu-
lated with this technique in the last 25 years [74,75]. In recent
years magnetic resonance imaging has proved valuable. In par-
ticular, diffusion tensor imaging (DTI) has documented menin-
geal inflammation by revealing increased fractional anisotropy
in cases of neonatal bacterial meningitis, which decreased with
antibiotic treatment [76]. Computed tomography may also
provide better delineation than ultrasonography [22].

In a series of infants from Toronto, a constellation of
abnormalities was documented by ultrasonography in the great
majority (25 of 34) with pyogenic meningitis [74]. Abnormali-
ties included ventriculomegaly, echogenic sulci, subdural effu-
sion, ventriculitis, infarction, cerebritis, cerebral edema, and
porencephalic cysts [74].

As noted earlier, brain abscess (or abscesses) may be seen
more commonly in association with meningitis due to Citro-
bacter diversus, and imaging studies are particularly valuable
in this context [48].

Antibody to common bacteria
Susceptibility to infection is related to the presence (or
absence) of antibody. This has been most strikingly demon-
strated with regard to Group B streptococcal infection. Vogel
et al. documented the lack of sero-specific antibody in neo-
nates who acquired GBS infection [77]. The increased suscep-
tibility of VLBW infants is probably related (in part) to
decreased transfer of antibody from mother to baby, since
transfer of immunoglobulin G occurs predominantly after
32weeks' gestation [78]. Only immunoglobulin G usually tra-
verses the placenta. Transfer of IgG seems to be by an active,
rather than passive, process.

Since meningitis is a serious infection, it would be sus-
pected that survivors would have a significant antibody
response. It is therefore interesting to learn that the patterns
of response in survivors of type III GBS meningitis were quite
variable [79]. In five of ten infants, specific immunoglobulin
M antibody failed to develop at a mean of 3.8 weeks after
diagnosis, increased after another 4–8 weeks, and declined
to baseline again another 2–4 months later. This inability to
sustain an antibody response is akin to the comparatively low
response of mothers to unconjugated GBS vaccine [80].

The prominence of E. coli in neonatal infection has been
attributed to the fact that antibody to this and other Gram-
negative organisms is predominantly found in the immuno-
globulin M fraction, which does not cross the placenta.
However, it has been documented that selective transport of
anti-E. coli antibody in the immunoglobulin G fraction can
provide some protection, even in very preterm infants [81].

Complications
There are several acute complications that have been reported
in association with bacterial meningitis in the neonate.
The most frequently reported are ventriculitis, hydrocephalus,
and cerebral abscess, but more recently cerebral infarction

has been noted in infants with meningitis [82]. Although
frequently recognized in older infants, very few cases of
inappropriate secretion of antidiuretic hormone have been
documented in the neonate. Diabetes insipidus has been asso-
ciated with GBS sepsis/meningitis and was presumed to be
related to brain edema, inflammation, and vasculitis leading to
infarction [83]. In a few instances, the inflammatory process
and ischemic change may lead to liquefaction of the brain.
The author has encountered three such cases, one with GBS
and one each with Streptococcus pneumoniae and E. coli
(unpublished) [68].

Because ventriculitis was so commonly encountered with
Gram-negative organisms, the first Neonatal Meningitis
Co-operative Study Group used intrathecal antibiotics and
the second used intraventricular gentamicin [66,84]. The
results of these interventions were no better (and possibly
worse) than intravenous antibiotics alone, so that intrathecal
or intraventricular therapy is not considered necessary or
particularly beneficial. It may be possible to detect ventriculitis
using cephalic ultrasound [75].

Hydrocephalus seems to be the result of outflow obstruc-
tion secondary to high CSF protein levels. Earlier treatment
may possibly minimize this problem, but when it develops
(possibly in one-third) it usually requires ventriculoperitoneal
shunt repair.

As noted earlier, cerebral abscesses seem to be particularly
common in association with neonatal meningitis caused by
Citrobacter diversus [48]. The diagnosis has become easier to
make because of newer imaging techniques. Cranial ultra-
sonography, in particular, allows the imaging to be performed
at the bedside, although MRI may provide better images.
Other organisms that have been associated with neonatal brain
abscesses are Proteus and Enterobacter species. In one series,
among 30 cases of brain abscess, 27 were caused by Proteus
species infections [85].Many of themwere enormous and easily
detected with ultrasonography or computed tomography scans.
In only 20 cases did meningitis precede the brain abscess.
Enterobacter sakazakii also has been reported to produce brain
abscess, because it seems to have neurotropic qualities [86].

Ment et al. performed cranial computed tomographic
scans on all eight neonates with bacterial meningitis admitted
during a 36-month period [82]. Six had large areas of infarc-
tion related to major arterial vascular distributions. They
suggested that computed tomographic scans be done on all
neonates with bacterial meningitis, although magnetic reson-
ance imaging might now be considered. Long-term compli-
cations (such as deafness) are discussed in the subsection on
neurological sequelae in the outcome section, below.

Treatment and management
Although antibiotic therapy is often referred to as “specific
treatment,” it should be remembered that antibiotics are used
to suppress bacterial growth, so that the baby's defense mech-
anisms have time to respond. There are many instances
where appropriate antibiotic therapy is used, with a sensitive
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organism, but the baby with sepsis and/or meningitis has been
overwhelmed by the infection and died. Nevertheless, the
judicious use of antibiotics may minimize the emergence of
resistant organisms [87].

In addition, as mentioned earlier, there may be other
humoral factors (e.g., cytokines) that produce undesirable
effects. With Gram-negative enteric organisms there is fre-
quently release of endotoxin and with GBS, “endotoxin-like
effects” have been described [56]. The presence of endotoxin
was found in the CSF of all infants with Gram-negative bac-
terial meningitis who died, but was also frequently found in
those with an abnormal or normal outcome [88].

Thus, although antibiotic therapy is very important for the
eradication of bacteria, other adjunctive measures may be
almost as important in determining survival and in minimiz-
ing the long-term sequelae. The two major supportive meas-
ures that are used are assisted ventilation (for those infants
who develop respiratory failure) and cardiovascular support. It
is common with severe infections to have shock, and the use of
volume (colloid or crystalloid) replacement, as well as pressor
agents (such as dopamine) to support blood pressure, may be
life-saving. It is also important to recognize (and aggressively
treat) seizure activity. In this situation, assisted ventilation
may be particularly valuable and there may be benefits from
moderate hyperventilation, which may decrease increased
intracranial pressure. Extreme hypocarbia (PCO2 < 20mmHg)
may substantially decrease cerebral blood flow and should
probably be avoided.

Choice of antibiotics
The recommendations made by an American Academy of
Pediatrics Task Force regarding antibiotic therapy for neo-
natal meningitis still seem to be valid [1]. Initial antibiotic
therapy in the first week after birth seems to be fairly well
agreed upon in most developed countries and consists
of ampicillin and an aminoglycoside (usually gentamicin).
This combination has stood the test of time (somewhat
remarkably) and seems to be effective for the most common
etiologic bacteria, although this may be changing and the
combination of ampicillin and cefotaxime has been suggested
more recently [88,89]. In a retrospective review from Sweden,
covering the years 1975–86, of the 365 pathogens isolated
from blood and/or CSF, 91% were sensitive to either ampicil-
lin or aminoglycosides or both [90]. Treatment failed in six of
34 patients with neonatal meningitis, but the failure was not
related to ampicillin or aminoglycoside resistance [90]. Ampi-
cillin resistance occurred most frequently with late-onset
infections in VLBW and low-birthweight infants. Currently,
initial antibiotic therapy after the first week usually includes
anti-staphylococcal coverage in such infants.

It is often stated that aminoglycosides do not penetrate
well into CSF, but in the presence of inflamed meninges the
penetration may be better. Certainly, intrathecal administra-
tion combined with intravenous gentamicin seemed to offer
no advantage over intravenous therapy alone [66]. Neverthe-
less, one disadvantage of aminoglycosides is that levels may

need to be monitored to avoid toxicity, although data about
nephrotoxicity and ototoxicity in neonates are limited. Much
of what is written concerns potentially toxic concentrations
rather than documented permanent sequelae [91].

While there seems to be reasonable unanimity of opinion
about ampicillin–aminoglycoside in the first week after birth,
this is not the case beyond that age. Another Swedish study has
documented (in infants up to 1 year) that ampicillin plus
gentamicin is inadequate empiric therapy for meningitis
[92]. The combination of ampicillin and ceftazidime has
proved superior, and cefotaxime has also shown more
effective coverage [89]. However, when cefotaxime is incor-
porated into empiric therapy, it has been shown to increase
bacterial resistance [93].

In older infants and children, both cefuroxime and cef-
triaxone proved efficacious, with ceftriaxone perhaps superior
[94]. However, the prolonged excretion time for ceftriaxone
makes it difficult to know what should be its dosing frequency
in the neonate.

Prior to the introduction of the cephalosporins, another
antibiotic that was deemed to be of considerable value
was chloramphenicol. In contrast to the cephalosporins, use
of chloramphenicol necessitates the determination of levels
to accomplish therapeutic, but non-toxic, levels [95]. This is
certainly a disadvantage, but does not exclude chlorampheni-
col from the therapeutic armamentarium, if sensitivities sug-
gest that it may be the antibiotic of choice. In addition,
chloramphenicol is comparatively inexpensive, especially
when compared to the cephalosporins. Although frequently
used in England and Wales in the mid-1980s, chlorampheni-
col use there decreased from 50% to less than 5% in the late
1990s [30]. The cost factor may make chloramphenicol
particularly valuable in developing countries.

With late-onset infection in VLBW infants, there is the
strong possibility of staphylococcal infection. There are now
many methicillin-resistant strains of Staphylococcus aureus,
and most hospital-acquired strains of S. epidermidis are resist-
ant to the penicillins. With these organisms, it may be possible
to use nafcillin or oxacillin [88], but it is frequently necessary
to use vancomycin, and in the sick infant beyond the first week
it is probably wise to initiate antibiotic treatment with vanco-
mycin and a cephalosporin, although few data are available
concerning their use in neonatal meningitis [96]. Vancomycin
levels need to be monitored.

Since there is considerable variation from one country to
another (and even within countries), it is important to keep
track locally of the most frequent organisms causing sepsis
and meningitis and to know local antibiotic sensitivities. The
more frequently used antibiotics are displayed in Table 31.4.
Successful treatment of Gram-negative bacterial meningitis in
term neonates was reported quite recently using cefotaxime
and amikacin [29].

Special mention was made earlier of Citrobacter diversus
and its propensity to lead to brain abscesses. One report
describes the poor response to third-generation cephalosporins,
aminoglycosides, and trimethoprim–sulfamethoxazole, but the
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successful treatment of C. diversus meningitis complicated by
brain abscesses using imipenem–cilastatin [97]. On the other
hand, a favorable outcome has been reported with protracted
courses of more traditional antibiotics [98].

Duration of antibiotics
Since there is reasonable consensus regarding which antibiot-
ics to use in the first week, one might imagine that duration of
therapy would also be agreed upon. Unfortunately, although
many authors have firm opinions about duration of therapy
for neonatal bacterial meningitis, there are very few data upon
which to base those opinions. In older infants and children
there has been re-evaluation of the duration of therapy for
sepsis/meningitis. In particular, the “7–10–14-day rule” has
been called in question [99]. To quote Radetsky, “The numer-
ology of infectious disease has never been investigated. Even in
the absence of specific data certain numbers have an
unaccountable power to satisfy and reassure, and they are
the numbers that are preferentially chosen. For the duration
of antimicrobial therapy 7, 10, 14 and 21 days have consist-
ently appeared . . . The numbers 7, 10, and 14 are enshrined in
the treatment recommendations for meningitis in all current
textbooks” [99].

In older infants and children, serum CRP levels have
been shown to be helpful in following the course of illness.
Peltola et al. in Finland documented that, in uncomplicated
cases of bacterial meningitis, CRP levels returned to normal
within 7 days. Secondary elevations of CRP may indicate
complications such as subdural effusion [100]. Further experi-
ence from Peltola's group documented the value of CRP in
helping to determine the duration of antibiotic therapy.
Although the mean duration was 10 days, it varied from 5.5
to 34 days and antibiotic therapy was not discontinued unless
CRP values had normalized [100].

The ability of serum CRP to distinguish complicated cases
from uncomplicated cases of bacterial meningitis in infants
and children was also reported from France [101]. They were
able to shorten the duration of antibiotic therapy in the major-
ity of these children to 4–5 days for 21 of 24 with meningococ-
cal meningitis, and to 7 days for 16 of 22 with Haemophilus

influenzaemeningitis and four of six with pneumococcal men-
ingitis, without an increase in neurological sequelae.

Data in neonates are quite limited, but in the early experi-
ence of Sabel and Hanson relapse of meningitis was only
encountered (in three cases) when the CRP remained elevated
at the time of discontinuance of antibiotics [69]. In my
reported experience and unpublished observations serum
CRP was elevated in neonatal meningitis for a minimum of
5 days and not infrequently for more than 10 days [67]. It
therefore seems reasonable to discontinue antibiotics within
2–3 days of the CRP level returning to normal (less than
1.0mg/dL or 10mg/L). Saez-Llorens and McCracken have
supported this position [88]. While acknowledging traditional
and commonly recommended durations of therapy (quite
prolonged), their recommendation was that “duration of
antibiotics should be individualized, on the basis of clinical,
laboratory and bacteriologic responses. Normalization of the
acute-phase reaction (i.e. ESR [erythrocyte sedimentation rate]
and CRP) can be considered one index for when antimicrobial
therapy could be safely stopped” [88].

Peak levels of CRP with neonatal meningitis are frequently
in excess of 10 mg/dL (100 mg/L) and almost always greater
than 7.0mg/dL [68–70]. It is not completely clear whether
extremely high levels of CRP (e.g., over 20mg/dL) can predict
an adverse neurological outcome, although limited experience
suggests this [68].

Corticosteroids
The role of corticosteroids in the management of neonatal
meningitis is not well defined. Even in infants and children,
the benefits of dexamethasone are debated. The arguments for
and against have been summarized by Prober [102]. It seems
reasonably clear that dexamethasone administered before anti-
biotics are given is beneficial in meningitis due to Haemophi-
lus influenzae type b, but the picture is not clear with other
organisms, particularly when dexamethasone is given after
antibiotics have been started. The rationale for use of cortico-
steroids is to decrease meningeal inflammation and swelling
and to decrease concentrations of potentially harmful cyto-
kines. To date, there is limited experience in neonates. Daoud
et al. in Jordan performed a randomized controlled trial of
dexamethasone use in 52 cases of neonatal bacterial meningi-
tis, the majority being due to Klebsiella pneumoniae, and
showed no benefit [103]. Of 27 in the dexamethasone group,
six died and six had permanent neurological deficit. The
control group had 25 neonates, with seven deaths and seven
neurologically impaired [103].

Other anti-inflammatory therapy
While there are limited data concerning corticosteroids in neo-
nates, even less is known about most other anti-inflammatory
agents that could be used in human bacterial meningitis.
Various animal studies have dealt with indomethacin, anti-
cytokine antibodies or inhibitors, anti-endothelium leukocyte
adhesion agents, etc. [88].

Table 31.4. Antibiotics commonly used in neonatal meningitis
and their dosagea

< 1 week > 1 week Frequency

Penicillin G 100 000 units 200 000 units b.i.d./q.i.d.

Ampicillin 200 mg 300 mg b.i.d./q.i.d.

Gentamicinb 4 mg load, then 3 mg Daily

Cefotaxime 100 mg 150 mg b.i.d./t.i.d.

Vancomycinb 30 mg 45 mg b.i.d./t.i.d.

Chloramphenicolb 25 mg 50 mg Daily/b.i.d.

Nafcillin 50 mg 100 mg b.i.d./q.i.d.

Notes:
aAll as per kg per day.
bSerum levels need to be monitored.
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Outcome
Case fatality
It was mentioned in the introduction that case-fatality (mor-
tality) rates are high in almost every series dealing with neo-
natal bacterial meningitis, although recent experience provides
a more optimistic view [28–30].

The national studies from the Netherlands, from England
and Wales in the 1980s, and from Australia had case-fatality
rates of 27%, 20%, and 26% respectively, and more recent
experience from Dallas documented a case-fatality rate of
17% [8,9,11,26]. My own limited experience in Maine in the
late 1980s and early 1990s, with 18 cases, was associated with a
case-fatality rate of 25% within 1 week of diagnosis and 28% if
one late death (5 months later, following cerebral infarction)
was included [3]. Age at diagnosis may also be important, with
higher case-fatality rates at younger ages. Mulder et al. docu-
mented case-fatality rates of 77% at 0–2 days, 28% at 3–6 days,
and 15% at 7–27 days in cases of neonatal meningitis caused
by E. coli [43]. Different rates may also be seen with different
strains of E. coli. The E. coli K1 strains produced a 31% case-
fatality rate in one study, versus 0% with non-K1 strains [104].
In addition, case-fatality rates are usually higher in VLBW
infants and those with a high CSF protein [13,24,27].

More recently, data from England and Wales documented
a case-fatality rate in 1996–97 of only 8% [9,30]. Experience in

Toronto, Canada, for 1979–98 revealed a case-fatality rate of
13% and in Athens, Greece, the rate was only 3% for Gram-
negative bacterial meningitis in term infants during the period
1983–97 [28,29]. These data are summarized in Table 31.5.

Neurological sequelae
The high percentage of major neurological sequelae in sur-
vivors was emphasized in a series of papers in the mid-1980s
dealing with GBS meningitis [27]. With case-fatality rates
varying between 26% and 38%, major neurological sequelae
were found in 15–29% of the survivors (Table 31.6). Edwards
et al. summarized the long-term sequelae of several groups
reporting on GBS meningitis [27]. Of a total of 218, the case-
fatality rate was 26% and, of the 152 survivors, 17% had major
neurodevelopmental sequelae, 16% had mild/moderate seque-
lae, and 67% were considered normal. More recent experience
is quite similar [9,28].

In their review in 1982, Bell and McGuinness noted that
sequelae had been reported in 31–56% of survivors in different
reports [55]. Almost identical figures were reported from
Stockholm, Sweden, for 5-year periods from 1969 to 1983,
with sequelae from neonatal meningitis noted in 31–53% of
survivors, and case-fatality rates of 23–35% [105]. The highest
rate of sequelae accompanied the lowest case-fatality rate.
The most recent data from England and Wales document

Table 31.5. Outcome in neonatal bacterial meningitis

Authors Country Year Number Case fatality
(%)

Neurological
sequelae (%)a

Predominant
bacteria

Mulder and Zanen 1984 [8] Netherlands 1976–82 380 27 N/A Escherichia coli

Bennet et al. 1989 [105] Sweden (Stockholm) 1969–83 60 28 40 Staphylococcus aureusb

DeLouvois et al. 2005 [9] England and Wales 1985–87 280 25 20 GBS, Escherichia coli

Francis and Gilbert 1992 [11] Australia 1987–89 116 26 23 GBS, Escherichia coli

Unhanand et al. 1993 [26] USA (Dallas) 1969–89 98 17 61 Escherichia coli

Daoud et al. 1996 [32] Jordan 1992–94 53 32 39 Klebsiella pneumoniae

Klinger et al. 2000 [28] Canada (Toronto) 1979–98 101 13 26 GBS

Dellagrammaticas et al. 2000 [29] Greece (Athens) 1983–97 72 3 8 Escherichia coli

De Louvois et al. 2005 [9] England and Wales 1996–97 166 7 23 GBS

Notes:
N/A, not available; GBS, Group B β-hemolytic Streptococcus.
aPercent of survivors.
bCases of sepsis, N/A for meningitis.

Table 31.6. Outcome in infants with group B β-hemolytic Streptococcus (GBS) meningitis

Authors Age at diagnosis Case-fatality Number of survivors Major neurological sequelaea Age at follow-up

Edwards et al. [27] 0–3 months 38% 38 11 (29%) 3.3–9.0 years

Harvey et al. [30] 0–28 days 25% 65 12 (18%) 5 years

Klinger et al. [28] 1–28 days 13%b 50 15 (30%) 1–19 years

Notes:
aPercentages of survivors.
bBased on all cases, not just GBS.
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a decrease in acute mortality to 6.6% in 1996–97, but serious
disability remained at 23% [9].

The most common severe sequelae include “hydrocepha-
lus, seizures, mental retardation, hyperactivity and cranial
nerve or long tract signs. Localized deficits include hearing
loss, optic atrophy and hypothalamic injury manifested by
endocrine deficiencies, diabetes insipidus, precocious puberty
or abnormalities of temperature regulation” [55]. In addition,
spastic paresis (hemiplegia or quadriplegia) is frequently men-
tioned [27,106].

In the large experience with Gram-negative enteric bacil-
lary meningitis reported by Unhanand et al., hydrocephalus,
seizure disorder, cerebral palsy, developmental delay, and
hearing loss were seen in 28%, 28%, 19%, 25%, and 16%
respectively in 32 term infants and 36%, 36%, 45%, 55%, and
18% respectively in 11 preterm infants who survived [26].
On the other hand, more recently, Dellagrammaticas et al.
reported in term babies both a high survival rate and a low
incidence of sequelae, with persisting seizures, spastic paralysis,
developmental delay, and hearing deficit in 4%, 3%, 4%, and
6% respectively [29]. Delay in achieving sterile CSF may
increase the frequency of sequelae [29].

Table 31.7 shows the factors that are associated with poor
outcome in bacterial meningitis. Clinical manifestations on
admission that were predictive of a poor outcome (death
or severe impairment) in the study of Edwards et al. were
presence of coma or semi-coma, decreased perfusion, total
peripheral WBC count < 5.0	 109/L, absolute neutrophil
count < 1.0	 109/L or CSF protein > 3 g/L [27]. The study
by Klinger et al. showed that the best predictors of an adverse
outcome were quite similar [28]. Both at 12 hours and 96
hours after admission, seizures, coma, use of inotropes to
maintain blood pressure and leukopenia (< 5.0	 109/L) were
predictive of a poor outcome. Of 101 infants (born in the years
1979–98) with bacterial meningitis, 13 died and 17 others had
moderate to severe disability at 1 year of age [23]. Among
50 infants with GBS meningitis, 15 (30%) had an adverse
outcome.

Although not routinely obtained in neonatal meningitis,
an additional predictor of outcome is the neonatal electro-
encephalogram (EEG). When interpretation is normal or only

mildly abnormal, the outcome is usually good. An adverse
outcome has been associated with moderate to marked abnor-
mality. Repeating the EEG may improve the accuracy of
prediction [107].

Klein et al. suggested that a cautiously optimistic note be
struck with parents when discussing the long-term compli-
cations of meningitis, since “there is a tendency for even major
neurologic defects to resolve unpredictably with time” [1].

Prevention
Before discussing the potential for preventing specific kinds of
meningitis, it should be remembered that general infection
control measures (especially careful hand washing) may be
particularly important in preventing the spread of infection.

Attempts to prevent neonatal bacterial meningitis have
largely dealt with those organisms that are frequently impli-
cated. There are two major strategies that have been employed.
The first is chemoprophylaxis and the second is immunopro-
phylaxis. Both strategies have been used to prevent neonatal
sepsis and meningitis, rather than specifically preventing men-
ingitis. In keeping with the important role it plays in many
countries, GBS infection has received the most attention.

Neonatal approach
Both chemo- and immunoprophylaxis have been evaluated
from the maternal or neonatal approach. While there has
been some success using the maternal approach, using only
the neonatal approach has been contradictory or disappoint-
ing. For instance, prophylactic administration of penicillin
to neonates seemed to be beneficial in reducing GBS infection
in some centers, but not in others [108,109]. There was also
the possibility that one problem (early-onset GBS infection)
might be exchanged for another (late-onset GBS or Gram-
negative bacterial infection). Similarly, the use of prophylactic
intravenous immunoglobulin in VLBW infants seemed
beneficial in one large (n¼ 588) study, but not in an even
larger (n¼ 2416) study [110,111]. Different preparations
were used in the two studies, which may explain the differences.
Another large study (n¼ 753), using the same preparation as
Fanaroff et al., also failed to find a protective effect in early-
onset or late-onset infection [111,112]. It has been documented
that considerable variability of availability of specific antibody
to the common pathogens occurs within different lots of
immunoglobulin [113]. Greater success seems likely if prepar-
ations with species-specific antibody can be administered.

Maternal approach
The use of maternal chemoprophylaxis has proved to be much
more striking. In the study of Boyer and Gotoff, bacteremia
was seen in none of 85 babies born to ampicillin-treated
women, versus five of 79 babies born to untreated mothers
[114]. Although this strategy does not prevent transmission of
infection in all cases, in the early 1990s a consensus developed
that women at high risk (rupture of membranes longer than

Table 31.7. Factors associated with poor outcome in neonatal bacterial
meningitis

Very low birthweight (< 1500 g)

Coma (or semi-coma)

Decreased perfusion

Need for inotropes to maintain blood pressure

Seizures (> 12 hours duration)

Peripheral wbc count < 5000/mm3 (< 5.0	 109/L)

Absolute neutrophil count < 1000/mm3 (< 1.0	 109/L)

CSF protein > 300mg/dL (> 3 g/L)

Delay in achieving sterile CSF

Abnormal EEG reading (moderate to severe)
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18 hours, preterm labor, or maternal fever possibly caused by
choriamnionitis) should be screened and treated [115].

This led to the publication by the Centers for Disease
Control and Prevention (CDC) in 1996 of new guidelines for
the prevention of GBS infection, which resulted in a substan-
tial change in obstetrical practice in North America, with
approximately 25% of women receiving intrapartum antibiot-
ics (penicillin or ampicillin) [116]. This resulted in a marked
decrease in the incidence of early-onset GBS infection, with
a 65% decrease from 1.7 cases per 1000 live births in 1993 to
0.6/1000 live births in 1998. Only 6% with early-onset GBS
infection had meningitis [117]. This contrasts with a study
from Finland, where 17% had meningitis in 1985–94 [118].
After changing the strategy in the USA to concentrate on
routine maternal screening (the “era of widespread intrapar-
tum chemoprophylaxis” mentioned earlier) [13], there has
been a further reduction to 0.37 cases per 1000 live births
[119]. Other countries have also adopted a more aggressive
approach to prevention of GBS infection. Using a risk-based
strategy in the Netherlands, early-onset GBS sepsis declined,
but the incidence of GBS meningitis did not [7]. To date, this
increased use of intrapartum antibiotics has not changed anti-
biotic sensitivity patterns substantially, although it has created
some difficulty in deciding which neonates should be treated
after delivery [120].

With regard to maternal immunoprophylaxis, there is
variable enthusiasm. While intuitively it would seem that this
might be the most effective strategy, there are several possible
drawbacks. One significant disadvantage is that, since transfer
of antibody from mother to infant occurs primarily after
32 weeks' gestation, the group of infants at greatest risk might

not be protected. Another disadvantage (to date) is that the
response of women to a polysaccharide vaccine of GBS has
been disappointing [80]. Of 35 women with low or unpro-
tected antibody levels before immunization, only 20 (57%)
responded to the vaccine in a study published in 1988 [80].
This study used type III capsular polysaccharide vaccine.
While it is true that this serotype accounts for the majority
of cases of neonatal meningitis, it would be preferable to have
a polyvalent vaccine with increased immunogenicity. The
many problems in finding and distributing a suitable vaccine
have been discussed [121]. One approach that has shown
promise is to increase the immunogenicity of vaccines by
conjugating (coupling) them to tetanus toxoid or other agents.
Polyvalent conjugate vaccines for GBS infection have been
tested, show promise with several different strains, and may
soon be commercially available [122]. For other organisms,
particularly E. coli, the ability to provide protection by mater-
nal immunization seems a daunting prospect.

Conclusion
Despite the fact that the incidence of neonatal bacterial
meningitis may be falling, there is little room for complacency.
This is a disease with high case-fatality rates, although these
have fallen in some recent reports, and very high morbidity
rates. The neurological sequelae can be quite devastating in
some cases, and a completely normal outcome can be antici-
pated in only half of the survivors. It is therefore important
to consider the possibility of sepsis/meningitis in any sick
neonate, so that treatment can be initiated as early as possible.
However, prevention is even more desirable, and continued
efforts in this direction must remain a high priority.
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Chapter

32 Neurological sequelae
of congenital perinatal infection
Rima Hanna-Wakim, Andrea Enright, and Kathleen Gutierrez

Introduction
Maternal infections, contracted during pregnancy, may be
without fetal consequence or they may have serious adverse
effects on the fetus. These adverse effects may include fetal
death, stillbirth, intrauterine growth restriction, or congenital
infection. Congenitally infected neonates may be symptomatic
or asymptomatic at birth. Those who are symptomatic at birth
generally have significant long-term sequelae. Those who are
asymptomatic at birth may never manifest evidence of damage
or they may develop clinically evident sequelae later in life.
The overwhelming morbidity attributable to congenital infec-
tions is borne by this latter group.

The following chapter will discuss the neurologic conse-
quences of congenital infections. The specific infectious agents
that will be discussed are often referred to as the TORCH
agents: T represents the parasite Toxoplasma gondii; O repre-
sents other agents such as varicella-zoster virus (VZV), human
immunodeficiency virus (HIV), and Treponema pallidum
(syphilis); R represents rubella virus; C represents cytomegalo-
virus (CMV); and H represents herpes simplex virus (HSV).
With the exception of HSV, the major clinical impact of these
agents results from exposure in utero. Morbidity and mortal-
ity attributable to neonatal HSV infection usually result from
infection contracted at delivery.

Perinatal HIV infection is discussed in Chapter 33.

Toxoplasmosis
The etiologic agent of toxoplasmosis, Toxoplasma gondii, was
first demonstrated in the brain of a newborn infant with
encephalomyelitis in 1939 [1]. The incidence of congenital
toxoplasmosis in the USA is estimated to range from 1/1000
to 1/10 000 live births [2–6]. Toxoplasma infection in preg-
nancy is usually asymptomatic, but occasionally women
develop non-specific symptoms and signs of malaise, fever,
myalgias, and lymphadenopathy [6]. Among immunocompe-
tent women, transmission to the fetus is limited almost solely
to those who contract primary infection during gestation.
There are some case reports describing congenital toxoplas-
mosis in infants born to immunocompetent women who had

toxoplasma infection 2–3 months prior to conception [7–12].
Most cases of vertical transmission resulting from reactivation
of previous maternal infection have occurred in women with
immunodeficiency from acquired immune deficiency syn-
drome (AIDS), neoplasm, or autoimmune disease [3,4].

The risk of fetal infection increases as pregnancy pro-
gresses [3]. Increasing placental blood flow with advancing
gestation may explain the increased transplacental transmis-
sion [4]. The transmission rate may be as low as 5% if mater-
nal infection occurs before 16 weeks' gestation and as high as
75–80% if maternal infection occurs near term [3]. Fortunately,
the severity of neonatal disease decreases with advancing
gestational age [3,4]. Thus, although transmission of toxoplas-
mosis to the fetus is greatest late in pregnancy, manifestations
resulting from infection are uncommon.

Several studies suggest that the incidence and severity of
neonatal infection may be reduced if mothers who acquire
toxoplasmosis during pregnancy receive antiparasitic therapy
[13]. In one study of 1270 women with proven toxoplasmosis
during pregnancy, fetal transmission was reduced to 7%. Most
(81%) of the infected newborns had subclinical disease if
mothers were treated with spiramycin or pyrimethamine/-
sulfadiazine/folinic acid during pregnancy. Thus treatment
appeared to decrease both the incidence and the severity of
congenital toxoplasmosis. Although a second study failed to
demonstrate a decrease in transplacental transmission of
T. gondii by prenatal treatment, it did confirm that the severity
of neonatal illness was significantly decreased by prenatal
treatment [14]. Recently, the SYROCOT (Systematic Review
on Congenital Toxoplasmosis) study group published a meta-
analysis using individual patients' data from 26 cohorts. They
found weak evidence that treatment started within 3 weeks of
maternal seroconversion reduced maternal–child transmission
compared to treatment started after more than 8 weeks. Also,
they did not find any evidence that prenatal treatment signifi-
cantly reduced the risk of clinical manifestations before 1 year
of age [15]. There is still a need for large randomized controlled
clinical trials to evaluate the efficacy of prenatal treatment.

The clinical spectrum of congenital toxoplasmosis is
broad [3,4]. Although the majority of infants infected in utero
with T. gondii are asymptomatic at birth, approximately
90% of infected infants will manifest sequelae at a later age,
particularly ophthalmologic and intellectual impairment [3–5,
13,14,16].
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Outcome in infants asymptomatic at birth
Congenital toxoplasmosis is not as prevalent as congenital
CMV, but it is potentially more dangerous for the individual.
Although about 85% of infants with congenital toxoplasmosis
appear normal at birth, subclinical infection with T. gondii is
more frequently associated with impaired intellectual per-
formance and chorioretinitis than subclinical infection with
CMV [2–4,16–18]. Nearly all children with subclinical con-
genital toxoplasma infection will develop adverse sequelae
later in life [3]. An estimated 85% of untreated infants with
congenital toxoplasmosis will suffer at least one episode of
chorioretinitis, developmental delay will be evident in 20–75%,
and hearing loss will occur in 10–30% [2–4,16–18]. These
sequelae of congenital infection may not become clinically
apparent until 6–18 years of age [3,16].

Outcome in infants symptomatic at birth
Only about 15% of neonates congenitally infected with
T. gondii are symptomatic at birth [3]. Their infection is rarely
fulminant but it is often severe. Symptoms and signs of gen-
eralized infection are prominent, and signs of central nervous
system involvement are invariably present [3]. The “classic
triad” in these symptomatic neonates is hydrocephalus, chor-
ioretinitis, and diffuse intracranial calcifications. The most
frequent extraneural signs associated with symptomatic con-
genital toxoplasmosis include hepatosplenomegaly, fever,
anemia, and jaundice [3]. The mortality rate of symptomatic
infants is 10–15%. Approximately 85% of untreated survivors
develop mental retardation, 75% develop convulsions, spasti-
city, and palsies, and 50% develop severe visual impairment
[2]. Deafness, a prominent sequela of congenital viral infec-
tions (e.g., CMV and rubella), occurs less frequently after
congenital toxoplasmosis. The approximate incidence of hear-
ing loss is 0–30% [2,4,19–21]. Microcephaly, also commonly
seen in other congenital infections, is less common in con-
genital toxoplasmosis, the highest reported incidence being
less than 25% [20,21]. When microcephaly does occur it is
a predictor of poor outcome. Other factors associated
with poor prognosis in congenital toxoplasmosis include
neonatal hypothermia, apnea, bradycardia, prolonged hypox-
emia, cerebrospinal fluid (CSF) protein > 1 g/dL, delayed
treatment, and brain atrophy on computed tomography
(CT) scan which persists for months after ventriculoperitoneal
shunt placement [3,20,21].

Good outcomes have occurred in children with significant
central nervous system (CNS) involvement at birth treated
with antiparasitic drugs for 1 year. The US National Collab-
orative Chicago-based, Congenital Toxoplasmosis Treatment
Trial Study (NCCTS) is a prospective longitudinal study
evaluating long-term outcomes of infants with congenital
toxoplasmosis treated for 1 year with pyrimethamine, sulfa-
diazine, and leucovorin [20,21]. The group recently published
the results of their study conducted between 1981 and 2004
[21]. Their study group included 120 infants who were rou-
tinely evaluated at diagnosis (near the time of birth), and at

frequent intervals therafter (at 1, 3.5, 5, 7.5, 10, 15, and 20 years).
Treatment of infants who had moderate to severe neurologic
disease at birth resulted in normal neurologic and/or cognitive
outcomes in more than 72% of the patients. None of the
patients had sensorineural hearing loss. Ninety percent of
infants without substantial neurologic disease and 64% of
those with moderate to severe disease at birth did not develop
new eye lesions. Almost all of the outcomes in the NCCTS
were better and more favorable than outcomes reported for
children who were untreated or treated only for 1 month in
earlier decades [21].

Disseminated calcifications at birth do not necessarily
reflect poor prognosis; following treatment, normal develop-
ment can occur despite these findings [3]. Intracranial calcifi-
cations may diminish or completely resolve with 1 year of
therapy. In one study, intracranial calcifications were demon-
strated in 40 of 56 newborns with congenital toxoplasmosis
[22]. Following 1 year of therapy with pyrimethamine, sulfa-
diazine, and leucovorin, 75% had decreased or undetectable
calcifications.

Screening and prenatal diagnosis
Since the majority of infants with subclinical congenital toxo-
plasmosis ultimately develop sequelae, identification and treat-
ment of all infected newborns should decrease long-term
morbidity. Massachusetts and New Hampshire have screened
newborns for congenital toxoplasmosis since 1986 and 1988,
respectively. All 50 infected neonates identified by screening
had normal newborn exams [5]. However, on the basis of
detailed perinatal evaluations conducted shortly after serologic
diagnosis, 19% had ocular disease (4% active chorioretinitis,
15% uninflamed retinal scars), 20% had intracranial calcifica-
tions found on CT, 25% had increased protein in CSF, and 2%
had ventriculomegaly. All infants were treated for 1 year with
pyrimethamine, sulfadiazine, and folinic acid. Only one of
46 infants had persistent neurologic deficits. None of nine
infants with macular lesions at birth had progressive ocular
disease. However, 10% developed new ocular lesions.

The recent NCCTS study demonstrated that treatment
during the first year of life with pyrimethamine and sulfadia-
zine results in better outcomes in general compared to no
treatment or short-term treatment [21]. Thus, treatment for
1 year with pyrimethamine, sulfadiazine, and folinic acid
seems to benefit both symptomatic and asymptomatic neonates
with congenital toxoplasmosis. Currently, 1 year of therapy is
recommended.

In order to maximize the benefits of prenatal and postnatal
therapy, infected neonates must be identified. In France,
where the toxoplasmosis seronegative rate among women of
child-bearing age is low, monthly serologic screening is per-
formed for all seronegative pregnant women [3]. If serocon-
version is documented, prompt therapy is given to the mother
during pregnancy and to the neonate from birth. In the USA
there has been much debate over systematic universal
screening for toxoplasmosis in pregnant women [3]. The
seronegative prevalence in the USA is much higher than in
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Europe; thus, more US women would need routine screening.
In addition, the sensitivity, specificity, positive and negative
predictive values vary with each serologic test and are less
reliable if run outside of reference laboratories [3,23].

An alternative to screening pregnant women is to screen
neonates at birth for serologic evidence of congenital infec-
tion. Due to limitations in the immunoglobulin (IgM) assays,
newborn screens employing these assays only diagnose 70–80%
of congenital infections [3,23]. The 20–30% false-negative rate
of neonatal screens may be unacceptably high. In a European
study of various prenatal and postnatal screening tests, the
sensitivity of IgM testing of neonatal blood was 43%; IgA
testing of neonatal blood was 66% sensitive [23]. Sensitivity
increased to 70% if results of IgM and IgA testing on neonatal
blood were combined. Moreover, maternal prenatal treatment
with antiparasitic drugs significantly decreased the incidence
of positive serologic diagnosis. The 85% positive rate for
specific IgM in neonatal blood dropped to 25% in those
neonates whose mothers were treated prenatally. The lack of
accuracy of neonatal IgM and IgA tests to diagnose congenital
toxoplasmosis was also demonstrated in other studies [24].
Fetal infection may be detected through amniocentesis or
cordocentesis [3,23,25]. Polymerase chain reaction (PCR) on
amniotic fluid is superior to cordocentesis with fetal blood
serologic evaluation. PCR of amniotic fluid has a sensitivity of
80–90% and a specificity of 96–100% [3,23,25].

Recommendations
Infants with congenital T. gondii infection must be recognized
as being at high risk for the development of ophthalmologic
and intellectual impairment. Serial ophthalmologic and intel-
lectual assessments must be performed until the child is at
least 18 years of age because onset of sequelae can be delayed.

Normal developmental, ophthalmologic, and neurologic
outcomes have been observed in up to 70% of treated infants,
despite the presence of systemic disease, hydrocephalus,
microcephaly, multiple intracranial calcifications, and exten-
sive macular involvement evident at birth [3,4,20,21]. Since
delays in diagnosis and therapy are associated with worse
outcomes, prompt diagnosis and treatment are important
[3,4,20,21].

Prevention is possible [3,4,23]. Primary prevention to
decrease infection of susceptible pregnant women should
focus on hygiene: avoiding consumption of raw meat,
avoiding potentially contaminated material (cat feces, litter
boxes, soil when gardening), and washing fruits and vegetables
before consumption. Secondary prevention involves identify-
ing seroconversion in pregnant women and instituting pre-
natal therapy to reduce transmission and decrease the severity
of infection in the fetus. Tertiary prevention includes neonatal
evaluation, antiparasitic treatment, and long-term follow-up
of congenitally infected infants. Evaluations should include
general physical, neurologic, audiologic, and developmental
exams, head CT, serologic tests, complete blood counts, liver
function tests, cerebrospinal evaluation, and close monitoring
for drug toxicity while on therapy.

Cytomegalovirus
CMV is the most common cause of congenital infection; the
incidence ranges from 0.2% to 2.2% of all live births (average,
1%) [26]. Congenital CMV infection may result from maternal
primary infection, reactivation of a prior latent infection, or,
rarely, from reinfection with a new CMV strain. Since most
congenital CMV infections result from maternal reactivated
infections, it is fortunate that maternal immunity attenuates
the severity of neonatal illness. More than 90% of neonates with
congenital CMV infection are asymptomatic at birth [26].
Approximately 10–15% of these asymptomatic infants develop
late-onset sequelae, including sensorineural hearing loss, micro-
cephaly, motor defects, chorioretinitis, and learning and behav-
ioral abnormalities [26–39]. In contrast, most congenitally
infected neonates who are symptomatic at birthmanifest severe
developmental deficits and mental retardation [29,40–44].
With a few rare exceptions, most cases of symptomatic con-
genital CMV infection result from a primarymaternal infection
[26,27]. Primary infections early in pregnancy (before the 27th
week of gestation) are more likely to be associated with a poor
outcome than those occurring later in gestation [26,27,33].

Outcome in infants asymptomatic at birth
Most neonates with congenital CMV infections are asymp-
tomatic at birth. These infants are likely to be detected only if
routine viral cultures of newborns are performed within the
first few weeks of life. Several prospective studies assessing the
possible long-term effects of these “silent” congenital CMV
infections have been conducted [28,30,31,34–36,38,39,45–47].
The most common sequelae of asymptomatic congenital CMV
infection are sensorineural hearing loss that may not be pre-
sent or detected at birth, and possible intellectual impairment.
The incidence of sensorineural hearing loss in older children
with asymptomatic congenital CMV ranges from 7% to 15%
[38,45,48,49]. Chorioretinitis may develop later in life in chil-
dren with asymptomatic congenital CMV infection [26].

Congenital CMV infection is estimated to be responsible
for one-third of all cases of sensorineural hearing loss in
children [38]. A large prospective study of 307 asymptomatic
congenitally infected children and 277 controls found a 7%
incidence of sensorineural hearing loss in infected children
and no hearing loss in the matched controls [38]. Of those
children with sensorineural hearing loss, 50% had bilateral
disease; 23% suffered from profound bilateral sensorineural
hearing loss. In this study none of the children with sensori-
neural hearing loss had other risk factors for hearing impair-
ment. Since CMV hearing impairment often presents after the
newborn period, is progressive, and can fluctuate, researchers
estimate that two-thirds of sensorineural hearing loss from
asymptomatic congenital CMV infection may be missed by
universal newborn hearing screens [38,49]. These researchers
argue that in order to identify all those at risk for hearing
impairment in childhood, universal newborn hearing
screening must be accompanied by universal newborn CMV
screening. A recent study demonstrated an association between

Chapter 32: Neurological sequelae of congenital infection

363



CMV virus burden and hearing loss. Children with asymptom-
atic congenital CMV infection who developed hearing loss had
increased amounts of CMV DNA detected in urine and blood
compared to children who did not develop hearing loss [50].

The impact of hearing impairment on intellectual develop-
ment has confounded the evaluation of intellectual function in
congenitally infected infants. Several studies have attempted to
evaluate the possible intellectual consequences of asymptom-
atic congenital CMV infection. Interpretation of the results of
some of the studies is hampered by relatively short periods of
follow-up, lack of appropriately matched controls, and failure
to control for hearing loss. One well-designed study evaluated
the intellectual development of 18 prospectively followed
school-aged children with asymptomatic congenital CMV
infection and normal hearing [39]. The results of testing these
children were compared with the results from 18 controls
matched for age, sex, race, school grade, and socioeconomic
status. All children were evaluated between 6.5 and 12.5 years of
age using theWechsler Intelligence Scale for Children –Revised,
the Kaufman Assessment Battery for Children, and the Wide
Range Achievement Test. No differences between the infected
and uninfected children on intelligence scores or subscales,
achievement scores, or incidence of learning disabilities were
observed. These researchers concluded that children with
asymptomatic CMV infection and normal hearing have normal
intellectual development. However, the small sample size of this
study prohibits a definite conclusion regarding the independent
effects of congenital CMV infection on intellectual impairment.

Expression of adverse consequences of asymptomatic CMV
infections appears to be influenced by socioeconomic condi-
tions. One study predicted increased school failure rate in
infected children of lower socioeconomic class but not in those
infected children from middle and higher socioeconomic
classes [36]. Future studies must attempt to control for other
relevant factors contributing to intellectual development.

Outcome in infants symptomatic at birth
Most neonates who are symptomatic at birth as a result of
congenital CMV have been infected as a result of a primary
maternal gestational infection [26,51]. The clinical abnormal-
ities found most frequently in neonates with symptomatic
congenital CMV are listed in Table 32.1 [26]. Cerebral abnor-
malities reported in association with congenital CMV infection
include microcephaly, microgyria, periventricular calcifica-
tions, migrational abnormalities, disturbed myelination, spon-
giosus of the brain, encephalomalacia, calcification of the
cerebral arteries, parietal lobe cysts, cerebral cortical immatur-
ity, cerebellar hypoplasia, paraventricular cysts, intraventricu-
lar strands, and dolichocephaly [26,28,29,41–44,52,53]. CMV
has been isolated from CSF by PCR in six of ten patients with
symptomatic congenital infection [54]. Follow-up was available
for five of those patients with a positive CSF CMV PCR: all five
had developmental delay. Postmortem examination of brains
from infants who have died with severe congenital CMV infec-
tion have noted decreased brain weight, subependymal cysts,
deformed cerebellum, irregular gyri, thickened leptomeninges,

cortical and cerebellar neuronal migration abnormalities, and
paraventricular bands of necrosis and calcification [26,43]. CSF
b2-microglobulin was elevated in newborns with symptomatic
congenital CMV infection, and it correlated with the neuro-
imaging abnormalities [55].

Fortunately, fewer than 10% of neonates congenitally
infected with CMV manifest overt signs of disease at birth.
The long-term prognosis of symptomatic infants is usually
poor [40,42–49,51–54,56]. CNS sequelae includemicrocephaly,
mental retardation and developmental delays, learning and
behavioral disorders, seizures, neuromuscular disorders
including facial asymmetry, spasticity, quadriparesis, diplegia,
hemiatrophy, and hemiparesis [26,54,57]. Defects in hearing
and vision are also common after symptomatic congenital
CMV infection.

One of the earlier prospective studies of symptomatic
neonates was published in 1980 [42]. In that study, 34 patients
who had clinically evident disease at birth were followed for a
mean duration of 4 years. Twenty-nine percent of the patients
died and more than 90% of the survivors developed CNS or
auditory handicaps; 70% had microcephaly, 61% mental
retardation, 35% neuromuscular disorders, 30% hearing loss,
and 22% chorioretinitis or optic atrophy. Although the extent
of disease apparent at birth was not entirely predictive of CNS
sequelae, all children with IQs < 50 or neuromuscular dis-
orders were clearly abnormal by 1 year of age. Other studies
have documented similarly poor outcomes. In a long-term
follow-up of 17 children with symptomatic congenital CMV
followed for a mean of 5.5 years, 75% met criteria for mental
retardation [40]. In this study, three children with normal
hearing and IQ scores still exhibited deficits in expressive
language. It is possible that these young children would mani-
fest more severe deficits at later ages.

The Houston CMV longitudinal study followed 41 chil-
dren with symptomatic congenital CMV infection; the median
age at follow-up was 5.7 years [57]. Microcephaly at birth
(present in 19.5% of the study population) was the most
specific predictor of mental retardation and major motor
disability [57]. Although the estimated risk of permanent

Table 32.1. Clinical manifestations of symptomatic congenital
cytomegalovirus infection

Petechiae þþþþ
Thrombocytopenia þþþþ
Hepatosplenomegaly þþþ
Jaundice with direct hyperbilirubinemia þþþ
Microcephaly þþþ
Small for gestational age þþ
Prematurity þþ
Inguinal hernia þþ
Chorioretinitis þ

Notes:
þþþþ 75–100% incidence;þþþ 50–75%;þþ 25–50%;þ 0–25%.
Source: Adapted from [28,29,40–43].
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neurologic sequelae after a symptomatic congenital CMV
infection is high, in a given case the development may be
more favorable than expected [56].

Another long-term prospective follow-up study evaluated
the predictors of hearing loss in children with symptomatic
congenital CMV infection [58]. Hearing outcome was
followed in 180 children, and 48% of the children had hearing
loss on follow-up. Of these children, 70% had hearing loss at
birth or in the neonatal period. The presence of disseminated
disease at birth was predictive for the development of hearing
loss. Microcephaly and other neurologic findings were not
predictive of hearing loss [58].

Recommendations
Congenital CMV infection should be considered in any
newborn with unexplained prematurity, growth restriction,
hepatomegaly, splenomegaly, jaundice, microcephaly, chorio-
retinitis, or petechiae. This diagnosis can be confirmed by
isolating the virus from a urine or salivary culture obtained
during the first 3 weeks of life. CMV isolated after the first
few weeks of life with a documented negative culture in the
neonatal period represents perinatal CMV infection.

Neuroimaging by CT scan or magnetic resonance imaging
(MRI) has been shown to be useful in identifying infants at
risk for CNS sequelae of congenital CMV infection [44,53]. In
a study of 56 infants with symptomatic congenital CMV, 70%
had CT abnormalities [44]. Of those with CT abnormalities,
60% had IQ scores less than 70; half of the IQ scores were
below 50. In contrast, none of the 17 symptomatic infants
with normal CT scans had severe mental retardation. In this
study, clinical and laboratory data were not able to predict the
neurologic sequelae. Microcephaly, seizures, lethargy, and
poor suck did not predict CT scan abnormality. Intracranial
calcification was the most common abnormality found in
77% of abnormal scans. White-matter abnormalities were
also identified, with MRI more sensitive than CT in a small
number of patients [53].

The effectiveness of antiviral therapy for treatment of
infants with congenital CMV infection continues to be stud-
ied. The Collaborative Antiviral Study Group (CASG) con-
ducted a phase III randomized controlled study evaluating the
effect of intravenous ganciclovir therapy on hearing in new-
borns with symptomatic congenital CMV infection involving
the CNS [59]. Ganciclovir treatment, at a dose of 6 mg/kg
intravenously every 12 hours for 6 weeks, prevented hearing
deterioration at 6 months in the treated group compared to the
placebo group. This study did not include infants without CNS
involvement. Approximately 63% of the ganciclovir-treated
infants developed significant neutropenia during therapy [59].

The CASG is evaluating valganciclovir, the oral bioavail-
able prodrug of ganciclovir. An initial phase I/II pharmaco-
kinetic study of liquid valganciclovir versus intravenous
ganciclovir has been completed and a phase III study of the
drug has recently been initiated [60]. Information regarding
clinical trials of antiviral therapy for treatment of congenital
CMV infection is available at www.casg.uab.edu.

Until more data are available about the efficacy and safety
of ganciclovir/valganciclovir, the decision to treat newborns
with congenital CMV infection must be individualized. Dis-
cussion with the parents should include the uncertainty
regarding the effects of treatment on prevention of hearing
loss, the long duration of therapy, the need for intravenous
access, and the side effects of ganciclovir.

It is important to identify all infants with congenital CMV
infection as early as possible. Early identification will permit
frequent audiometric and intellectual examinations over the
first several years of the child's life. In order to maximize a
child's full potential, defects, including those in hearing and
language, should be corrected as soon as possible.

Rubella
Rubella is an RNA virus, classified as a togavirus, unrelated to
any other human viral pathogen [61,62]. Before the introduc-
tion of childhood immunization for rubella in the late 1960s,
rubella virus caused major epidemics once or twice every
decade in the USA [62]. During rubella epidemics, many
infected individuals were asymptomatic while others had clas-
sic infection with diffuse exanthem, low-grade fevers, lymph-
adenopathy, and arthritis/arthralgia [62]. As most children in
the USA are now immunized during the second year of life,
widespread epidemics of rubella have disappeared. However,
outbreaks of rubella and congenital rubella syndrome have
occurred in the USA in the late 1980s and early 1990s [63–65].
Most outbreaks have been attributed to a failure to vaccinate
susceptible individuals in colleges, prisons, and religious com-
munities [63–65]. In October 2004, the Centers for Disease
Control and Prevention (CDC) convened an independent
panel of internationally recognized authorities on public
health, infectious disease, and immunization that concluded
that rubella and congenital rubella syndrome are no longer
endemic in the United States [66]. Congenital rubella syn-
drome was reported in infants born to mothers who immi-
grated to the United States from countries without rubella
control programs [67]. Since 2001, only five infants with
congenital rubella syndrome were reported [68].

In many developing countries, congenital rubella syndrome
continues to be a problem,with an estimate ofmore than 100 000
new cases of congenital rubella syndrome annually [69,70].

The transmission of rubella to the fetus
Rubella produces viremia in the susceptible host during pri-
mary infection [62]. In pregnant women, this viremic phase
often results in placental infection with or without subsequent
infection of the fetus [62]. The risk of fetal infection depends on
gestational age at the time of maternal infection [61,62,71,72].
The risk of fetal infection is highest in the first trimester,
declines during the second trimester, and then increases again
during the end of the third trimester [61,62,71,72]. Specifically,
the risk of fetal infection is 80–90% during the first 12 weeks of
gestation, drops to 25% by 23–26 weeks, and then increases to
60–100% near term [61,62,71,72].
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Clinical manifestations of intrauterine rubella
infection and the risk of neurologic sequelae
Isolation of virus from the oropharynx of infants with sus-
pected intrauterine rubella is the most reliable method of
proving congenital infection [61,62]. Infants with congenital
rubella shed virus from this site for 6 months or longer after
birth [61,62]. The virus can also be found in the stool, urine,
and CSF [61,62]. Although efforts have been made to develop
a rubella-specific IgM antibody assay for the diagnosis of
congenital rubella infection, many infants with infection
proven by culture do not have detectable rubella-specific IgM
antibodies using optimal serologic methodology [61,62,73]. The
lack of detectable antibodies in infants with congenital rubella
syndrome may reflect infection at a time of fetal immune
system immaturity in early gestation [73]. Infection before
20–22 weeks may not produce a detectable humoral response
despite active viral replication and infection of fetal tissues
[62]. A few studies have evaluated the use of reverse transcrip-
tase PCR to detect rubella virus RNA in amniotic fluid, chori-
onic villus samples, and fetal blood, and this appears to offer a
reliable method of diagnosis [74,75].

Fewer than 10% of infants with intrauterine rubella infec-
tion have obvious signs of congenital rubella infection at birth
[61,62]. The likelihood of clinical manifestations of intrauter-
ine rubella infection is inversely related to fetal age at the time
of maternal infection [71,76]. The estimated risk of defects
is 85% following maternal rubella infection at 8 weeks, 52% at
9–12 weeks, and 16% at 13–20 weeks' gestation [77]. Maternal
infection after 20 weeks' gestation can cause fetal infection but
these infants are asymptomatic in the newborn period and the
risk of late-onset sequelae is low [62,71,76]. Infants infected
with rubella virus at the earliest stages of development are more
likely to have cardiac defects (patent ductus arteriosus, pul-
monary artery stenosis) in addition to the hearing and ocular
abnormalities that are characteristic of later in utero infection.

Neurologic manifestations of congenital rubella syndrome
include meningoencephalitis, microcephaly, mental and motor
retardation, behavioral difficulties, psychiatric disorders, sen-
sorineural hearing loss, and, rarely, late-onset progressive
rubella panencephalitis [61,62,71,72,76,78,79]. Meningoence-
phalitis occurs in 10–20% of infected neonates who are symp-
tomatic at birth [62]. In these cases, CSF analysis reveals elevated
protein concentrations with or without a pleocytosis [62].
Extensive meningoencephalitis is one cause of early postnatal
death from congenital rubella.

The risk of microcephaly depends on the gestational age
at infection. Microcephaly occurs in 60% of fetuses infected
before 13 weeks' gestation. In contrast, less than 10% of infants
infected after 20 weeks' gestation are microcephalic [71].
Infants with congenital rubella who are microcephalic can be
expected to have additional neurologic impairment [79].
Acquired microcephaly has also been documented in congeni-
tal rubella syndrome. Chang et al. described five neonates with
confirmed congenital rubella syndrome [80]. Despite having
normal head size at birth, head ultrasonography revealed

linear and punctuate hyperechogenicities and occasional
subependymal cysts. These non-specific findings of CNS damage
were markers for later neurologic sequelae: by 27 months
of age, all five had documented microcephaly and profound
global developmental delay [80]. In another study, white-
matter hyperintensities were noted on MRI scans performed
on 11 adults with a history of congenital rubella syndrome
and schizophrenia-like symptoms [81]. These hyperintensities
were not found in any of 19 controls with schizophrenia
who had no evidence of congenital infection.

A few children with congenital rubella developed a
syndrome of progressive rubella panencephalitis similar to
subacute sclerosing panencephalitis caused by the measles virus
[78,81]. These children manifest progressive neurologic deteri-
oration after 10 years of age. Neurologic manifestations have
included progressive mental retardation, motor incoordin-
ation, and cerebellar signs, including nystagmus, ataxia, and
choreoathetoid movements. Elevated rubella-specific IgG was
demonstrated in the CSF and rubella virus was recovered from
brain biopsy in one case [78]. Autopsies revealed diffuse white-
matter involvement, microglial nodules, panencephalitis, react-
ive gliosis, ventricular enlargement, and brain atrophy [78,82].

Neurologic sequelae of congenital rubella are often subtle
and include hearing deficits, language delays, psychomotor
retardation, and behavioral/psychiatric disturbances. The pro-
gressive nature of intrauterine rubella infection was demon-
strated in a group of non-retarded children who were followed
for 9–12 years [83]. With increasing age, an increase in the
percentage of the population with hearing loss, motor inco-
ordination, and behavioral disturbances was observed. At last
follow-up, 86% of the children had hearing deficits, 52% had
learning problems, 48% had behavioral problems, and 61%
had poor balance and/or muscle weakness. Fifty-year follow-
up of cohorts from congenital rubella epidemics in Australia
and the USA have been reported [84,85]. In the Australian
cohort of 40 individuals, long-term outcomes were considered
to be “good” [84]. Although 100% had hearing deficits, most
of which were profound, and 50% had visual deficits, over 50%
were employed. In contrast, in the New York cohort one-third
had normal lives, one-third were semi-independent, and one-
third were institutionalized [85].

Behavioral and psychiatric disorders are often found at
later ages in children with congenital rubella syndrome. Chess
et al. described the psychiatric and behavioral consequences of
congenital rubella among 243 preschoolers examined at 2.5–5
years of age; 205 children of this cohort were re-examined at
8–9 years of age [86]. Between 25% and 40% of the children
were mentally retarded, 15–20% had diagnoses of reactive or
other behavior disorders, and approximately 6% were autistic.
In another psychiatric outcome study, the Diagnostic Inter-
view Schedule for Children was administered to 70 young
adults with a history of congenital rubella syndrome and
164 controls [87]. Those with congenital rubella syndrome
were 5–16 times more likely than age-matched controls to
have non-affective psychiatric disorders defined as delusions
and/or hallucinations [87]. Conclusions from these studies are
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tentative, because the impact of multiple handicaps in hearing,
visual, and other neurologic domains have not been clearly
separated from the direct impact of viral infection on behavior
and psychiatric well-being.

Recommendations
The evaluation of a pregnancy potentially complicated by
rubella remains a difficult diagnostic problem. The interval
required to isolate the virus limits the utility of tissue culture
as a diagnostic method [61,62]. If the pregnant woman has not
had a previous rubella titer, it is often impossible to determine
whether seroconversion has occurred because rubella anti-
bodies are present within a few days of onset of infection
[61,62]. The detection of rubella-specific IgM antibodies can
be helpful, but the method can yield false-positive results
and the absence of an IgM response does not exclude recent
rubella infection [61,62]. A high titer of rubella antibodies in
a single serum sample does not establish a diagnosis of recent
infection since many individuals maintain persistently high
rubella titers [61,62]. PCR has been performed on amniotic
fluid, chorionic villi samples, and fetal blood for detection of
in utero rubella infection, and use of PCR as a diagnostic tool
appears very promising [74,75,88].

If a pregnant woman is exposed to rubella and her immune
status is not known, she should be tested for rubella antibodies
immediately [61,62]. A positive rubella titer at the time of
exposure eliminates any concern. If the titer is negative, it
should be repeated at 2 and 6 weeks after exposure to be
certain that subclinical infection has not occurred [61,62].
Transplacental transmission of the virus is possible if serocon-
version is demonstrated, whether or not the pregnant woman
has had symptoms [61,62].

The risk of congenital rubella can be eliminated by
an effective vaccination program. The rubella vaccination
program has reduced the annual number of cases of rubella
by 99% since the prevaccine era [64,68,70,79,89,90]. However,
localized rubella outbreaks continue to occur. Most out-
breaks of congenital rubella syndrome can be attributed
to multiple missed opportunities to vaccinate susceptible
women of child-bearing age [63–65]. Immunization coverage
rates of 80–90% are needed to prevent rubella transmi-
ssion in a community [64]. Susceptible young women should
be encouraged to receive rubella vaccine. While pregnancy is a
contraindication to rubella immunization, inadvertent rubella
vaccination during pregnancy has not been associated with
congenital rubella syndrome [61,62,91,92]. Long-term med-
ical, neurologic, psychiatric, ophthalmologic, audiologic, and
developmental evaluations are required for infants with con-
genital rubella.

Congenital syphilis
In the USA, the late 1980s and early 1990s were marked by a
resurgence in the number of congenital infections caused by
Treponema pallidum, the etiologic agent of syphilis [93,94].
Factors believed to contribute to this increased frequency of

infection include patterns of substance abuse (especially crack
cocaine), HIV infection, and changing patterns of sexual activ-
ity [95]. In addition, modification of the Centers for Disease
Control and Prevention (CDC) case definition of congenital
syphilis facilitated the identification and reporting of cases to
the CDC [96,97]. Fortunately, the rate of congenital syphilis in
the USA has declined steadily since 1992 [98–100].

The risk of syphilis transmission to the fetus varies with
the stage of maternal illness [101–103]. In early, untreated
primary maternal infection, transmission rates range from
70% to 100%. In early latent infection (infection of less than
1 year's duration) the risk of fetal infection is 40%. Once a
mother has late latent infection, fetal transmission rates drop
to 10%, due in part to low levels of spirochetemia and trepo-
nemal proliferation.

There are substantial problems in the diagnosis of con-
genital syphilis and the evaluation of neurosyphilis in infants
[104–108]. T. pallidum cannot be cultured from clinical speci-
mens except by inoculation into rabbits, a process that is time-
consuming, costly, and impractical [101,104,109]. In addition,
T. pallidum is often present in low numbers in clinical speci-
mens. Thus, the value of histologic documentation of infection
by dark-field microscopy or antigen detection is limited
[101,104,109]. Thus, most cases of congenital syphilis are not
established by definitive diagnosis, but rather by presumptive
diagnosis based on various clinical and laboratory evaluations
[97,101,103,108–110]. Unfortunately, there is no gold standard
for diagnosis. Presumptive diagnosis relies on non-treponemal
titers: rapid plasma reagin (RPR) card test or Venereal Disease
Research Laboratory (VDRL) titers. However, transplacentally
acquired maternal antibodies complicate the serologic evalu-
ation of exposed infants. Moreover, an infected infant may
have a titer four times higher than his/her mother, a lower
titer than his/her mother, or a negative titer despite active
infection [103].

Clinical diagnosis of congenital syphilis is also challenging,
since approximately two-thirds of infants are asymptomatic at
birth [101,103]. Sequelae from these asymptomatic infections
frequently develop at later ages. When symptoms appear
within the first 2 years of life, they are designated early con-
genital syphilis; those developing thereafter are designated late
congenital syphilis [101,107]. Manifestations of syphilitic
infections may include stillbirth, prematurity, intrauterine
growth restriction, hepatosplenomegaly, generalized lymph-
adenopathy, rhinitis (“snuffles”), dermatologic abnormalities,
renal disease, hyperbilirubinemia, and CNS abnormalities
[101,102,111]. In order to prevent morbidity from congenital
syphilis, it is important to identify and treat both asymptom-
atic and symptomatic newborns.

Early congenital syphilis
Older literature suggested that more than 60% of neonates
with congenital syphilis had abnormal findings on CSF exam-
inations [112]. However, this high rate of abnormality was
based on considering CSF abnormal if it contained � 5 white
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blood cells/mm3 and had a protein content > 45 mg/dL [112].
These definitions of abnormal CSF may not be appropriate for
newborn infants [101,113–115]. A study of 78 newborn
infants born to mothers with serologic evidence of syphilis
found only one neonate with a positive CSF VDRL titer [106].
None of the 78 infants had more than 32 white blood cells/
mm3 or a CSF protein greater than 170 mg/dL [106]. Another
study evaluated the CSF of 19 infants born to mothers with
untreated early syphilis using the rabbit infectivity test, PCR,
and immunoblot IgM assays in addition to CSF cell count,
protein, and VDRL titer [104]. Eighty-six percent of symp-
tomatic infants with congenital syphilis in this study had
evidence of CNS disease. In contrast, only one of 12 asymp-
tomatic newborns had laboratory evidence of CNS disease.
The authors concluded that CNS invasion by T. pallidum is
common in symptomatic congenital syphilis and uncommon
in asymptomatic disease. A recent study by Michelow et al.
evaluated CNS involvement in 76 infants with untreated con-
genital syphilis using rabbit-infectivity testing of the CSF
along with syphilis IgM immunoblotting and PCR on blood
and CSF specimens [108]. Spirochetes were detected in the
CSF in 17 out of the 76 infants. CNS infection was best
predicted by IgM immunoblotting of serum or PCR assay of
serum or blood [108].

Sequelae from neurosyphilis include hydrocephalus, cra-
nial nerve palsies, gradual decline in intelligence quotients,
mental retardation, seizures, strokes, deafness, blindness, gen-
eral paresis, and behavioral/learning difficulties [101,102].
Neurologic manifestations of congenital syphilis that are evi-
dent during the first 2 years of life are infrequent [106]. When
reported, the most common clinical types of CNS involvement
with early congenital syphilis are acute leptomeningitis
and chronic meningovascular syphilis [101]. Leptomeningitis
usually becomes evident between 3 and 6 months of age. It
is clinically indistinguishable from other bacterial causes of
meningitis. The CSF typically contains 100–200 mononuclear
cells/mm3, has an increased protein concentration, and a posi-
tive serologic test for syphilis. This form of neurosyphilis
responds to penicillin therapy [101,102].

Chronic meningovascular syphilis tends to follow a
protracted and progressive course starting late in the first year
of life. It usually results in communicating hydrocephalus
and cranial nerve palsies [101]. Cerebral infarctions from
syphilitic endarteritis may also result in a variety of cerebro-
vascular syndromes, with paresis and seizures being the
most consistent features [101]. Unfortunately, these later
forms of neurosyphilis often do not respond to penicillin
treatment [101,102].

Neurologic involvement in late congenital syphilis is infre-
quent [106,116,117]. Interestingly, deafness, a common
sequela of other congenital infections, occurs in only 3% of
children with congenital syphilis [101].

Recommendations
Congenital syphilis is a devastating disease if not treated.
Identification of infected mothers and neonates must be

optimized. Serologic screening for gestational infection should
be conducted early in pregnancy, during the third trimester
(especially for high-risk women), and at delivery [96,97,
101,109,118]. Even with adherence to these guidelines, some
infants with congenital syphilis may be missed, probably
because the maternal infection occurred immediately prior
to delivery, providing insufficient time for an antibody
response to develop, or the mothers received no treatment or
inadequate treatment for syphilis [101,109,119]. Thus, in areas
where the infection is prevalent, retesting of infants presenting
during the first weeks of life with symptoms or signs compat-
ible with congenital syphilis may be prudent [101,119].
Screening should be with a non-treponemal test: VDRL or
RPR. RPR is preferred in pregnancy by some experts [101].
If the non-treponemal test is positive, one of the treponemal-
specific tests should be performed to confirm maternal infec-
tion: either microhemagglutination Treponema pallidum
(MHA-TP) or fluorescent treponemal antibody absorption
(FTA-ABS) may be used. Maternal treatment history must
be reviewed in detail if both non-treponemal and treponemal
tests are positive. In addition, any mother with positive syph-
ilis serology needs HIV testing, because 15% of adults with
syphilis are co-infected with HIV [102].

The diagnosis of congenital syphilis should be con-
sidered in any neonate born to a mother with a reactive
serologic test for syphilis. All infants should have a phy-
sical exam and non-treponemal antibody titer obtained
[96,97,101,105,109,111,118,120]. For accurate comparison,
the non-treponemal test used must be the same for the infant
and mother. Testing of cord blood is inadequate for screening
because it can be contaminated bymaternal blood and can yield
false-positive results [110]. Criteria for further evaluation of
neonates are listed in Table 32.2. Evaluation for congenital
syphilis should also be considered for stillbirths occurring after
20 weeks' gestation and in neonates with unexplained prema-
turity or low birthweight, bullous skin lesions, maculopapular
rashes, rhinitis, skeletal lesions, jaundice, hepatosplenomegaly,
or lymphadenopathy [96,97,101,105,109,111,118,120].

Table 32.2. Criteria for evaluation of infants for congenital syphilis

Infants born to seropositive women who meet the following criteria should
be thoroughly evaluated

Mother with untreated syphilis

Mother treated for syphilis during pregnancy with a non-penicillin
regimen (e.g., erythromycin)

Mother treated for syphilis less than 1 month before delivery

Mother treated for syphilis during pregnancy with the appropriate
penicillin regimen but non-treponemal antibody titers did not decrease
sufficiently after therapy (fourfold decline) to indicate an adequate
response to treatment

Mother did not have syphilis treatment well documented

Mother was treated appropriately before pregnancy but did not have
adequate serologic follow-up to assure response to therapy and to rule
out reinfection

Source: Adapted from [101,103,104,109].
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Complete diagnostic evaluation of infants includes physical
exam, non-treponemal titers, long-bone x-rays, and CSF analy-
sis [96,97,101,104,105,107,109,111,115,118,120]. X-rays are
suggested because 6–20% of asymptomatic infants will have
detectable abnormalities [101,102,111]. CSF evaluation is still
recommended by most experts, despite the low sensitivity with
older CSF tests and debate over normal ranges for neonates
[96,97,101,108,109,111]. Finally, if possible, the placenta and
umbilical cord should undergo histologic examination [97,110].

Symptomatic infants may require additional testing,
including liver function tests, complete blood counts with
platelets, chest x-rays, auditory brainstem response tests, and
ophthalmology exams [97,101,109,110]. CSF analysis should
include cell counts, concentrations of glucose and protein, and
a VDRL titer. The CSF VDRL titer is highly specific for
neurosyphilis, but has a sensitivity of only 22–69% [104,120].
PCR analysis of the CSF has 90% correlation with the rabbit-
infectivity test [104]. PCR for T. pallidum DNA in the CSF is
75% sensitive and 96–100% specific [104]. Thus, if available,
PCR should also be performed on CSF fluid.

Ten days of parenteral aqueous crystalline penicillin G or
penicillin G procaine is recommended for the treatment of
symptomatic congenital syphilis in infants � 4 weeks of age.
Aqueous crystalline penicillin G or penicillin G procaine are
recommended because they provide adequate treatment for
possible neurosyphilis; benzathine penicillin does not. This
treatment regimen is considered prudent even if tests for
neurosyphilis are negative, because these tests may be falsely
negative. Treatment is also indicated for asymptomatic infants
born to women with untreated syphilis, inadequate treatment,
treatment with a non-penicillin regimen, and inadequate
documentation of treatment. In addition, treatment should
be given to asymptomatic infants born to women treated
within 1 month of delivery even if an appropriate regimen
was given [97,101,109,110].

Treatment of asymptomatic infants born to a mother
who received appropriate treatment without adequate titer
decline is controversial [97,101,103,106,107,109–112,118].
The controversy stems from the inability definitely to exclude
neurosyphilis or congenital syphilis in at-risk infants. In add-
ition, in late latent maternal infection, non-treponemal titers
decline slowly and may remain stably positive at low titers
(� 1 : 4) [101,103]. Thus, in some pregnant women, appropri-
ate treatment may fail to produce a fourfold titer decline
[101,103]. Debate continues on how to manage infants in this
scenario. Some advocate close observation and follow-up if the
complete evaluation is negative [101,109]. Others would treat
these infants with a single dose of benzathine penicillin
[101,103,109–111,121]. Consultation with local infectious
disease experts is recommended.

To date, though serology may be less reliable in HIV-
infected women, there is no indication to alter maternal treat-
ment or neonatal evaluation and treatment when caring for
HIV-infected pregnant women and their children [97,101,110].
Recommendations are changing constantly, and consultation
with local infectious disease experts is recommended.

All infants with suspected or proven congenital syphilis,
whether or not CNS involvement is confirmed, must undergo
careful long-term evaluations of mental and motor function,
hearing, and vision [97,101,109,110]. In addition, serologic
tests should be monitored until they become non-reactive
[97,101,105,109,110]. In the absence of fetal infection, the
VDRL titer should be decreasing by 3–4 months of age.
VDRL is undetectable in most infants by 6 months
[97,101,105,109,110]. If the infant was congenitally infected,
adequate treatment should result in a decreasing VDRL, with
disappearance by 6 months of age [97,101,105,109,110].
Treponemal-specific antibodies (e.g., FTA-ABS) may be detect-
able up to 15 months of age in uninfected neonates due to
persistence of transplacental antibodies [97,101,105,109,110].
If antibodies persist beyond these limits, the infant should be
reassessed and treated. In 85% of infected individuals, trepo-
nemal antibodies persist for life; therefore, these tests should
not be monitored during follow-up assessments of congeni-
tally infected children [101,103,110]. If the CSF VDRL was
originally positive, it should be repeated at 6 months of age.
If it remains positive and CSF abnormalities persist by 2 years,
retreatment is indicated [101,103,105,109,110].

Varicella-zoster virus
Primary infection with VZV causes varicella (chickenpox),
and reactivation of latent VZV infection results in herpes
zoster (shingles). Although pregnant women occasionally
develop varicella, this virus is an unusual cause of intrauterine
or perinatal infection because more than 90% of women of
child-bearing age who live in temperate climates have had
varicella in childhood [122]. The current rate of pregnancies
complicated by varicella is estimated at 0.4–0.7/1000 pregnan-
cies [122–125]. VZV may be transmitted across the placenta,
resulting in congenital or neonatal varicella infection [122].

Congenital varicella syndrome was first described in 1947
[126]. Infants with congenital varicella syndrome have char-
acteristic cicatricial cutaneous scars, limb atrophy, rudimen-
tary digits, chorioretinitis, and microcephaly [123,126–132].
In 1987, Alkalay et al. proposed three diagnostic criteria for
congenital varicella syndrome, which included a documented
maternal varicella infection in pregnancy, congenital cutaneous
lesions in a dermatomal distribution, and evidence of congeni-
tal infection by immunologic proof (VZV-specific IgM at
delivery) or zoster in infancy accompanied by a rise in VZV
antibody titers (Table 32.3) [132]. In their study, 77% of the
22 infants fulfilling the diagnostic criteria for congenital
varicella syndrome had abnormalities that included hypoplasia
of upper or lower extremities (80%), limb paresis (65%), hydro-
cephalus/cortical atrophy (35%), seizures (24%), Horner's
syndrome (24%), mental retardation (18%), and auditory palsy
(6%). The region of neurologic involvement correlated well
with the anatomic distribution of dermatomal disease.

The series of Enders et al. of 1373 pregnant women with
varicella during pregnancy is the largest experience to date [130].
Nine cases of congenital varicella and an additional 10 cases
of zoster in infancy occurred in offspring of these women.
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The overall risk of congenital varicella syndrome was 1%. This
risk increased to 2% if maternal infection occurred between
13 and 20 weeks' gestation. In previous smaller studies the
risk of congenital varicella syndrome ranged from 0% to 9%
[123,127,129,130].

In a prospective study in the United States, researchers
followed a cohort of 347 pregnant women who developed
varicella infection during pregnancy; there was one case of
congenital varicella syndrome, one case of fetal death at
20 weeks, and one case of fetal hydrops at 17 weeks. The
mother of the infant with congenital varicella syndrome had
varicella at 24 weeks of gestation; the infant had skin, eye and
central nervous system involvement [125].

Neurologic damage is an important consequence of congeni-
tal varicella syndrome [123,128–135]. Table 32.4 lists the various
neurologic abnormalities that have been reported. Varicella is a
neurotropic virus. Autopsies of neonates with congenital vari-
cella syndrome have demonstrated VZV virus in the cerebrum
and spinal cord by dot-blot and Southern blot hybridization
[136]. Postmortem evaluations of suspected and confirmed
congenital varicella syndrome cases report cortical and cerebel-
lar necrosis, severe encephalopathy involving gray and white
matter, and spinal cord disease including myelopathy, anterior
horn cell loss, and gray-matter gliosis [123,131,136–138].

Maternal varicella during the few days before and after
pregnancy can result in transplacental infection or exposure
to the virus during delivery [139]. This perinatal infection is
not associated with congenital malformations but can be the
cause of severe neonatal morbidity and mortality. Infants
whose mothers develop varicella more than a week before
delivery can be expected to escape infection or to have an
uncomplicated illness, probably because the interval between
the onset of maternal infection and birth provides sufficient
time for transplacental transmission of VZV antibodies [140].
In contrast, maternal chickenpox developing 5 days before or
within 2 days following delivery poses a substantial risk to the
newborn. The attack rate for perinatal infection under these
circumstances is approximately 20%, and the incidence of fatal
infection is about 30%. Nosocomial exposure of high-risk
infants can also result in neonatal varicella [141].

Infants who contract perinatal VZV during this high-risk
period are typically well for the first 5–10 days of life. Infection
is recognized thereafter with the typical cutaneous exanthema.
The diagnosis is usually obvious, because of the characteristic

vesicular lesions and the recognition of recent maternal
varicella. Progressive cutaneous infection is associated with
life-threatening illness due to VZV pneumonia, encephalitis,
hepatitis, and bleeding diathesis. Encephalitis is suggested by
the occurrence of seizures accompanied by CSF and electro-
encephalogram abnormalities. Because of the limited number
of infants with perinatal VZV infection that have been reported,
the risk of neurologic involvement has not been established.

Herpes zoster, due to the reactivation of latent VZV,
occurs during pregnancy but has not been associated with
the classic features of congenital varicella syndrome. Enders
et al. followed 366 women with zoster during pregnancy; none
of these women had an affected newborn [130]. Other studies
also document the absence of fetal/neonatal sequelae in cases
of herpes zoster infection during pregnancy [122,132]. The
lack of neonatal disease may be explained by the absence of
viremia during herpes zoster infection in otherwise healthy
pregnant women. Infants whose mothers develop varicella-
zoster late in pregnancy or immediately postpartum are not
at risk for serious illness because these infants are protected by
transplacentally acquired VZV antibodies.

In March 1995 the Food and Drug Administration
approved licensure of a live attenuated vaccine for varicella
[142,143]. This vaccine is not approved for pregnant women
or women who might conceive within 1–3 months following
vaccination. The company manufacturing the vaccine and the
CDC have established a pregnancy registry to follow pregnant
women inadvertently vaccinated with varicella-zoster virus-
containing vaccines: www.merckpregnancyregistries.com/
varivax.html [144]. No cases of live births with congenital
varicella syndrome have occurred in the pregnancies reported
to this registry to date [145].

Table 32.3. Proposed diagnostic criteria for congenital
varicella syndrome

(1) Documented maternal varicella infection in pregnancy

(2) Congenital cutaneous lesions in a dermatomal distribution

(3) Evidence of congenital infection by either:

(a) Immunologic proof of in utero varicella infection (VZV-specific IgM
at delivery) or

(b) Zoster in infancy accompanied by a rise in VZV antibody titers

Notes:
VZV, varicella-zoster virus; IgM, immunoglobulin M.
Source: Adapted from Alkalay et al. [132].

Table 32.4. Neurologic abnormalities in congenital varicella syndrome

Limb paresis

Hypoplasia of extremities (usually ipsilateral and distal to cutaneous
abnormalities)

Seizures

Horner's syndrome

Mental retardation

Auditory nerve palsy

Hydrocephalus

Microcephaly

Cortical atrophy

Central nervous system structural anomalies (prosencephalic cysts,
glial fiber proliferation)

Encephalitis

Autonomic dysfunction

Ocular disease (chorioretinitis, microphthalmia, endophthalmitis, optic
atrophy, cataracts)

Gastrointestinal dysmotility

Genitourinary dysfunction

Source: Adapted from [122,126–128,130–132,134,139].
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Recommendations
If a pregnant woman is known to be susceptible to VZV
infection, she should be offered varicella-zoster immune
globulin (VariZIG) or intravenous immune globulin (IVIG)
prophylaxis within 96 hours of exposure in order to modify
the severity of her infection [146,147]. It is possible, although
not proven, that varicella-zoster immune globulin (VZIG)
may reduce the risk of congenital varicella infection. In the
study by Enders et al. none of the 97 women who received
VZIG had an infant with congenital varicella syndrome
[130,148]. The production of VZIG was discontinued in
2006. The only varicella-zoster immune globulin currently
available in the USA is VariZIG, which at this time is available
under an investigational new drug application only.

VariZIG or IVIG should be given to infants born to
mothers whose onset of varicella is between 5 days before
and 2 days after delivery [146–148]. These infants also should
be treated with intravenous acyclovir. Although controlled
clinical evaluations of acyclovir treatment of infants with
perinatal varicella are lacking, the drug prevents progressive
VZV infection among other immunodeficient patients.

No intervention is required for infants who are exposed to
maternal varicella-zoster. These infants will have transplacen-
tally acquired VZV antibodies and can be expected to be free
of infection or to develop mild varicella.

Women who contract varicella during pregnancy should
have ultrasounds performed at 20–22 weeks' gestation to look
for abnormalities associated with congenital varicella syn-
drome (limb hypoplasia, microcephaly, intrauterine growth
restriction, etc.) [132,136,149]. Studies have examined the
potential utility of a variety of VZV-specific immunologic
studies from blood obtained by cordocentesis from fetuses
exposed in utero to maternal VZV infection [136,137]. The
potential value of viral culture and PCR from amniotic fluid of
pregnancies complicated by varicella has also been assessed
[130,137]. To date, the data do not support the routine use of
any of these diagnostic methods.

Herpes simplex virus
The incidence of neonatal HSV infection is estimated to range
from 1/3000 to 1/20 000 live births [150,151]. Neonatal herpes
has four disease manifestations: disease limited to the skin,
eye, and mouth (SEM), isolated CNS disease, disseminated
disease, and, rarely, congenital disease due to intrauterine
infection [150,151]. Approximately 35% of neonatal infections
primarily involve the CNS [150,151].

Transmission of HSV to the fetus and newborn
Neonatal infection with HSV can be caused by either HSV-l or
HSV-2, but two-thirds of these infections result from HSV-2
[150,151]. More than 85% of neonates with HSV infection
contract the virus during labor and delivery from infected
maternal secretions [150,151]. More than 70% of infected
neonates are born to women who are asymptomatic during
labor and delivery and have no prior history of genital herpes

[152,153]. Intrapartum asymptomatic HSV excretion by the
mother may represent a primary infection or reactivation of
latent virus from a previous genital HSV infection [154]. In a
study of almost 16 000 women prospectively cultured for HSV
at delivery, 56 (0.35%) were found to have asymptomatic HSV
excretion [154]. Based on serologic evaluation, one-third of
these women had primary genital infections and two-thirds
had recurrent infections. The attack rate among infants born
to mothers with primary genital herpes at delivery is estimated
to be 33–50% [151]. Fortunately, the attack rate for HSV
infection among infants whose mothers are experiencing
recurrent HSV at delivery is substantially lower: 0–5%
[151,154]. The difference in neonatal infection rates following
primary versus recurrent maternal infection is due to many
factors, including concentration of virus, site of viral excretion
(cervix vs. labia), and presence of transplacentally acquired
protective antibodies in infants born to mothers with recur-
rent infection [150,151,154].

Postnatal exposure to HSV accounts for approximately
10% of neonatal infections [150,151]. These infections result
from close contact with individuals who have active HSV-1
infection. These infections may be symptomatic or asymptom-
atic. Nosocomial transmission of HSV from infant to infant,
apparently by personnel or fomites, has also occurred in
neonatal nurseries [150].

Fewer than 5% of neonatal HSV infections are congenital
[150,155]. The risk factors for HSV infection before birth have
not been determined. Affected infants have been born to
mothers with symptomatic and asymptomatic, primary and
recurrent HSV infections during pregnancy [150,151,155,156].
HSV-2 is responsible for most intrauterine infections [155].

Clinical manifestations and consequences
of perinatal and intrauterine HSV infections
Although the rate and severity of neurologic abnormalities
vary, SEM, isolated CNS, disseminated disease, and intrauter-
ine infection have all been associated with neurologic deficits
at follow-up.

Approximately 40% of perinatal HSV infections are classi-
fied as SEM [150,151]. This mucocutaneous form of infection
is characterized by vesicular lesions of the skin and mucosal
surfaces with or without ocular disease. It is crucial to identify
herpetic mucocutaneous lesions as soon as possible because,
without proper identification and treatment, SEM disease will
progress to the disseminated or CNS forms of neonatal herpes
in more than 75% of cases [150]. In addition, during the pre-
antiviral drug era, neurologic sequelae occurred in more than
25% of infants with localized SEM disease [150]. In contrast,
with timely acyclovir treatment, the chance that the infant will
escape neurologic sequelae exceeds 90% [157]. Nonetheless,
even with appropriate therapy for limited mucocutaneous
disease, 5–10% will have evidence of neurologic impairment
at follow-up [157]. One predictor of neurologic morbidity
appears to be the frequency of mucocutaneous recurrences
during the first 6 months of life [158].
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Thirty-five percent of neonatal herpes cases have isolated
CNS involvement [151]. Herpes encephalitis usually occurs in
infants who are about 2 weeks old (range 1–6 weeks). At
presentation, some infants have active or resolving mucocuta-
neous lesions, but the majority do not. Only 60% of infants with
CNS herpes have cutaneous lesions documented at any time
during the course of their illness [150]. The signs of neonatal
HSV encephalitis include fever or temperature instability,
lethargy, poor feeding, bulging fontanel, pyramidal tract signs,
tremors, and seizures [150,151]. The seizures often begin as
focal, unilateral tonic–clonic movements that become general-
ized. Apnea is common. The CSF can be normal at the onset of
symptoms but usually shows a mild lymphocytic pleocytosis
(20–100 cells/mm3) and elevated protein; the glucose may be
normal or slightly low. Serial evaluations of the CSF usually
show progressive abnormalities with substantial increase in
protein (up to 1 g/dL) and inflammatory cells [150,151]. The
electroencephalogram is usually diffusely abnormal. CT brain
scans may be normal or show diffuse enhancement. MRI is
superior to CT in demonstrating subtle abnormalities early in
infection. Cultures of the CSF for HSV have a low yield: less
than one-third are positive [150]. PCR of CSF is the preferred
method to diagnose HSV meningoencephalitis [150,151,159].
The sensitivity of PCR on the CSF is 75–100%, with a specificity
of 70–100% [159]. Although antiviral treatment of infants with
herpes encephalitis reduces themortality rate, very few survivors
escape serious neurologic sequelae [157,158]. At follow-up, over
60% have neurologic deficits, including persistent seizures,
spasticity, chorioretinitis, blindness, learning disabilities, and
developmental delays [157,158]. HSV-1 CNS infectionmay have
a better prognosis than CNS disease caused by HSV-2 [158].

Disseminated disease represents 25% of cases of neonatal
HSV infection [151]. Infants with disseminated herpes usually
present during the first 2 weeks of life with fever and signs
indistinguishable from bacterial sepsis [150]. Disseminated
HSV is often fulminant and associated with severe hepatitis,
coagulopathy, pneumonitis, and possible concomitant
encephalitis [150]. Unfortunately, infants with disseminated
disease often lack cutaneous symptoms at presentation; 20%
never develop mucocutaneous lesions [150]. Disseminated
neonatal herpes has a mortality rate of greater than 80% if
untreated [150]. The mortality rate is approximately 30% even
with appropriate antiviral therapy [157]. Infants who have had
CNS infection in the course of their disseminated disease
usually have neurologic sequelae if they survive. Despite the
severity of the acute illness, up to 80% of treated survivors are
developmentally normal at follow-up [157].

In utero infection accounts for less than 5% of neonatal HSV
[151]. The consequences of in utero infection are devastating.
Infants with intrauterine infection have skin vesicles or scars at
birth, chorioretinitis in the first week of life, microphthalmia,
and abnormal head CT [155]. In 13 infants infected in utero,
all had multisystem disease [155]. Four died; six had severe
neurologic sequelae, including hydranencephaly, brain atrophy,
seizures, and severe developmental delay [155]. Antiviral ther-
apy does not reverse CNS damage sustained in utero [150,155].

Predictors of mortality and morbidity from neonatal HSV
infections are outlined in Tables 32.5 and 32.6 [158]. Morbid-
ity is defined as developmental delay of greater than 6 months,
blindness, microcephaly, spastic quadriplegia, and/or seizures.
The presence of seizures prior to the initiation of antiviral
therapy significantly influences the incidence of neurologic
deficits in survivors. Ninety-three percent of survivors with
seizures have neurologic deficits, compared with a 34% inci-
dence of neurologic impairment in the absence of seizures
[158]. The highest morbidity occurs in neonates with CNS
disease, followed by those infants with disseminated disease
(Table 32.7) [158]. Only a small percentage of those with SEM
have neurologic sequelae [158].

Recommendations
Prevention
Since most neonatal disease is acquired from maternal genital
infection at the time of delivery, the first problem is to identify
women with active genital HSV at the onset of labor. If the
mother has genital lesions or prodromal symptoms consistent
with genital HSV, cesarean delivery is recommended to avoid
infant exposure [160,161]. Although some reports suggest that
the benefits of cesarean section are more likely to be realized if
cesarean section is performed within 4–6 hours of membrane

Table 32.5. Predictors of mortality with neonatal herpes simplex virus
(HSV) infection based on signs at presentation

Coma or semicomatose state

Disseminated intravascular coagulation

Prematurity

Disseminated disease due to HSV-1

Notes:
Mortality was the same in those with central nervous system disease from
HSV-1 and HSV-2.
Source: Adapted from Whitley et al. [158] with permission.

Table 32.6. Predictors of morbidity from neonatal herpes infection

Infection with HSV-2

Seizures

Extent of disease at presentation (disseminated, CNS, or SEM)

For SEM only, � 3 mucocutaneous recurrences in 6 months after therapy

Notes:
HSV, herpes simplex virus; CNS, central nervous system; SEM, skin, eyes,
and mouth.
Source: Adapted from Whitley et al. [158] with permission.

Table 32.7. Mortality and morbidity in neonatal herpes

Diagnosis Untreated
mortality

Treated
mortality

Treated
morbidity

Disseminated 80% 50–60% 40%

CNS disease 50% 14% 55–65%

SEM disease — 0% 5–10%

Notes:
CNS, central nervous system; SEM, skin, eyes, and mouth (mucocutaneous only).
Source: Adapted from [150,151,158].

Section 4: Specific conditions associated with fetal and neonatal brain injury

372



rupture, theAmericanCollege ofObstetricians andGynecologists
(ACOG) recommends cesarean section regardless of the
duration of membrane rupture [150,151,160].

Approximately 0.5–1% of women with a past history of
recurrent genital herpes will have HSV excretion without any
lesions at the time of delivery [150,151,154]. Unfortunately,
these women cannot be identified by antepartum screening
cultures [162,163]. Cesarean delivery for every woman with a
past history of genital herpes is not reasonable and not recom-
mended by ACOG [160]. Women who have had symptomatic
primary genital herpes late in pregnancy may constitute a
special subpopulation at greater risk of high-titer asymptom-
atic shedding; special consideration for cesarean section in
these cases may be necessary [164].

Since most mothers of infants with neonatal herpes have no
history of genital herpes, the infant's risk of HSV exposure will
not be known. Maternal history of genital infection caused by
HSV may be negative because the prior HSV-2 infection was
asymptomatic or because the mother had primary genital HSV
late in gestation that was not diagnosed or was asymptomatic.

Diagnosis and treatment
Direct immunofluorescence, PCR, and viral cultures provide
the only means of confirming the diagnosis of HSV in the
symptomatic infant [150,151,159,165,166]. Serologic tests are
not helpful because the majority of newborn infants have
passive HSV antibodies due to transplacental acquisition
[150,151]. Furthermore, absence of HSV antibodies does not
rule out herpes, because the infant may have acquired the
infection as a result of primary maternal HSV or from a non-

maternal source [150,151]. In addition, some infected neonates
have delayed or no serologic response to infection. Currently,
there is no reliable method for detection of HSV IgM.

Since the maternal history of herpes is not a reliable clue,
infants with neonatal herpes will only be recognized if viral
diagnostic procedures are included in the evaluation of infants
with suspicious mucocutaneous lesions, non-bacterial sepsis,
or unexplained seizures. Timely antiviral therapy may result in
increased survival and improved long-term outcome for neo-
nates infected with HSV [158].

High-dose parenteral acyclovir therapy (60 mg/kg per day)
is now recommended for the treatment of neonatal herpes.
SEM disease should be treated for 14 days and CNS and
disseminated disease for 21 days [151]. Survival appears to
be improved with this high-dose regimen. The National Insti-
tute of Allergy and Infectious Diseases Collaborative Antiviral
Study Group evaluated high-dose acyclovir in an open label
study comparing high-dose acyclovir (60 mg/kg per day) with
lower-dose acyclovir (30–45 mg/kg per day) [167]. The sur-
vival rate for patients with disseminated or CNS HSV disease
treated with the high-dose regimen was higher than observed
in previous studies with lower-dose acyclovir [150,167]. There
was no significant difference in morbidity at 12 months of
follow-up between high-dose and lower-dose acyclovir in all
the disease categories [150,167].

The efficacy of long-term suppressive acyclovir after initial
therapy has yet to be elucidated [168]. Any infant who has had
neonatal HSV should have continued evaluation of develop-
mental milestones through childhood, with appropriate refer-
rals to speech, occupational, and physical therapy as needed.
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Chapter

33 Perinatal human immunodeficiency
virus infection
Avinash K. Shetty and Yvonne A. Maldonado

Introduction
Since the initial description of acquired immune deficiency
syndrome (AIDS) cases in infants and children more than
25 years ago [1], the epidemiology of the pediatric human
immunodeficiency virus type 1 (HIV-1) epidemic has changed
significantly [2–4]. Most pediatric HIV infections occur
through perinatal transmission [5]. Dramatic declines in the
number of perinatally HIV infected children have been
reported in the USA and Europe due to prompt implementa-
tion of strategies to prevent mother-to-child transmission of
HIV (PMTCT) [3,4]. Further, availability of highly active
antiretroviral therapy (HAART) has led to improved survival
of HIV-infected children into adolescence and adulthood,
changing most HIV infections into a chronic rather than an
acute disease [6]. In contrast, prevention of mother-to-child
HIV transmission is a major public health challenge in many
resource-limited countries [2]. Although several effective,
simple, and less expensive prophylactic antiretroviral regimens
are available to prevent perinatal HIV transmission, these
interventions have not been widely implemented in the
developing world [2].

Pediatricians and obstetricians play a crucial role in the
prevention of perinatal HIV transmission, including identifi-
cation of HIV-infected women during pregnancy, treatment of
the pregnant women with appropriate antiretroviral therapy,
ensuring evaluation for HIV infection in early infancy, and
subsequent provision of ongoing care for children and families
affected by HIV [7]. The purpose of this chapter is to review
advances in the prevention of perinatal HIV transmission and
highlight certain unique features of HIV infection in infants
with a focus on early diagnosis, clinical manifestations, treat-
ment, and prognosis.

Epidemiology
Cases of AIDS in children have accounted for 1% of all reported
cases in the USA [8]. Since the beginning of the epidemic, 9441
cases of AIDS in children under 13 years of age have been
reported in the USA. Perinatal transmission is the most
common source of pediatric HIV infection, accounting for

91% of cases, whereas 4% acquired infection through receipt
of blood or blood products, and another 2% acquired HIV
from transfusion due to hemophilia. Fewer than 3% of cases
have been reported to have no identifiable risk factor [9].

The racial, ethnic and geographic distribution of AIDS
cases in children parallels that of women with AIDS. Perina-
tally acquired HIV infection has occurred more frequently
among black non-Hispanic (61%) and Hispanic (23%) chil-
dren than among white non-Hispanic children, whereas infec-
tion related to blood or blood-product transfusion is more
proportional to the racial and ethnic distribution of the gen-
eral population [9]. Most children with vertically acquired
AIDS are diagnosed before 5 years of age (83%) compared
with children with hemophilia or transfusion-acquired AIDS,
who often are diagnosed at 5 years of age or older (95% and
73% respectively) [9].

The number of infants born with HIV has dropped from a
high of 2000 per year in the early 1990s to fewer than 200 [10].
At the same time, new pediatric AIDS cases and AIDS deaths
also have dramatically declined, primarily due to availability of
HAART. In 1992, 858 AIDS cases were reported in children
under 13 years of age, compared to only 41 cases in 2004 [11].
New York and Florida reported the highest number of cases.
Adolescents now represent a growing population of HIV-1
infection, with at least 5000 young people 13–19 years of age
living with HIV [12]. Blacks and Hispanics are disproportion-
ately affected. A significant number of HIV-infected adoles-
cents acquired their infection perinatally.

Globally, the perinatal HIV-1 epidemic continues to
advance at an alarming rate; approximately 2.1 million HIV-
infected children are currently living with HIV/AIDS [13].
More than 90% of HIV-infected children reside in sub-
Saharan Africa, where approximately 1500 infants are newly
infected daily [13]. Over 50% of HIV-infected children in
sub-Saharan Africa die by their second birthday [14].

Perinatal transmission: rates, timing,
mechanisms and risk factors
Mother-to-child transmission of HIV can take place in utero
via transplacental infection, intrapartum by exposure to
maternal blood at the time of labor and delivery, and postna-
tally through breastfeeding [3–5,15–17]. Perinatal HIV trans-
mission rates in the absence of specific interventions vary
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from about 15–30% among non-breastfeeding HIV-infected
women in the USA and Europe to 25–45% among breastfeed-
ing populations in sub-Saharan Africa [5,18–21]. Variability
in estimated rates likely reflects differences in breastfeeding
patterns, maternal and obstetric risk factors, and viral factors,
as well as methodological differences among studies.

Knowledge about the precise timing of transmission is
crucial for the design of potential preventive strategies [15].
In the non-breastfed infant, about one-third of transmissions
occur during gestation and the remaining two-thirds during
delivery [18]. The absolute risk for intrauterine transmission
is approximately 5%, and for intrapartum transmission it is
approximately 13–18%. In the breastfed infant, one-third to
one-half of overall transmission may occur after delivery
during lactation [16,17]. In 1992, Bryson et al. proposed
a working definition of timing of vertical transmission in
non-breastfeeding infants: infants with a positive HIV culture
or DNA PCR test in the first 48 hours of life are usually
considered to have had in utero infection, while those with a
negative virologic test in the first week of life who subse-
quently become positive before 90 days of life are probably
infected during the intrapartum period [22].

In utero transmission may occur through HIV infection in
the placenta or fetal exposure to HIV in the amniotic fluid,
and has been documented by isolation of HIV from the tissue
of aborted or miscarried fetuses as early as 8 weeks of gestation
[23–25]. Intrapartum transmission may occur in a variety of
ways, including direct exposure of the fetus/infant to infected
maternal secretions during birth, ascending infection after
rupture of membranes, or maternal–fetal microtransfusions
during uterine contractions [26]. Intrapartum transmission
is supported by studies failing to detect HIV in infants born
to HIV-infected women in the first month of life but sub-
sequently detecting virus after 1–3 months of life [27–30].
Retrospective studies of twins born to HIV-infected women
found a higher HIV transmission rate among those born by
vaginal delivery compared with those born by cesarean deliv-
ery, and among first-born compared with second-born twins.
These data support exposure to maternal virus during delivery
as a likely route of transmission [31–33]. The role of cesarean
delivery in reducing the risk of perinatal transmission may
be beneficial in certain situations, such as for women who
are not receiving antiretroviral therapy or for those who have
high levels of HIV-1 in their blood at the time of labor and
delivery [32,33].

Although numerous maternal, obstetric, infant, and viral-
related factors may modify perinatal HIV transmission risk
[34], the strongest predictor of both intrauterine and intra-
partum transmission is the maternal serum HIV RNA level
[35–42]. However, transmission can occur rarely among preg-
nant women with low or undetectable serum levels of HIV
around the time of labor and delivery [43]. Other maternal
risk factors associated with higher rates of perinatal HIV
infection include women with progressive symptoms of AIDS,
acute HIV infection during pregnancy, and low CD4 counts
[44–48]. HIV viral burden in cervicovaginal secretions is an

independent risk factor for perinatal HIV transmission [49].
Obstetric risk factors associated with increased risk of trans-
mission include vaginal delivery, rupture of membranes for
more than 4 hours, chorioamnionitis, and invasive obstetric
procedures [48,50,51]. Premature infants born to HIV-
infected women have a higher rate of perinatal HIV infection
than full-term infants [21,37,48,52,53]. Studies evaluating the
relative risk of HIV transmission associated with vaginal
(versus cesarean) delivery have demonstrated decreased trans-
mission with cesarean delivery [32,33]. Increased transmission
of HIV strains that are fetotropic is reported; isolation of
HIV strains with highly conserved gene sequences from
HIV-infected infants has been demonstrated, despite the large
number of genetically diverse strains isolated from their
mothers [54]. Maternal–fetal HLA concordance increases the
risk of perinatal transmission [55], whereas CCR5 haplotype
may be permissive or protective, depending on the specific
mutation [56].

In resource-poor settings, where breastfeeding is the
cultural norm, postnatal transmission of HIV through breast
milk remains a serious problem and carries an estimated
risk of about 15% when breastfeeding is prolonged and
continued into the second year of life [16,17,57,58]. HIV has
been isolated from cellular and cell-free fractions of human
breast milk from HIV-infected women [59,60]. Available
data among breastfeeding African populations suggest that
33–50% of transmission may occur through breastfeeding
[16,61–64]. A meta-analysis estimated the overall additional
risk of breast-milk transmission as 14% (95% CI 7–22%) for
established maternal infection and 29% (95% CI 16–42%) for
primary infection [61]. Most breast-milk HIV-1 transmission
occurs during the first few months of life, with a lower but
continued risk thereafter [64,65]. In a randomized controlled
trial of breastfeeding versus formula feeding on HIV-1 trans-
mission in Kenya, investigators found that formula feeding
reduced transmission by 44% at age 2 years and that 75% of
infections were acquired during the first 6 months of life
[64]. In a prospective breastfed cohort study in Malawi, Miotti
et al. reported cumulative transmission rates of 3.5%, 7.0%,
8.9%, and 10.3% after 5 months, 11 months, 17 months, and
23 months of breastfeeding, respectively [65]. Several studies
have evaluated the risks of late postnatal breast-milk transmis-
sion [58,66–69]. In a international multicenter pooled meta-
analysis of over 900 mother–infant pairs, the risk of late
postnatal transmission (after age 4 months) was 3.2 cases
(95% CI 3.1–3.8) per year per 100 breastfed infants [68].
A more recent meta-analysis estimated the risk of postnatal
HIV transmission to be 8.9 transmissions per 100 child-years
of breastfeeding or 0.9% per month after the first month of
life [58].

Risk factors for breast-milk HIV transmission include
women seroconverting during lactation, high HIV DNA or
RNA level in plasma and breast-milk, longer duration of
breastfeeding, mixed infant feeding, bleeding or cracked
nipples, subclinical and clinical mastitis, and breast abscesses
[16,17,57,69–71].
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Early diagnosis
Routine HIV antibody testing cannot be used for the diagnosis
of infant HIV infection because of passively transferred mater-
nal HIV-1 antibodies, which may be present in children up to
18 months of age [2]. HIV DNA or RNA PCR assays represent
the gold standard for early diagnosis of HIV infection in
children younger than 18 months [72–76]. HIV RNA PCR
may be more sensitive than the HIV DNA PCR test for
detection of non-B-subtype virus [77]. The sensitivity of HIV
RNA PCR is not affected by the presence of maternal/infant
zidovudine prophylaxis [77]. HIV DNA or RNA PCR testing
is recommended within the first 2 weeks of life, at 1–2 months
of age, and at 2–4 months of age [7]. Cord blood specimens
should not be used because of possible contamination with
maternal blood. Two separate positive HIV DNA or RNA
PCR test results are needed for diagnosis of HIV infection.
HIV-1 infection can be definitively excluded in non-breastfed
HIV-exposed infants if two HIV DNA or RNA PCR assays
obtained at > 1 month of age, and a third test obtained at > 4
months of age, are reported as negative if the maternal virus
is subtype B [72]. Many physicians confirm the absence of
HIV infection by documenting a negative HIV antibody test at
12–18 months of age. Detection of HIV antibody in a child
> 18 months of age is diagnostic of HIV infection [7,72].

For any positive HIV DNA PCR result, the infant should
be re-tested immediately for confirmatory PCR testing. If
infection is confirmed, a pediatric infectious disease consult-
ation should be requested, because of the rapidly evolving and
complex nature of the disease. Plasma HIV RNA levels are
characteristically very high in HIV-infected newborns and
infants and are likely to reflect the immaturity of the immune
system for bringing viral replication under control [78]. Early
recognition of infant HIV infection is critical to allow early
initiation of aggressive antiretroviral therapy and prophylaxis
for Pneumocystis jirovecii (formerly carini) pneumonia with
the potential to prevent the rapid disease progression observed
in some perinatally HIV-infected infants [79].

Clinical manifestations
of HIV-infected infants
The clinical manifestations of HIV infection in infants are
highly variable and often non-specific [80]. Infants with peri-
natally acquired HIV infection are often asymptomatic, and
physical examination is usually normal in the neonatal period.
Although a distinctive craniofacial dysmorphism character-
ized by prominent boxlike forehead, hypertelorism, flattened
nasal bridge, triangular philtrum, and patulous lips were sug-
gested as a possible congenital HIV syndrome [81], these
findings have not been confirmed in subsequent reports [82].
In a prospective cohort study of 200 children with perinatally
acquired HIV-1 infection, the median age of onset of any
HIV-related symptom or sign was 5.2 months; the probability
of remaining asymptomatic was 19% at 1 year and 6.1%
at 5 years [83]. In another large prospective cohort study,
AIDS-defining conditions developed in approximately 23%

and 40% of perinatally infected infants by 1 and 4 years
respectively [84,85].

Growth delay can be an early sign of untreated perinatal
HIV infection, and the linear growth is most severely affected
in infants with high HIV RNA levels [86]. Other features of
infection in early infancy could include lymphadenopathy,
often associated with hepatosplenomegaly. Also commonly
encountered are oral candidiasis, developmental delay, and
dermatitis [87].

The current AIDS case definitions devised by the Centers
for Disease Control and Prevention (CDC) for surveillance
and reporting purposes are similar, with some important
exceptions [88]. Lymphoid interstitial pneumonia (LIP) and
multiple or recurrent serious bacterial infections are AIDS-
defining illness only for children. Also, certain herpes virus
infections (cytomegalovirus, herpes simplex virus) and toxo-
plasmosis of the CNS are AIDS-defining conditions only
for adults and children older than 1 month of age. In 1994,
the CDC published a revised pediatric classification system for
HIV infection in children less than 13 years of age according
to parameters: (1) HIV infection status, (2) clinical disease,
and (3) immunologic status [89].

Clinical categories range from N, indicating no signs or
symptoms, through A, B, and C, for mild, moderate, and
severe (AIDS-defining) symptoms and signs. PCP pneumonia
is the leading AIDS-defining illness diagnosed during the first
year of life and is associated with a high mortality rate [90].
Other common AIDS-defining conditions in US children with
vertically acquired infection include lymphoid interstitial pneu-
monitis, multiple or recurrent serious bacterial infections, HIV
encephalopathy, wasting syndrome, candida esophagitis, cyto-
megalovirus disease, and Mycobacterium avium-intracellulare
complex infection [85].

The immunologic categories place emphasis on the CD4
T-cell lymphocyte count and percentages for age, and include
stage 1, no evidence of immunosuppression; Stage 2, moderate
immunosuppression; and Stage 3, indicating severe immuno-
suppression [89]. Once classified, a child cannot be reclassified
into a less severe category, even if the child's clinical status or
immune function improves in response to antiretroviral treat-
ment or resolution of clinical events. HIV-exposed infants
whose HIV infection status is indeterminate (unconfirmed)
are classified by placing a prefix E (for perinatally exposed)
before the appropriate classification code (e.g., EN2) [89].

Neurologic manifestations in the infant
Central nervous system (CNS) manifestations in patients with
HIV infection may be due to direct effects of HIV viral infection
or to secondary effects of opportunistic diseases of the central
nervous system that may occur in advanced stages of HIV/AIDS
[91]. The impact and neurologic manifestations of HIV infec-
tion occurring early in development are different from neuro-
logic sequelae in adults infected at the time of central nervous
system maturity (Table 33.1). This likely reflects the vulner-
ability of the immature infant brain to HIV infection [91,92].
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Neurologic disease in children with rapid progression of
HIV infection has been commonly recognized as HIV enceph-
alopathy, which can affect 8–20% of HIV-infected children
[93–95]. In the current era of highly active antiretroviral
therapy (HAART) for perinatal HIV infection, the incidence
of overt and rapidly progressive HIV encephalopathy seems to
have decreased, but it may be associated with more subtle and
insidious central nervous system manifestations [96].

The neuropathogenesis of HIV encephalopathy is poorly
understood [91,96]. Studies have shown that HIV enters the
CNS soon after primary infection and may persist in this
compartment during the course of HIV infection [91]. CNS
targets of HIV infection may be different in children and
adults. In contrast to terminally differentiated cells of the
mature nervous system of adults, the immature nervous
system of children has mitotically active cells. Blood-derived
macrophages, microglial cells, and their derivatives harbor
HIV in the CNS [91,96]. The neuropathogenesis of HIV
encephalopathy appears to involve a cascade of viral proteins,
various cytokines (i.e., TNF-a) and chemokines, and neuro-
transmitters which promote ongoing inflammation, excita-
tion, and overstimulation of the N-methyl-D-aspartate type
receptor (NMDAR) system [96,97]. This subsequently leads
to neuronal injury and death secondary to apoptosis or necro-
sis, astrocytosis, as well as dendritic and synaptic damage [98].
Neural progenitor cells may also be involved in the neuro-
pathogenesis of HIV encephalopathy [99].

Neuropathologic evidence of pediatric HIV-related CNS
disease includes decreased brain weight, cortical atrophy,
symmetric intracerebral calcifications, white-matter changes,
reactive astrocytosis, and subcortical gray-matter abnormal-
ities of the basal ganglia, thalamus, claustrum, caudate, puta-
men, globus pallidus, and hippocampus [100–102]. HIV has
been isolated from the brain of aborted fetuses from HIV-
infected women, and from the brain and cerebrospinal fluid of
HIV-infected children and adults [100,101]. HIV RNA and
DNA have been detected in CNS tissue [103]. Although virus

has been recovered from cerebrospinal fluid of patients at all
stages of HIV disease, including asymptomatic individuals, the
highest rate of viral recovery is from those with symptomatic
HIV infection or neurologic complaints [104].

Children with HIV infection can suffer from progressive
encephalopathy, static encephalopathy, neuropsychiatric dis-
orders, motor impairment, and cognitive decline [104–110].
In the pre-HAART era, more than 50% of children with AIDS
had progressive encephalopathy [108,109]. Hypertonicity of
the extremities was the hallmark of early-onset severe enceph-
alopathy [96]. These affected children typically had severe
immunosuppression at the time of presentation, but neuro-
logic signs can occur before immune suppression [111]. Other
risk factors for developing HIV encephalopathy include intra-
uterine infection, and high HIV RNA in plasma and CSF [96].
More recently, because of the ability to identify asymptomatic
and mildly symptomatic HIV-infected children, the preva-
lence of progressive encephalopathy has dropped significantly,
accounting for about 15% of all pediatric AIDS-defining
conditions reported to the CDC [112].

Criteria for the definitive diagnosis of HIV encephalopathy
are listed in Table 33.2. The syndrome is characterized by a
classic triad of developmental delay, secondary or acquired
microcephaly, and pyramidal tract neuromotor deficits
[108,109]. Computed tomographic findings characteristic of
HIV encephalopathy include cerebral atrophy (85% of cases)
and bilateral symmetric calcification of the basal ganglia (15%
of cases) [109,113]. The cerebrospinal fluid profile is often
normal; however, mild pleocytosis and elevated protein con-
centrations may be present [102,104]. Encephalopathy in chil-
dren with HIV is associated with a 28-fold increase in death,
a 22-fold increase in wasting, and a 16-fold increase in cardio-
myopathy [93]. Thus the diagnosis of the most severe, rapidly
progressive form of encephalopathy in an HIV-infected child
is a marker of poor prognosis.

Children infected with HIV display a range of neuro-
psychological problems, including learning and attention
disorders, emotional and behavioral problems, depression,
autistic behavior, and social withdrawal [106,110,114,115].
Using various age-appropriate neuropsychological tests (Bayley
Scales of Infant Development, McCarthy Scales of Children's
Abilities, and the Wechsler Intelligence Scale for Children –
Revised), researchers have demonstrated that the overall level

Table 33.1. Neurologic manifestations of HIV in children and adults

Features Children Adults

Syndrome HIV-associated
encephalopathy

AIDS-dementia
complex

Target cells Macrophages, microglia,
astrocytes (minor role)

Macrophages, microglia
astrocytes (central role)

Latent period Short Long

Encephalopathy often the
first AIDS-defining illness

Clinical features Motor, cognitive and
language functions
impaired

Motor and cognitive
functions deteriorate

Opportunistic
CNS infections

Rare Common

Cerebrovascular
disease

Rare Common

Table 33.2. Manifestations of HIV encephalopathy in infants

Clinical manifestations Neuroimaging findings

Acquired microcephaly Cerebral atrophy

Developmental delay or regression Symmetric calcifications in basal
ganglia

Spasticity

Pathologic reflexes

Dystonia

Gait abnormalities

Expressive language impairment
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of neuropsychological functioning in HIV patients is below
normal. HIV-infected children have mean full-scale intelli-
gence quotients (FIQ) of 85.9, compared with FIQs of 100 in
non-infected controls [114]. Neuropsychological abnormal-
ities are not observed in HIV-exposed but uninfected infants
[115,116]. A recent study examined the effects of perinatal
HIV infection, in combination with other health and social
factors, on cognitive development. The investigators found
that an early AIDS-defining illness increased the risk of
chronic static encephalopathy during the preschool and early
school-age years [117].

Neurologic consequences of HIV infection vary with the
state of infection. For example, asymptomatic patients have
infrequent or no neurologic deficits while children with
advanced AIDS often have profound and persistent neurologic
abnormalities [105,107,109,114,115]. It is important to recog-
nize the difficulty in evaluating the impact of the direct effects
of HIV infection on neurodevelopment. Multiple confounding
variables impacting neurodevelopment are often present in
HIV-infected children. These variables include prematurity,
low birthweight, in utero drug exposure, antiviral drug toxici-
ties, nutritional deficits, endocrine abnormalities, and the
social impacts of disease [105,116]. Furthermore, secondary
CNS complications of infection may be present. Thus it is often
not possible to isolate HIV's direct impact on neurodevelop-
ment from the effects of these other variables.

Secondary CNS complications of HIV infection include
opportunistic infections, neoplasms, and strokes. Opportunis-
tic infections of the CNS are less common in children than
in adults with HIV infection [118]. When these infections
do occur in children, they are often diagnosed in those over
6 years of age with CD4 counts below 200. Central nervous
system opportunistic agents include Cryptococcus, toxoplas-
mosis, cytomegalovirus, herpes simplex virus, Candida spp.,
JC virus, and syphilis [118]. Primary CNS lymphomas, non-
Hodgkin lymphoma with CNS metastasis, and strokes are rare
in children.

The rate of progression and severity of HIV encephalo-
pathy are variable. HAART in children may prevent, reduce,
or improve neurologic manifestations of HIV infection
[91,95,96,119]. The optimal HAART regimen to treat HIV
encephalopathy has not been established [120]. In early studies,
zidovudine (ZDV) continuous therapy improved cognitive
performance and reduced brain atrophy in a small study of
symptomatic HIV-infected children [121,122]. Combination
therapy with ZDV and didanosine was more effective than
monotherapy with either agent in improving age-appropriate
neurocognitive scores in young children with symptomatic
HIV [110,122–124]. Central nervous system penetration differs
substantially among current antiretroviral drugs [122]. Of the
available agents, zidovudine has the best penetration into the
CSF, followed by stavudine and high-dose abacavir [120]. Thus
physicians are challenged to find adequate drug combinations
to prevent and treat both CNS and systemic manifestations of
HIV infection.

Early treatment
HAART is the standard of care for pediatric HIV infection in
the USA. HAART has evolved from simple nucleoside reverse
transcriptase inhibitor (NRTI) regimens of the 1980s and early
1990s to current complex regimens of NRTI in combination
with protease inhibitors (PIs) and/or non-nucleoside reverse
transcriptase inhibitors (NNRTIs). The introduction of such
combination antiretroviral therapy has resulted in dramatic
reductions in mortality and morbidity in both adults and
children [6,125,126].

However, there are currently no randomized clinical trials
addressing the question of when to begin combination anti-
retroviral therapy in asymptomatic HIV-1-infected infants
who are diagnosed early in life. Current US pediatric guide-
lines recommend immediate initiation of HAART in all verti-
cally HIV-infected infants under 12 months of age who have
symptoms or immune suppression, and recommend consider-
ation of therapy for asymptomatic infected infants under
12 months of age who have normal immune function [127].
The European guidelines recommend initiation of HAART in
young infants only if there is evidence of clinical AIDS, CD4
T cells less than 20%, or HIV RNA viral load consistently
greater than 106 copies per milliliter [128].

The consideration of treatment initiation for asymptom-
atic infants is based on the rationale that infants are at highest
risk of rapid disease progression to AIDS or death, even when
immune degradation and virus replication are moderately well
contained, and that there are no reliable clinical or laboratory
markers to distinguish those infants who will progress from
those who will not [129–132]. Studies have shown that the
initiation of combination antiretroviral therapy within the
first 3 months of life can result in complete cessation of viral
replication and the preservation of normal immune function
[133–135]. Several regimens of antiretroviral therapy are safe,
effective, and well tolerated for long periods of time when
started in early infancy [133,136].

Preferred drug regimens include combination antiretro-
viral therapy – generally two NRTIs plus a PI or an NNRTI
[127]. Infants in whom HIV infection is detected while on
ZDV prophylaxis should receive combination antiretroviral
therapy [127]. Because of adverse effects and drug inter-
actions, not all agents can be paired in the regimens [127].
Resistance testing should be considered before starting anti-
retroviral therapy in newly diagnosed infants under the age of
12 months, especially if the mother has known or suspected
infection with drug-resistant virus [127].

Treatment of infected infants with combination antiretro-
viral therapy is complex, and high rates of virologic failure
have been noted [137,138]. Other challenges include issues of
medication compliance to complex and demanding regimens,
difficulties in developing pediatric formulations, immature
drug metabolism, and the lack of age-specific pharmacokinetic
data to guide pediatric dosing [139]. In addition, toxicity and
development of drug resistance are other serious concerns
[140]. Fortunately, several promising second-generation agents
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as well as new classes of antiretroviral agents are currently being
evaluated in pediatric clinical trials [141].

Other aspects of HIV management include TB screening,
assessment of organ system involvement, maintaining indi-
cated immunizations, PCP and MAI prophylaxis, develop-
ment and psychosocial assessments and intervention [8,85].
A family-centered approach involving a multidisciplinary
team to integrate medical, social, and psychosocial support is
critical.

Prognosis
Considerable progress has been made in understanding the
natural history of HIV infection in children. Infants with
perinatally acquired HIV-1 infection have widely variable
clinical courses and durations of survival. Early reports sug-
gest a bimodal disease expression, with 20–25% of untreated
HIV-1-infected infants rapidly progressing to AIDS or death
over the first year of life, while others have a better prognosis,
some now surviving into young adulthood [80,142–144]. The
presence of high viral load (> 300 000 copies/mL), and the
development of AIDS-defining conditions such as PCP pneu-
monia, HIV encephalopathy, and severe wasting are associated
with a poor prognosis [8,80,142], whereas slow loss of CD4
T-lymphocyte count, late onset of clinical symptoms, and
occurrence of LIP are associated with improved survival.
Advanced maternal HIV-1 disease during pregnancy and high
maternal viral load late in pregnancy or shortly after delivery
are independently associated with disease progression in
HIV-1-infected infants [145,146]. In the infant, early clinical
symptoms and depressed maternal and infant CD4 T-cell count
are determinants of disease progression by 6 months of age; in
contrast, progression by 18 months of age is associated with
presence of moderate clinical symptoms and elevated infant
viral load [147]. Since the introduction of combination anti-
retroviral therapy, prognosis and survival of perinatally HIV-
infected children has improved significantly [6,125,126].

The natural course of HIV infection in children differs
from infected adults in a variety of ways. Firstly, the disease
often progresses more rapidly in children; secondly, children
have higher viral loads than adults; thirdly, children have
recurrent bacterial infections more often and LIP is seen
almost exclusively in children; fourthly, opportunistic infec-
tions often present as primary diseases with a more aggressive
course due to lack of prior immunity; and finally certain
infections like toxoplasmosis, cryptococcal infection, and
cancer, especially Kaposi's sarcoma, are less frequent in the
HIV-infected children [148].

Prevention
Preventing MTCT became a reality in 1994 when the Pediatric
AIDS Clinical Trials Group protocol showed that a long
course of ZDV prophylaxis given to an HIV-1-infected mother
at 14 weeks of gestation and labor and to her newborn infant
reduced MTCT by nearly 70% in a non-breastfeeding popula-
tion [149]. Since then, MTCT rates have decreased to < 2%

due to widespread implementation of routine antenatal HIV
testing (opt-out approach), use of antiretroviral prophylaxis
and HAART, elective cesarean delivery, and avoidance of
breastfeeding [2–10,32,33,150].

Use of HAART among pregnant women is an integral
component of PMTCT strategies in the USA and Europe.
HAART is recommended for all HIV-infected pregnant
women if maternal viral load is > 1000 copies/mL, along with
consideration of elective cesarean delivery. Because of the
proven benefit of antiretroviral prophylaxis in preventing
MTCT, including those with viral load < 1000 copies/mL
[38], all HIV-1-infected women should receive ZDV prophy-
laxis alone or HAART [151]. ZDV monotherapy administered
to HIV-infected women with viral load < 1000 copies/mL has
been shown to reduce perinatal HIV transmission to 1% [152].
In addition, no long-term effects on women's health have
been noted among US women enrolled in the PACTG 076
trial in terms of disease progression, mortality, viral load, or
ZDV resistance between randomized treatment and placebo
arms [153].

When the woman has not received any therapy during
pregnancy, several efficacious intrapartum/postpartum regi-
mens are available. When the woman has not received any
therapy during pregnancy, or during labor, ZDV should be
prescribed to the neonate for 6 weeks [151,154]. In such
instances, other antiretroviral agents could be added to the
postnatal ZDV regimen [5].

Challenges to perinatal HIV-1
prevention
Despite significant advances in PMTCT, around 150 HIV-
1-infected babies are born annually in the USA, primarily
due to missed prevention opportunities, including inadequate
prenatal care or lack of antenatal HIV testing [10,155].
Recently, the Mother–Infant Rapid Intervention at Delivery
(MIRIAD) study demonstrated the feasibility of rapid HIV-1
testing of women with unknown HIV status during labor
[156]. The MIRIAD study results have important implications
for populations in developed countries, but may have a greater
impact in sub-Saharan Africa, where approximately 29% of
women do not receive prenatal care [156,157]. Knowledge of
a women's HIV status during labor is crucial for providing
ZDV prophylaxis for those who test positive and their babies,
to prevent perinatal transmission [156]. Other challenges
include preventing new HIV infections in women of child-
bearing age, especially adolescent girls of minority race or
ethnicity, and preventing unplanned pregnancy in adolescent
women [155,158].

There are major barriers to the implementation of perinatal
HIV prevention programs in resource-poor countries [2,155,
157,159]. Major challenges include limited prenatal care ser-
vices and HIV counseling and testing centers, and transmission
of HIV through breastfeeding [5,16,17]. Limited resources,
social and cultural issues, and divergent political agendas
further compound the dilemma [155]. There is a clear need
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to bridge the gap in PMTCT programs between resource-rich
and resource-limited countries [5]. Future efforts must focus
on rapid scale-up and sustaining effective, simpler, and low-cost
PMTCT programs worldwide, and develop innovative strategies
to prevent transmission of HIV via breastfeeding [17,155].

Developing a safe and effective preventive infant HIV vaccine
would be an optimal strategy to reduce transmission of HIV
via breastfeeding [155,160]. Finally, saving the lives of parents
through access to HAART is critically important, in order to
blunt the global orphan crisis in sub-Saharan Africa [161].
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Chapter

34 Inborn errors of metabolism with
features of hypoxic–ischemic encephalopathy
Gregory M. Enns

Introduction
Inborn errors of metabolism that present in the neonatal
period can have clinical, biochemical, and neuroradiologic
features similar to those of hypoxic–ischemic encephalopathy
(HIE). Both metabolic disorders and HIE are associated with
severe neurologic distress, metabolic acidosis, and multiorgan
system involvement. Perinatal asphyxia affects 2–4/1000
neonates, with encephalopathy occurring in 25% and death
in an additional 30% [1]. In general, the patterns of brain
injury are different when HIE and inborn errors of metabol-
ism are compared. However, some metabolic disorders may
have neuroradiologic findings similar to those seen in HIE.
Inborn errors are rare individually, but as a group they affect
approximately 1/1000 neonates [2]. It is crucial to consider
these disorders in the differential diagnosis of patients who
present with non-specific features suggestive of sepsis or
asphyx ia. Promp t diagnosi s not on ly may preve nt mortali ty
or significant morbidity, but also allows the clinician to pro-
vide the family with accurate genetic counseling. Although
expanded newborn screening using tandem mass spectrom-
etry (MS/MS) will detect a number of metabolic disorders, this
testing will miss many inborn errors of metabolism that pre-
sent with HIE-like features. In such cases, specialized testing is
required in order to establish a diagnosis. In this chapter,
patterns of brain injury and systemic complications that occur
in HIE and metabolic disorders are reviewed. Specific inborn
errors of metabolism with clinical presentations that may be
seen in patients with HIE are discussed further.

Patterns of brain injury in HIE
and inborn errors of metabolism
Neonatal hypoxic–ischemic brain injury may be caused by
localized infarction or a diffuse ischemic insult. Focal ischemic
infarction in the neonate typically presents with lethargy,
hypotonia, or seizures. Most infarcts occur in full-term infants
and are localized to the distribution of an artery, especially the
middle cerebral artery and its branches. Reported causes of
focal infarction include cardiac disorders, emboli, infection,
coagulation abnormalities, or birth asphyxia, although in

many cases an etiology is never found [3]. Metabolic causes
of focal ischemia are listed in Table 34.1, but will not be
reviewed in this chapter.

Diffuse hypoxic–ischemic injury affects different brain
regions, depending on the duration and severity of the insult,
the gestational age of the infant, and the presence or absence
of systemic stress [4]. Mild to moderate cerebral hypotension,
with impaired brain vascular autoregulation, results in the
shunting of blood from the anterior to posterior circulation,
in order to maintain blood flow to the basal ganglia, brain-
stem, and cerebellum. Brain damage is thus restricted to the
cerebral hemisphere intervascular boundary zones (“water-
shed regions”) [3,5,6]. Because the location of the watershed
regions changes with brain maturation, different patterns of
cerebral damage are encountered in premature and term
infants. Mild to moderate cerebral hypotension in premature
infants results in periventricular white-matter injury, with
sparing of the cerebral cortex and subcortical white matter.
By the 34th–36th week of gestation, the watershed areas have
shifted peripherally to include the subcortical white matter
and cerebral cortex. Therefore, term infants who sustain brain
injury as a result of mild to moderate hypotension have
damage primarily in the cortex and underlying subcortical
and periventricular white matter [6].

Severe cerebral hypotension, with complete or near-
complete interruption of the cerebral blood supply, results in
deep gray-matter (especially thalami and basal ganglia) and
brainstem damage [7]. In this case, the shunting of blood is
not sufficient to prevent deep gray-matter damage. Damage to
white matter and the cerebral cortex are later sequelae to
profound hypotension. Profound cerebral hypotension also
causes different patterns of brain injury depending on brain
maturity [5,6]. In the early third trimester, the thalami and
brainstem have the highest metabolic activity and relative
blood flow. The thalami, brainstem, basal ganglia, and periro-
landic region have the highest metabolic activity from the
middle of the third trimester through 40 weeks of gestation.
By the end of the first postnatal month, the visual cortex has
an increased metabolic activity and is susceptible to damage.
The basal ganglia remain highly vulnerable to injury from HIE
or other environmental stress factors until approximately age
3 years [8].

The pattern of brain involvement is also dependent on the
duration of injury. In mild to moderate hypoperfusion, the
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areas affected by ischemia are limited to the watershed regions
and periventricular white matter. Progression of damage
beyond watershed regions does not occur unless the hypoper-
fusion becomes more severe. In severe hypoperfusion, no
damage is present if the duration of circulatory arrest is less
than approximately 10 minutes. Damage to the ventrolateral
thalami, globus pallidus, posterior putamen, perirolandic
cortex, and hippocampi may be seen in arrest lasting 10–15
minutes. The superior vermis, optic radiation, and calcarine
cortex become involved with increasing duration of arrest.
By 25–30 minutes of arrest, injury is present in nearly all the
gray matter [9].

In contrast to the patterns of brain injury encountered in
classic HIE, metabolic disorders typically affect different areas
of the brain [8,9]. Whereas head magnetic resonance imaging

(MRI) evaluation in HIE often shows hyperintense signal in
the putamen (with relative sparing of the anterior putamen)
and thalamus, metabolic disorders affect other structures.
Metabolic conditions with differential involvement of white
and gray matter are listed in Tables 34.2–34.4. Disorders of
mitochondrial energy metabolism may present with a wide
spectrum of lesions, but abnormal hyperintense signal in the
globus pallidus and periatrial white matter of the centrum
semiovale are often present [8]. Pyruvate dehydrogenase
deficiency, organic acidemias, carbon monoxide or cyanide
poisoning, and hypothermic circulatory arrest during cardiac
surgery have been associated with similar abnormal signals
in the globus pallidus [8,9]. Mitochondrial disorders may
also present with isolated white-matter disease, Leigh syn-
drome, or even normal MRI findings [9]. Different patterns
of abnormality may suggest other underlying inborn errors of
metabolism. For example, basal ganglia “metabolic strokes”
have been associated with methylmalonic and propionic acid-
emias [10]. It is important to emphasize that normal head
imaging does not exclude the presence of an inborn error of
metabolism [8].

The mechanisms underlying the differential effects of HIE
and metabolic disorders on the brain have been the subject of
much study [1,11–18]. The position of deep gray-matter
nuclei within the basal ganglia motor loop circuitry may be
particularly important in determining the location of brain
injury [1,16]. HIE following severe asphyxia results in electro-
encephalographic and positron emission tomographic patterns
suggestive of activity in corticothalamic, thalamocortical, and
corticoputaminal excitatory projections with strong glutamate
innervations [16]. Such hyperexcitability in these circuits

Table 34.1. Inborn errors of metabolism associated with stroke in childhood

Organic acidurias

Propionic acidemia

Methylmalonic acidemia

Isovaleric acidemia

Glutaric aciduria type I

Multiple acyl-coenzyme A (CoA) dehydrogenase deficiency
(glutaric aciduria type II)

3-Methylcrotonyl CoA carboxylase deficiency

3-Hydroxy-3-methylglutaryl CoA lyase deficiency

Aminoacidemias

Homocystinuria

Methylene tetrahydrofolate reductase (MTHFR) deficiency

Sulfite oxidase deficiency

Molybdenum cofactor deficiency

Urea cycle disorders

Ornithine transcarbamylase deficiency

Carbamyl phosphate synthetase deficiency

Mitochondrial disorders

MELAS (mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes)

Leigh syndrome

Cytochrome oxidase (complex IV) deficiency

Lysosomal storage disorders

Fabry disease

Cystinosis

Other

Congenital disorders of glycosylationa

Phosphoglycerate kinase deficiency

Hyperlipoproteinemia

Menkes disease

Purine nucleoside phosphorylase deficiency

Note:
aFormerly carbohydrate-deficient glycoprotein syndrome.
Source: Adapted from Barkovich AJ. Pediatric Neuroimaging, 3rd edn.
Philadelphia, PA: Lippincott Williams & Wilkins, 2000.

Table 34.2. Inborn errors of metabolism involving gray matter only

Cortical gray matter

Neuronal ceroid lipofuscinosis

Sialidosis

Deep gray matter

Prolonged striatal T2 signal

Mitochondrial disorders: MELAS,a Leigh syndrome

Hypoglycemiab

Juvenile Huntington disease

Shortened pallidum T2 signal

Neurodegeneration with brain iron accumulation type 1 (NBIA1)c

Prolonged pallidum T2 signal

Methylmalonic acidemia

Carbon monoxide poisoning

Kernicterus

Notes:
aMELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes.
bIn older infants, adolescents, and adults.
cFormerly Hallervorden–Spatz disease.
Source: Adapted from Barkovich AJ. Pediatric Neuroimaging, 3rd edn.
Philadelphia, PA: Lippincott Williams & Wilkins, 2000.
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may cause the characteristic thalamus and putamen lesions
seen in HIE via glutamate-mediated toxicity [13]. Areas of the
brain with a high concentration of glutamate innervations
may be particularly vulnerable to injury during asphyxia,
because of damage sustained to nerve terminal glutamate
reuptake pumps and subsequent high levels of synaptic
glutamate. Glutamate has the potential to bind to postsynaptic
N-methyl-D-aspartate (NMDA) receptors, causing membrane-
bound calcium channels to open and subsequent influx of
Ca2þ and cell death, mediated in part by mitochondrial
damage and augmentation of nitric oxide and carbon monox-
ide production [1,14,17]. Released nitric oxide combines with
superoxide to form peroxynitrite, which, in turn, leads to
DNA damage, depletion of cellular energy, and cell death
[14]. While the cortex, putamen, and thalamus are activated
by such a glutamate excitatory stimulus, the globus pallidus is
inhibited, resulting in relative sparing of this structure from
damage [16]. This neuronal circuitry hypothesis may explain
the selective pattern of involvement of deep gray structures in
HIE, despite the close proximity and similar vascular supply of
these structures. Nitric oxide produced by nitric oxide
synthase following NMDA receptor activation also inhibits
mitochondrial respiratory chain complex IV (cytochrome oxi-
dase), which elicits further production of superoxide and

peroxynitrate. Mitochondrial release of proapoptotic proteins
follows, resulting in caspase- and apoptosis-inducing factor-
dependent cell death [18].

In contrast, toxic and metabolic disorders that affect
mitochondrial energy metabolism (e.g., kernicterus, pyruvate
dehydrogenase complex deficiency, respiratory chain dis-
orders) cause neuronal injury through different mechanisms,
although glutamate release may also play a role. Disorders that
cause mitochondrial dysfunction may lead to neuronal injury
by diminishing the ability of mitochondria to maintain mem-
brane potentials. Neuronal subacute membrane depolarization

Table 34.3. Inborn errors of metabolism involving white matter only

Subcortical white matter early

Macrocephaly

Alexander disease

Normal head circumference

4-Hydroxybutyric aciduriaa

Galactosemia

Deep white matter early

Pons/medulla corticospinal tract involvement

Peroxisomal disorders

No specific brainstem tracts involved

Phenylketonuria

Maple syrup urine diseaseb

-5,10-Methylene tetrahydrofolate reductase (MTHFR) deficiency

Disorders of cobalamin metabolism

Metachromatic leukodystrophy

Lack of myelination

Pelizaeus–Merzbacher disease

Trichothiodystrophy

Non-specific white-matter pattern

Glycine encephalopathy (non-ketotic hyperglycinemia)

3-Hydroxy-3-methylglutaryl coenzyme A lyase deficiency

Urea cycle disorders

Notes:
aCerebellar atrophy may also be present.
bCerebellar and cerebral peduncle involvement may also be present.
Source: Adapted from Barkovich AJ. Pediatric Neuroimaging, 3rd edn.
Philadelphia, PA: Lippincott Williams & Wilkins, 2000.

Table 34.4. Inborn errors of metabolism involving both gray and
white matter

Cortical gray matter only

Cortical dysplasia

Muscle–eye–brain disease

Walker–Warburg syndrome

Fukuyama muscular dystrophy

Other congenital muscular dystrophies

Absent cortical dysplasia

Alpers disease

Menkes disease

Abnormal bones

Mucopolysaccharidoses

Lipid storage disorders

Peroxisomal disorders

Deep gray-matter-involvement

Primary thalamic involvement

GM1 gangliosidosis

GM2 gangliosidosis

Krabbe disease

Primary globus pallidus involvement

Canavan disease

Methylmalonic acidemia

L-2-Hydroxyglutaric aciduria

Maple syrup urine disease

Mitochondrial disorders: Kearns–Sayre syndrome

Primary striatal involvement

Organic acidemias: propionic acidemia, biotinidase deficiency,
multiple carboxylase deficiency, glutaric aciduria type I, �-ketothiolase
deficiency, 3-methylglutaconic aciduria, ethylmalonic acidemia

Tricarboxylic acid cycle disorders: malonic acidemia, �-ketoglutaric
aciduria

Molybdenum cofactor deficiency

Mitochondrial disorders: MELAS,a Leigh syndrome

Wilson disease

Note:
aMELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes.
Source: Adapted from Barkovich AJ. Pediatric Neuroimaging, 3rd edn.
Philadelphia, PA: Lippincott Williams & Wilkins, 2000.
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could result in subsequent opening of postsynaptic voltage-
dependent NMDA and sodium channels with resultant cellular
injury [12,16]. The globus pallidus appears to be particularly
vulnerable in metabolic disorders, because of the relatively
high basal firing rate of pallidal neurons [16]. This predis-
position to oxidative stress could also be related to the
relatively high concentration of brain NMDA receptors in
neonates when compared to adults [11,15]. In addition, mito-
chondrial damage may lead to decreased expression of hyp-
oxia-inducible factor 1 (HIF-1), a transcription factor that
induces genes coding for erythropoietin, vascular endothelial
growth factor, glycolytic enzymes, and glucose transporters.
HIF-1 appears to be important in an adaptive response to
hypoxia, because of its role in stimulating cellular glucose
uptake, increasing glycolytic capacity, and enhancing tissue
O2 delivery [19].

Clinical features of HIE and inborn
errors of metabolism
Neonates progress through distinctive stages of neurologic
impairment following asphyxia severe enough to cause HIE
[4]. Seizures occur in 50–70% of acutely asphyxiated neonates
and tend to start between 30 minutes and 24 hours after birth,
with an earlier occurrence signifying a more severe asphyxial
insult [4]. In addition to central nervous system (CNS) com-
plications seen in perinatal asphyxia, systemic involvement of
multiple organs, including heart, liver, and kidneys, may also
occur (Table 34.5). Such damage to other organs may contrib-
ute to the severity of brain injury. Asphyxia in the immediate
perinatal period is associated with low Apgar scores (typically
3 or less at 1 minute and 6 or less at 5 minutes); bradycardia,
pallor, cyanosis, decreased or absent respirations, and dimin-
ished or absent reflex activity may be present. A combined
metabolic and respiratory acidosis is characteristic. Other
metabolic findings include hypoglycemia, hypocalcemia,
hyponatremia (secondary to the syndrome of inappropriate
antidiuretic hormone secretion, SIADH), and multiple electro-
lyte abnormalities from renal dysfunction. Hyperammonemia
may occur if hepatic dysfunction is severe [4,20].

Inborn errors of metabolism may also present with severe
neurologic illness and the involvement of multiple organ
systems. A high index of suspicion and specific laboratory
investigations are necessary to diagnose a metabolic disorder
presenting with symptoms and signs suggestive of HIE
(Table 34.6). The onset of symptoms of metabolic disease is
typically postnatal, appearing after an interval period of appar-
ent good health, and following a normal pregnancy. This
interval may be as short as a few hours, or last several days
or even longer. Because an asphyxial insult may occur at any
time in the prenatal period, the absence of a significant

Table 34.5. Systemic complications of hypoxic–ischemic encephalopathy

Cardiomyopathy

Hepatic necrosis

Acute tubular necrosis

Adrenal insufficiency

Necrotizing enterocolitis

Meconium aspiration syndrome

Persistent fetal circulation

Thrombocytopenia

Hypoglycemia

Hypocalcemia

Hyperammonemia

SIADH (syndrome of inappropriate antidiuretic hormone secretion)

Table 34.6. Laboratory investigations in neonates with a suspected
inborn error of metabolism

Routine investigations

Complete blood count þ differential

Urinalysis

Electrolytes, blood urea nitrogen, creatinine, calcium, phosphorus,
magnesium

Liver enzymes

Creatine kinase

Blood gases

CSF glucose, protein, erythrocytes, and leukocytes

Cultures of blood, urine, and CSF

Basic metabolic investigations

Ammonia

Lactate, pyruvate

Quantitative serum amino acids

Quantitative urine organic acids

Carnitine levels (total, free, and esterified carnitine)

Acylcarnitine profile

Further metabolic investigationsa

Blood ketone bodies

CSF lactate, glycine, serine, 4-aminobutyric acid levelsb

Very-long-chain fatty acid analysis

Plasma and urine guanidinoacetate and creatine levels

Urine S-sulfocysteine

Urine homocitrulline

Urine purines and pyrimidines

Cultured fibroblasts for specific enzymologyc

Muscle biopsy for histochemistry, mitochondrial respiratory chain
activities

DNA analysisd

Notes:
CSF, cerebrospinal fluid.
aThese investigations are performed on an individual basis depending on
the presentation.
bSimultaneous serum glycine should be obtained for the investigation of
glycine encephalopathy (non-ketotic hyperglycinemia). Other CSF studies, e.g.,
HPLC analysis for the characteristic compound seen in folinic-acid-responsive
seizures or succinylpurine analysis, may be needed in some cases (see text).
cFibroblast analysis is often used for assay of fatty acid oxidation disorders,
some mitochondrial disorders, and disorders of pyruvate metabolism.
Other tissues (e.g., liver, muscle) may also be useful for enzyme analysis.
dDNA analysismay be routinely available for certainmetabolic disorders, including
some mitochondrial disorders, but often is only available on a research basis.
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obstetric event does not exclude HIE as a cause of neonatal
distress, but may raise the suspicion of an underlying meta-
bolic condition. In general, if the degree of neonatal metabolic
distress seems out of proportion to known obstetric or envir-
onmental factors, there is a higher likelihood that an inborn
error of metabolism is present. The persistence, or increasing
levels, of markers of metabolic disease (e.g., lactic acid and
ammonia) despite vigorous therapy may also point to an
underlying metabolic problem. Because most inborn errors
of metabolism are characterized by autosomal recessive or
maternal inheritance, obtaining a detailed family history is
crucial. Parental consanguinity, or a history of a previously
affected child, also increases the probability that neonatal
distress is secondary to an underlying inborn error of
metabolism.

Other indicators of metabolic imbalance include an anion
gap acidosis, lactic acidosis, hyperammonemia, and hypo-
glycemia, but these markers are not invariably present
(Table 34.7). It is apparent that the clinician may have diffi-
culty distinguishing HIE from a metabolic disorder, because
similar signs and symptoms occur in both conditions.
Furthermore, these conditions are not mutually exclusive.
An asphyxial insult may constitute the initial environmental
stress that unmasks an underlying inborn error of metabolism,
or a debilitating metabolism disorder may predispose an
infant to a difficult delivery. The following sections summarize
specific metabolic diseases according to their typical presenta-
tions in the neonatal period. These clinical classifications
are general guidelines only, because metabolic disorders may
present in atypical ways.

Isolated seizures
Up to 9% of infants admitted to neonatal intensive care units
have seizures [21]. The most common causes of neonatal
seizures are asphyxia, hypoglycemia, electrolyte abnormalities,
infection, CNS malformations, drug exposure and withdrawal,
and inborn errors of metabolism [22]. Metabolic disorders
that may present with isolated neonatal seizures, without other
obvious routine laboratory or clinical markers of an under-
lying inborn error of metabolism, are relatively rare and
include glycine encephalopathy (non-ketotic hyperglycin-
emia), sulfite oxidase deficiency (either isolated or as part
of molybdenum cofactor deficiency), α-amino adipic semial-
dehyde dehydrogenase deficiency (pyridoxine-dependent
epilepsy), pyridox(am)ine 5'-phosphate oxidase deficiency
(pyridoxal-dependent seizures), folinic-acid-responsive seizures,
4-aminobutyrate aminotransferase (GABA transaminase)
deficiency, 3-phosphoglycerate dehydrogenase deficiency,
dihydropyrimidine dehydrogenase deficiency, guanidinoace-
tate methyltransferase (GAMT) deficiency, glucose trans-
porter (GLUT-1) deficiency, and mitochondrial glutamate
transporter deficiency [22–33]. Peroxisomal disorders, mito-
chondrial disorders, congenital disorders of glycosylation,
organic acidemias, and urea cycle defects may also have
seizures as part of a neonatal presentation, but other organ-
system involvement or characteristic routine laboratory

Table 34.7. Inborn errors of metabolism with features of
hypoxic–ischemic encephalopathy

Isolated seizures

Glycine encephalopathy (non-ketotic hyperglycinemia)

Sulfite oxidase (molybdenum cofactor) deficiency

Pyridoxine-dependent seizures

Pyridoxal-dependent seizures

Folinic-acid-responsive seizures

4-Aminobutyrate aminotransferase (GABA transaminase) deficiency

3-Phosphoglycerate dehydrogenase (3-PGD) deficiencya

Dihydropyrimidine dehydrogenase (DPD) deficiency

Guanidinoacetate methyltransferase (GAMT) deficiency

Glucose transporter defect (GLUT-1 deficiency syndrome)

Mitochondrial glutamate transporter deficiency

Peroxisomal disordersa

Mitochondrial disordersa

Organic acidemiasa,b

Lactic acidosis, hypotonia, and systemic involvement

Pyruvate dehydrogenase deficiencyb

Pyruvate carboxylase deficiencyb

Fatty acid oxidation defectsb,c

Mitochondrial disorders

3-Methylglutaconic aciduria

α-Ketoglutarate dehydrogenase deficiency

Fumaric aciduriad

Severe ketoacidosis

Propionic acidemia

Methylmalonic acidemia

Isovaleric acidemia

Multiple acyl coenzyme A dehydrogenase deficiency (MADD, glutaric
aciduria type II)d

Holocarboxylase synthetasedeficiency (multiple carboxylasedeficiency,MCD)

3-Hydroxyisobutyric aciduriad

Lethargy without metabolic acidosis

Maple syrup urine diseasee

Mevalonic aciduriad

Lethargy with hyperammonemia

Urea cycle defects

HHH (hyperammonemia, hyperornithinemia, homocitrullinuria) syndrome

Lysinuric protein intolerance

Other disorders

Glycogen storage disorders types I, II, III, VIIIf,g

Fructose 1,6-diphosphatase deficiencyf,g

Congenital disorders of glycosylation

Notes:
aThese conditions commonly have other systemic manifestations (see text).
bHyperammonemia may also be present.
cLactic acidosis is usually not prominent, except in long-chain 3-hydroxyacyl
coenzyme A dehydrogenase deficiency and trifunctional protein
deficiency, or if there is systemic hypoperfusion.
dDysmorphic features and head magnetic resonance imaging
abnormalities are commonly present.
eMetabolic acidosis may occur later in the course of disease.
fLactic acidosis may be severe.
gHypoglycemia with hepatomegaly are commonly present. An enlarged
heart is present in glycogen storage disorder type II and may be present in
glycogen storage disorder type VIII.
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abnormalities (e.g., hyperammonemia, lactic acidemia, or
metabolic acidosis) should guide the clinician to the under-
lying diagnosis [34–37]. Disorders with an isolated seizure
presentation, in contrast, may not have concomitant acidosis,
hypoglycemia, or electrolyte abnormalities. Routine metabolic
studies are also normal; specific investigations on blood,
cerebrospinal fluid (CSF), or urine are required to make a
diagnosis [29,38].

Glycine encephalopathy
(non-ketotic hyperglycinemia)
Glycine encephalopathy is an autosomal recessive condition
characterized by the accumulation of large amounts of glycine
in body fluids because of defective glycine cleavage system
function. Symptoms include lethargy, apnea, profound hypo-
tonia, feeding difficulty, hiccups, and seizures. Approximately
two-thirds of patients will have symptoms appear within
48 hours of delivery, but symptoms may occur as early as
6 hours of life. Routine laboratory evaluations and organic
acid analysis are normal. The only consistent abnormality is
an elevated glycine concentration in urine, plasma, and CSF.
A CSF-to-plasma glycine ratio greater than 0.08 is diagnostic
of glycine encephalopathy. CSF and blood samples for glycine
analysis should be obtained as near to simultaneously as
possible to allow for an accurate calculation of the glycine
ratio. Elevated CSF glycine has also been reported in HIE,
but a normal CSF-to-plasma glycine ratio would be expected
in this case [39]. Definitive diagnosis requires enzymatic
analysis of liver glycine cleavage system activity or mutation
analysis. The electroencephalogram (EEG) is characterized by
a burst–suppression pattern in the first 2 weeks of life. Head
computed tomography (CT) evaluation may show cerebral
and cerebellar volume loss with hypoattenuation of the peri-
ventricular white matter. Head MRI studies show delayed
myelination early. Progressive cerebral atrophy, agenesis of
the corpus callosum, and atrophic basal ganglia may also
occur [40–42]. Treatment with sodium benzoate and dextro-
methorphan (a non-competitive NMDA receptor antagonist)
may improve symptoms, but is not curative. Survivors often
display minimal cognitive development and may have seizures
recalcitrant to therapy.

Sulfite oxidase deficiency
Sulfite oxidase deficiency may occur in isolation or combined
with xanthine oxidase deficiency (molybdenum cofactor defi-
ciency). Inheritance is autosomal recessive. Patients typically
present with drug-resistant seizures in the first few days of life.
Routine laboratory evaluations and urine organic acid analysis
are normal, although a low uric acid level may be noted in
molybdenum cofactor deficiency. Elevated S-sulfocysteine in
plasma or urine is diagnostic. (Note that S-sulfocysteine con-
tent is not routinely reported on serum or urine amino acid
analyses; a specific assay must be performed.) EEG shows a
burst–suppression pattern. In the neonatal period, head MRI
shows T2 prolongation of the white matter and caudate nuclei,

consistent with edema. In the subacute phase, the basal ganglia
may have abnormalities similar to those seen in acute asphyxia
[43]. Encephalomalacia with cystic changes, especially in sub-
cortical regions, may also mimic HIE [44]. There is no current
therapy for sulfite oxidase deficiency, and most cases result in
profound mental retardation or early fatality.

Pyridoxine-dependent seizures
Pyridoxine-dependent seizures are caused primarily by
α-amino adipic semialdehyde dehydrogenase (antiquin) defi-
ciency, a defect in the cerebral lysine degradation pathway
[33]. Genetic heterogeneity exists, but the overall birth inci-
dence is approximately 1/160 000 [27,33]. Patients may
present on the first day of life with flaccidity, abnormal eye
movements, and irritability. Shock, hypothermia, hepatomeg-
aly, and abdominal distension suggestive of intestinal obstruc-
tion also occur [25]. EEG shows intermittent or continuous
generalized slow-wave activity, with or without focal or multi-
focal spike or spike and wave activity. Patients may have
structural brain abnormalities, including cerebellar hypopla-
sia, generalized brain atrophy, and a thin corpus callosum.
Approximately 10% of neonatal cases have features suggestive
of HIE [45]. Initial diagnosis is clinical, with documented
response of seizures to intravenous pyridoxine (vitamin
B6). Markedly elevated pipecolic acid and α-amino adipic
semialdehyde are present in urine, plasma, and CSF, but
detection requires specialized laboratory methods. Antiquitin
(ALDH7A1) mutation analysis provides final confirmation of
the diagnosis [33].

Pyridoxal-dependent seizures
Pyridoxal phosphate is a cofactor for aromatic l-amino acid
decarboxylase (AADC), threonine dehydratase, and the gly-
cine cleavage enzyme. Some infants with intractable neonatal
seizures have increased concentrations of threonine, glycine,
and AADC metabolites in the CSF, suggesting a cellular
deficiency of pyridoxal phosphate. Signs of fetal distress
may be noted. These infants respond to pyridoxal phosphate,
but not pyridoxine, supplementation (30mg/kg/day) [32].
Mutations in the gene coding for pyridox(am)ine 5'-phosphate
oxidase (PNPO) are associated with pyridoxal-dependent
seizures [30]. Prompt treatment with pyridoxal phosphate
results in amelioration of seizures and normal development
or moderate psychomotor delay. Severe mental retardation
with or without early demise occurs in children with late or
no treatment [32].

Folinic-acid-responsive seizures
This is an entity of unknown etiology in which seizures may
occur as early as 2 hours after birth [22,24]. Routine labora-
tory studies and metabolic tests are normal. EEG shows a
diffuse discontinuous pattern with excessive spikes. Head
imaging in two patients between 1 and 2 months of age
showed dilated ventricles, cerebellar atrophy, and abnormal
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signal in frontal and parietal lobe white matter. High-pressure
liquid chromatography analysis of CSF detects the presence
of a characteristic compound, whose chemical structure
has not yet been elucidated. Patients respond to folinic acid
supplementation (5–20 mg/day in divided doses) [22].

GABA transaminase deficiency
GABA transaminase catalyzes the first step in the conversion
of GABA (g-aminobutyric acid), a CNS-inhibitory neuro-
transmitter, to succinic acid. Clinical features of GABA trans-
aminase deficiency include neonatal seizures, lethargy,
hypotonia, hyperreflexia, and a high-pitched cry. MRI find-
ings include agenesis of the corpus callosum and cerebellar
hypoplasia. Only a few patients with GABA transaminase
deficiency have been reported, but diagnosis will be missed
unless GABA is measured in plasma or CSF [28].

3-Phosphoglycerate dehydrogenase
(3-PGD) deficiency
In addition to intractable seizures, 3-PGD deficiency is char-
acterized by congential microcephaly, severe psychomotor
retardation, hyperexcitability, and spastic tetraparesis. Brain
MRI shows hypomyelination and cortical and subcortical
atrophy. Decreased serine in fasting plasma and CSF is a
biochemical marker for this disorder [46].

Dihydropyrimidine dehydrogenase
(DPD) deficiency
DPD deficiency is a disorder of pyrimidine metabolism that is
associated with a variety of neurologic findings, including
isolated neonatal seizures and head imaging abnormalities,
such as delayed myelination and brainstem white-matter
abnormalities [47,48]. Disorders of purine metabolism (e.g.,
adenylosuccinate lyase deficiency) can also present with
infantile seizures and developmental delay. A urine screen
for purine and pyrimidine metabolites is helpful in detecting
these conditions, although some cases of adenylosuccinate
lyase deficiency may be detected only after measuring succi-
nylpurines in the CSF.

Guanidinoacetate methyltransferase
(GAMT) deficiency
GAMT deficiency is a disorder of creatine metabolism char-
acterized by low plasma creatine levels and elevated guanidi-
noacetate. Patients typically present in infancy with seizures,
developmental delay, unusual behavior, and extrapyramidal
signs, but this condition has also been diagnosed in neonates.
Guanidinoacetate may be assayed in plasma by tandem-mass
spectrometry. Treatment with creatine monohydrate may be
effective [26].

GLUT-1 deficiency syndrome
GLUT-1 protein is the major glucose transporter in the blood–
brain barrier. Mutations in the GLUT1 gene result in haplo-
insufficiency of this hexose carrier and severe clinical

symptoms, including seizures, acquired microcephaly, and
developmental delay. Patients have presented as early as the
third week of life, but relatively few cases have been reported in
the literature. The GLUT-1 deficiency syndrome is an autoso-
mal dominant condition. Characteristic diagnostic findings are
a reduced CSF glucose concentration (hypoglycorrhachia) and
reduced erythrocyte glucose transporter activity. Peripheral
blood glucose and other routine metabolic evaluations are
normal. Seizures may stop and children may show a dramatic
recovery with the institution of a ketogenic diet [23,49].

Peroxisomal disorders
Peroxisomal disorders that may present with neonatal seizures
include neonatal adrenoleukodystrophy, Zellweger syndrome,
and infantile Refsum disease [34]. Most are inherited as
autosomal recessive traits, although X-linked adrenoleukody-
strophy (which presents in childhood) and rhizomelic chon-
drodysplasia punctata are X-linked. Clinical features in the
neonatal period include severe hypotonia and seizures refrac-
tory to therapy. Seizures may be grand mal or myoclonic, and
EEG typically shows multifocal spike discharges [34]. Head
imaging in Zellweger syndrome may show subependymal
cysts reminiscent of those found in HIE, as well as profound
hypomyelination, and cerebral cortex malformations [9,50].
Anterior frontal and temporal lobe microgyri or perisylvian
and perirolandic cortex pachygyria may be present.
A spectrum of similar brain abnormalities may occur in other
peroxisomal disorders, although head imaging may also
appear normal in these conditions [9]. Patients with peroxi-
somal disorders may also have prominent ophthalmologic and
systemic findings, including large fontanel, cataracts, retinitis
pigmentosa, dysmorphic features, hepatomegaly, hepatic
fibrosis, and renal cysts. Despite the occasional presence
of subependymal cysts, the presence of other characteristic
features should make distinguishing these conditions from
HIE relatively straightforward. Plasma elevation of very-
long-chain fatty acids, bile acid intermediates, and phytanic
acid, and decreased erythrocyte plasmalogens, are biochemical
markers for these conditions. No effective therapy is currently
available.

Mitochondrial disorders
These conditions may rarely present with neonatal seizures,
but more commonly feature hypotonia and lactic acidosis.
Multiple organ-system involvement is also typical of mito-
chondrial disease [35,36,51–56]. However, severe neonatal
epilepsy with a burst–suppression pattern may occur in an
autosomal recessive condition caused by impaired mitochon-
drial glutamate transport secondary to mutations in SLC25A22,
the gene coding for a mitochondrial glutamate/Hþ symporter
[31]. Mitochondrial respiratory chain disorders are discussed
further below.

Organic acidemias and urea cycle disorders
Seizures may occur in neonates with classic organic acidemias
and urea cycle defects, but are usually not the major
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manifestation of these disorders. Overwhelming ketoacidosis,
hyperammonemic coma, and characteristic serum amino
acids and urine organic acids are usually present. Combined
D-2- and L-2-hydroxyglutaric aciduria is a condition that pre-
sents with neonatal-onset encephalopathy and intractable
seizures [57]. Mevalonic aciduria may present with severe
neurologic involvement and seizures, without a metabolic
acidosis. However, other findings, including dysmorphic fea-
tures, hepatosplenomegaly, recurrent fevers, and anemia are
more typical [58]. Interestingly, an unusual pattern of organic
acid excretion may occur in neonates with severe tissue
hypoxia in the absence of an underlying genetic defect [59].

Lactic acidosis, hypotonia,
and systemic involvement
Disorders of pyruvate metabolism, tricarboxylic acid cycle
disorders, fatty acid oxidation defects, and mitochondrial dis-
ease may present in the neonatal period with neuromuscular
abnormalities, lactic acidosis, and other systemic manifest-
ations, including cardiomyopathy, liver disease, and renal
tubular defects. Anomalies may be present on head imaging,
including thinning or agenesis of the corpus callosum and basal
ganglia lesions, but the classic findings of HIE are typically
absent [9,16].

Disorders of pyruvate metabolism
Pyruvate dehydrogenase complex (PDHC) deficiency is the
most common defect in oxidative metabolism that features
persistent lactic acidosis [60,61]. Most often a defect in the E1α
component of the multimeric PDHC is the underlying cause
of this disorder. E1α deficiency is X-linked. Defects in the
E2, protein X, E3, and PDH phosphatase components of
the PDHC are rare autosomal recessive conditions. Although
PDHC deficiency often presents later in infancy, a neonatal
form exists that is characterized by lactic acidosis and severe
neurologic compromise with hypotonia. Subtle dysmorphic
features may be present. In contrast to the acidosis associated
with tissue hypoxia, ketosis is often present in primary lactic
acidemias. Hyperammonemia has also been reported in some
patients [60,61]. Head MRI shows findings typical of Leigh
syndrome in about 50% of patients. Cerebral and cerebellar
atrophy, delayed myelination, and agenesis of the corpus
callosum can be seen [9]. Patients may respond to a diet low
in carbohydrate and high in fat. Dichloroacetate reduces
lactate in most patients, but is not standard therapy. Some
variants have also shown a response to high-dose thiamine
administration.

The complex form of pyruvate carboxylase deficiency pre-
sents with severe neonatal lactic acidosis, hyperammonemia,
citrullinemia, and hyperlysinemia. This disorder has been
described in patients of European, Egyptian, and Saudi Arabian
descent. Most patients with the severe form die by age 3 months.
A simple (American Indian) form presents with developmental
delay or lactic acidosis in infancy. Both forms are autosomal
recessive. No effective treatment is available [61].

Tricarboxylic acid cycle defects
Alpha-ketoglutarate dehydrogenase deficiency may present
with lactic acidemia, hypotonia, hepatomegaly, and elevated
creatine kinase immediately after birth. Patients have elevated
α-ketoglutarate in the urine and a low-normal plasma
b-hydroxybutyrate-to-acetoacetate ratio [62]. A combined
deficiency of α-ketoglutarate dehydrogenase and pyruvate
dehydrogenase has also been described in neonates with lactic
acidosis, hypoglycemia, and neurologic abnormalities, includ-
ing seizures. The combined defects may be caused by lipo-
amide dehydrogenase deficiency, because this enzyme is
integral to both α-ketoglutarate dehydrogenase and PDHC
[63]. Patients with fumaric aciduria may have lactic acidosis,
dysmorphic features, and congenital brain malformations,
including polymicrogyria, decreased white-matter volume,
ventriculomegaly, open operculum, angulation of the frontal
horns, and brainstem hypoplasia [64]. Treatment of these
conditions is supportive.

Fatty acid oxidation defects
Although the most common defect of fatty acid b-oxidation,
medium-chain acyl-CoA dehydrogenase (MCAD) deficiency,
typically presents later in infancy or childhood with a Reye-
syndrome-like illness, significant neonatal disease may occur
[65]. Other fatty acid oxidation disorders may present in the
neonatal or early infantile periods with greater frequency.
Short-chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD)
deficiency, long-chain 3-hydroxyacyl-CoA dehydrogenase
(LCHAD) deficiency, trifunctional protein (TFP) deficiency,
very-long-chain acyl-CoA dehydrogenase (VLCAD) defi-
ciency, carnitine palmitoyl transferase II (CPT II) deficiency,
and carnitine-acylcarnitine translocase (CAT) deficiency have
been described in neonates [66–69]. Systemic manifestations
include cardiomyopathy, hepatopathy, Reye-syndrome-like
illness, and muscle weakness and hypotonia. The creatine
kinase level may be very elevated, and prominent myoglobin-
uria may lead to renal tubular dysfunction and renal failure.
A “salt-and-pepper” retinopathy has been reported in LCHAD
deficiency, but usually appears in later childhood. A history of
acute fatty liver of pregnancy and hemolysis, elevated liver
enzymes, low platelets (HELLP) syndrome may be elicited
from a heterozygous mother carrying a fetus with LCHAD
deficiency [70]. Lactic acidosis is more commonly encoun-
tered in long-chain fatty acid oxidation disorders, but may
not be a prominent feature unless present as part of terminal
illness. Patients typically have hypoketotic or non-ketotic
hypoglycemia, although increased production of ketone
bodies may be seen in SCHAD deficiency. Marked hyperam-
monemia is atypical, but may occur (e.g., CAT and VLCAD
deficiency) [67]. Urine organic acid analysis typically shows
elevated dicarboxylic acids of characteristic chain length
depending on the underlying disorder. Plasma total carnitine
levels are typically low, with an elevation in the esterified
carnitine fraction and esterified-to-free carnitine ratio. An
acylcarnitine profile may detect pathognomonic compounds
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characteristic of specific fatty acid oxidation disorders.
However, fibroblast enzymology or intracellular acylcarnitine
profile analysis with or without DNA mutation analysis may
be needed to establish the diagnosis with certainty. Treatment
includes avoidance of fasting, low-fat diet, and carnitine sup-
plementation in patients who survive the neonatal period.
Medium-chain triglycerides may be useful in long-chain
defects [66].

Mitochondrial disease
The mitochondrial electron transport chain is coded for by
the coordinated action of both nuclear and mitochondrial
genomes. These conditions, therefore, may exhibit either
Mendelian (autosomal recessive, autosomal dominant,
X-linked) or maternal (mitochondrial) inheritance [53]. Dys-
function of any organ system, either alone or in combination,
may occur when mitochondrial function is abnormal. How-
ever, neuromuscular signs and symptoms occur most com-
monly. Children who have mitochondrial disorders, caused by
either nuclear or mitochondrial DNA defects, may first come
to medical attention as neonates [35,36,51,52,54–56,71–75].
Hypotonia, lethargy, deafness, dystonia, or seizures are
common features. Cataracts and retinal pigmentary abnor-
malities may also be present. Systemic involvement includes
cardiomyopathy, bone marrow suppression, hepatic disease,
and renal dysfunction. Antenatal findings include polyhydram-
nios, oligohydramnios, hydrops fetalis, intrauterine growth
retardation, arthrogryposis, decreased movement, and cardio-
myopathy [35,36].

Although some patients with mitochondrial disease may
only have non-specific white-matter abnormalities or delayed
myelination, gray-matter involvement is relatively common,
especially affecting the dorsal midbrain, thalami, and globi
pallidi [16]. Leigh syndrome (subacute necrotizing encepha-
lomyopathy) is another manifestation of mitochondrial dys-
function, although affected children tend to present after the
neonatal period. The clinician must maintain a high index
of suspicion, because these disorders are often difficult
to diagnose. For example, a patient initially diagnosed with
HIE after presenting with fetal distress, metabolic acidosis,
and seizures at 4 hours of age was later documented to
have complex IV (cytochrome oxidase) deficiency [56].
Elevated lactate-to-pyruvate ratio (> 25), b-hydroxybutyrate-
to-acetoacetate ratio (> 1.0), and urine organic acids with
tricarboxylic acid cycle intermediates or other compounds
suggestive of mitochondrial dysfunction offer clues to diag-
nosis. Although a muscle biopsy may show changes sugges-
tive of mitochondrial disease, ragged-red fibers are rarely
encountered in children and histopathology may appear
normal or have non-specific findings. Definitive diagnosis is
made by mitochondrial respiratory chain analysis in muscle
or other tissue or the detection of a pathogenic mutation in
mitochondrial or nuclear DNA. Various vitamin “cocktails”
have been attempted, but there is no proven effective therapy
for these conditions.

Severe ketoacidosis
Classic organic acidemias often present in the neonatal period
or infancy with overwhelming illness and ketoacidosis with an
elevated anion gap. Prominent lactic acidosis is uncommon,
but mild to moderate elevations may occur, especially if there
is superimposed tissue hypoperfusion. Diagnosis of these dis-
orders is relatively straightforward and is based on detection
of characteristic metabolites in serum amino acids and urine
organic acids.

Organic acidemias
Methylmalonic acidemia (MMA), propionic acidemia (PA),
isovaleric acidemia (IVA), glutaric aciduria type II (multiple
acyl CoA dehydrogenase deficiency, MADD), and holocarbox-
ylase synthetase deficiency (multiple carboxylase deficiency,
MCD) are autosomal recessive conditions that may present
in neonates with lethargy, vomiting, and severe ketoacidosis.
Neonatal seizures have also been reported, but are not
common. Renal cysts and dysmorphic features frequently
occur in MADD with neonatal presentation. An odor of
“sweaty feet” may also be noted in patients with MADD or
IVA. Routine labs often show neutropenia, hypoglycemia, and
a metabolic acidosis. Lactic acidosis is usually not a prominent
feature, except in MCD. Head MRI may show abnormal T2
prolongation in the periventricular white matter and lesions in
the basal ganglia, especially the globus pallidus (MMA) or
putamen and caudate nucleus (PA) [9]. Characteristic organic
acids in urine make diagnosis of these conditions relatively
straightforward.

Affected individuals with 3-hydroxyisobutyric aciduria
may also present in the neonatal period with overwhelming
ketoacidosis. In addition, patients may have lactic acidosis,
dysmorphic features, and congenital brain malformations,
including intracerebral calcifications, lissencephaly, pachy-
gyria, polymicrogyria, agenesis of the corpus callosum, and
an indistinct gray- and white-matter interface [76]. Glutaric
aciduria type I may also feature severe brain anomalies,
including frontotemporal atrophy, delayed myelination, and
basal ganglia changes, but this disorder tends to present later
in infancy [9].

Therapy of organic acidemias consists of dietary restriction
of specific amino acids in some conditions, and the prompt
treatment of acute episodes of ketoacidosis. Supplementation
with carnitine and specific cofactors (e.g., vitamin B12 in some
forms of MMA or biotin in MCD) are important therapeutic
interventions.

Lethargy without metabolic acidosis
or hyperammonemia
Maple syrup urine disease
Children with maple syrup urine disease (MSUD) typically
present in the first few days to weeks of life, after appearing
normal at birth. Feeding difficulty and vomiting may be the
initial symptoms. By the end of the first week, lethargy and
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progressive neurologic deterioration occur unless appropriate
treatment is started. A markedly hypertonic infant with
opisthotonus is typical. The characteristic odor is present by
the time neurologic symptoms develop, but not all patients
have a “maple syrup” smell. Metabolic acidosis is uncommon
until later in the course of disease. Neuroimaging is normal in
the first few days of life. Characteristic head MRI findings
develop with time, including profound localized edema in
the deep cerebellar white matter, dorsal brainstem, cerebral
peduncles, posterior limb of the internal capsule, perirolandic
white matter, and globi pallidi. Generalized cerebral hemi-
sphere edema may also be present. Delayed, or abnormal,
myelination is common [9]. Emergency management includes
measures to decrease the levels of branched-chain amino
acids (BCAA) rapidly (e.g., hemodialysis, BCAA-free paren-
teral nutrition, and the prevention of catabolism). Restricting
intake of branched-chain amino acids, while providing
adequate nutrition, and prompt treatment of intercurrent ill-
nesses are the cornerstones of chronic management. Thiamine
supplementation may help in some cases of MSUD.

Mevalonic aciduria
Mevalonic aciduria is an autosomal recessive disorder of chol-
esterol biosynthesis that may present in the neonatal period
with lethargy, hypotonia, or other signs of neurologic dysfunc-
tion, without a metabolic acidosis. Patients may have dys-
morphic features, cataracts, hepatosplenomegaly, recurrent
fevers without identifiable infectious agents, and anemia [58,77].

Lethargy with hyperammonemia
Neonatal hyperammonemia is the predominant laboratory
finding in urea cycle disorders, although other inborn errors
of metabolism cause hyperammonemia by a secondary inhib-
ition of urea cycle function. Pyruvate carboxylase deficiency,
organic acidemias, carnitine-acylcarnitine translocase defi-
ciency, lysinuric protein intolerance, and the HHH (hyperam-
monemia, hyperornithinemia, homocitrullinuria) syndrome
may be associated with neonatal hyperammonemia. Prominent
hyperammonemia (> 10	 elevation) has also been reported
in patients with perinatal asphyxia, likely secondary to hepatic
dysfunction. Other common associations with perinatal
asphyxia, such as severe fetal bradycardia, low Apgar scores,
and the need for prolonged resuscitation following delivery
typically are present in such instances [20]. In contrast,
patients with inborn errors of metabolism, including urea
cycle disorders, typically appear normal at birth, without
perinatal distress, following an uneventful pregnancy.

Urea cycle disorders
Patients with urea cycle disorders (N-acetylglutamate synthe-
tase deficiency, carbamyl phosphate synthetase deficiency,
ornithine transcarbamylase deficiency, argininosuccinic acid
synthetase deficiency (citrullinemia), and argininosuccinic
acid lyase deficiency) typically present with lethargy, poor
feeding, and hyperpnea with a respiratory alkalosis in the first

few days of life. Sepsis is often initially suspected, and, unless
an ammonia level is checked, these infants may die of
unknown cause early in the neonatal period. Aside from
ornithine transcarbamylase deficiency, which is X-linked,
these are autosomal recessive conditions. Progression to deep
coma supervenes, necessitating intubation and mechanical
ventilation. Head imaging is non-specific in these disorders,
but may show cerebral edema. Head MRI in the subacute
phase (day of life 3–7) may resemble HIE, with edema in both
gray and white matter and gray-matter T1 shortening.
Damage to the cortex and underlying white matter, similar
to ischemic injury, may be present in the chronic phase [9].
Diagnosis is based on characteristic serum amino acid patterns
and urine orotic acid concentration. Enzymology on fibro-
blasts or hepatocytes may be needed to confirm the diagnosis.
DNA analysis has limited availability. Initial emergency treat-
ment consists of hemodialysis, protein restriction, provision
of adequate fluids and calories to prevent catabolism, intra-
venous ammonia-scavenging medications (sodium benzoate
and sodium phenylacetate), and intravenous arginine hydro-
chloride. Chronic therapy includes protein restriction, oral
sodium phenylbutyrate and/or sodium benzoate, and arginine
or citrulline supplementation.

HHH syndrome
This autosomal recessive condition is caused by defective
transport of ornithine into mitochondria, resulting in a sec-
ondary inhibition of the urea cycle. Most patients present in
infancy with lethargy, intermittent hyperammonemia, failure
to thrive, developmental delay, and ataxia. Diagnosis is made
by detecting characteristic metabolites in blood and urine.
Treatment includes protein restriction.

Lysinuric protein intolerance
Defective transport of basic amino acids across the basolateral
membrane of epithelial cells is the fundamental defect
in lysinuric protein intolerance. Patients typically present in
infancy with hyperammonemia, vomiting, diarrhea, and fail-
ure to thrive. Inheritance is autosomal recessive. Serum con-
centrations of ornithine, lysine, and arginine are low, while
citrulline, glutamine, and alanine tend to be elevated. There is
increased urinary excretion of lysine, ornithine, and arginine.
Moderate protein restriction and citrulline supplementation
are the primary therapies.

Other disorders
Glycogen storage disorders (GSD) and disorders of gluconeo-
genesis may cause hypoglycemia and lactic acidosis in neo-
nates. However, differentiation from HIE and other inborn
errors of metabolism should be straightforward.

Glycogen storage disorders
GSD type I patients may have hepatomegaly at birth and symp-
tomatic hypoglycemia, but most patients become symptomatic
in infancy. GSD type III (debrancher enzyme deficiency) tends
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to be a more mild condition, but may present in neonates.
GSD type 0 (glycogen synthetase deficiency) may present with
ketotic hypoglycemia and lactic acidosis, without prominent
hepatomegaly. GSD type VIII (phosphorylase kinase defi-
ciency) may be inherited as an autosomal recessive or X-linked
condition. Clinical features include hepatomegaly, myopathy,
and a fatal infantile variant with cardiomyopathy. Pompe
disease (GSD type II, α-glucosidase deficiency) may also pre-
sent with neonatal cardiomyopathy and marked hypotonia
secondary to a skeletal myopathy [78].

Disorders of gluconeogenesis
Fructose 1,6-bisphosphatase deficiency may present with
severe neonatal metabolic acidosis. Routine labs show hypo-
glycemia and lactic acidosis. Patients typically respond well to
intravenous fluids containing dextrose and bicarbonate.
Avoidance of fasting is the mainstay of therapy for gluconeo-
genesis disorders [78].

Congenital disorders of glycosylation (CDG)
These disorders are caused by abnormalities in enzymes
responsible for the glycosylation of proteins and lipids.
CDG-Ia, the most common subtype, is characterized by mild
dysmorphic features, abnormal fat distribution, inverted
nipples, strabismus, and hypotonia. Protein-losing enteropa-
thy, nephrotic syndrome, cardiomyopathy, and pericardial
effusion are other common features. The head MRI shows
cerebellar hypoplasia, but this may not be obvious in neonates
[37]. These conditions should be considered, in addition to
mitochondrial disorders, in neonates who have multisystem
involvement.

Other neonatal myopathies
and encephalomyopathies
Patients with inherited myopathies (e.g., centronuclear myo-
pathy) may also present with neonatal distress, hypotonia, and
signs suggestive of HIE [78]. Boys with Rett syndrome have
been described with a non-specific neonatal encephalopathy
and periventricular leukomalacia [79]. Molecular testing for

Rett syndrome should be considered in patients with unex-
plained encephalopathy and normal metabolic investigations.

Summary
Inborn errors of metabolism may present in neonates with
features of HIE. In contrast to children with HIE, neonates
with metabolic disorders often have an unremarkable delivery
and an apparent normal period lasting hours to days. On the
other hand, a traumatic delivery or prematurity may consti-
tute environmental stress factors that unmask an underlying
inborn error of metabolism; the absence of a normal period,
therefore, does not exclude these disorders from consider-
ation. Although patients with metabolic disorders and HIE,
in general, have different obstetric histories and head-imaging
findings, in practice it may be difficult to distinguish these
conditions, because they also share many clinical and labora-
tory features. There is a tendency to evaluate neonates for a
possible underlying metabolic disorder only after more
common conditions have been excluded. It is crucial for the
clinician to consider metabolic disorders in all neonates with
non-specific features suggestive of sepsis or asphyxia upon
initial presentation. Rapid diagnosis and management may
prevent death or significant morbidity. By obtaining appro-
priate laboratory investigations, the clinician can provide the
family with the best chance of arriving at a diagnosis for their
child during an extremely stressful time. Establishing a diag-
nosis permits not only optimal management of the child, but
also accurate genetic counseling. Tandem-mass spectrometry
(MS/MS) testing for a wide variety of aminoacidemias,
organic acidemias, and fatty acid oxidation defects is currently
being integrated into newborn screening programs through-
out the world. Such technology provides new hope for the
early diagnosis and treatment of inborn errors of metabolism,
which collectively account for significant neonatal morbidity
and mortality. However, MS/MS newborn screening will not
detect many metabolic disorders that may masquerade as HIE,
so neonatologists must continue to have a high index of
suspicion in order to arrive at a definitive diagnosis.
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Chapter

35 Acidosis and alkalosis

Ronald S. Cohen

Introduction
As part of normal homeostasis, the pH of arterial blood is
fairly tightly controlled by normal physiologic processes.
Healthy adults maintain a reasonably stable pH, ranging from
7.35 to 7.45, and the initial pH after birth can range from 7.11
to 7.36. Acidosis (low pH) and alkalosis (high pH) occur
commonly when there are disturbances of the body's normal
physiology. This can result from either a pathologic process or
medical interventions. When they are due to, or associated
with, a pathologic process, the abnormal pH may be blamed
for any long-term consequences of that event. Similarly, when
a medication or treatment results in an abnormal pH, any
long-term consequences may be assigned to that intervention.
In both situations, it is not clear whether the underlying
physiologic disturbance is responsible for the adverse long-
term outcome, or whether the abnormal pH played a role, and
if so, how important that role may have been.

Acidosis
Acidosis is known to accompany ischemia, and has been used
as a marker for tissue hypoxia and damage. However, it is
unclear whether or not acidosis per se is a cause of injury.
To examine this issue, we need to separate the two clinical
subtypes of acidosis – respiratory and metabolic.

Respiratory acidosis
Respiratory acidosis occurs when carbon dioxide (CO2),
produced by metabolism, builds up in the body and dissolves
in the bloodstream. The reaction of CO2 with water (H2O)
results in the production of hydrogen ions (Hþ) and bicarbon-
ate (HCO�

3 ). Since pH is defined as the inverse log of the
concentration of hydrogen ions, as more CO2 builds up in the
bloodstream, the more Hþ is produced, and the lower the pH
becomes. In extrauterine life, the CO2 that is produced by the
body's metabolism is excreted through the lungs. Of course,
in utero, CO2 produced by fetal metabolism must cross the
placenta and be excreted through the mother's lungs. Thus,
after birth, respiratory acidosis usually indicates an inability of
the lungs to meet the demands of the body's metabolism. Fetal

respiratory acidosis usually reflects failure of the placenta to
meet the demands of fetal metabolism rather than failure of
maternal lung function. If either lung or placental function is
inadequate to meet the metabolic needs of the patient, hypox-
emia can co-exist commonly with respiratory acidosis. In such
a situation, apportioning the causality for any injury to either
the hypoxemia or the acidosis is difficult, if not impossible.
However, situations exist where there is predominantly
respiratory acidosis, and these allow us to determine the effect
of this alone.

Allowing a higher arterial partial pressure of CO2 (PaCO2),
or “permissive hypercapnia,” has been suggested as a safer
method of mechanical ventilation [1–4]. Theoretically, per-
mitting a moderate degree of respiratory acidosis to occur
while on mechanical ventilation, by using less pressure or
smaller tidal volumes, would be potentially less traumatic
to the lungs than using more aggressive mechanical ventilation
to achieve a lower “normal” PaCO2. Since oxygenation target
levels are not changed with this strategy, these patients gener-
ally are not any more hypoxemic than control patients venti-
lated utilizing standard PaCO2 target levels. Thus the impact
of respiratory acidosis per se might be discernible.

Increasing PaCO2 results in lower pH, causing increased
cerebral blood flow due to vasodilation. This has been demon-
strated in animals and in human neonates [5–11]. The data
suggest that newborn animals are less responsive than adults.
Nevertheless, the possibility that hypercapnia could cause
cerebral vasodilation in the neonate raises a concern for
possible intraventricular hemorrhage (IVH), and there are
some data to support this.

Early on, hypercapnic acidosis was identified as a risk
factor for IVH [12, 13]. More recently, a retrospective review
found that maximum PaCO2 was a dose-dependent predictor
of severe IVH [14]. The babies with IVH were smaller and
more premature, and the retrospective nature of this study
limits its strength, but the results are interesting. The patients
with no IVH had a mean maximum PaCO2 of about 61
mmHg, while the median maximum PaCO2 for patients with
grade 3 and 4 IVH was about 74 mmHg (p< 0.0001), some-
what higher than the usual target range even with “permissive
hypercapnia.” This was also higher than their target range,
pointing out the risk of overshooting the upper limit in the
clinical “real world.” In a study that is not a randomized
clinical trial (RCT), it is impossible to know whether the
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PaCO2 is causal or just a proxy for worse lung disease.
Furthermore, severe IVH per se might result in an increased
PaCO2. In particular, these authors have pointed out the risk
of developing acute hypercarbia, and thus increased cerebral
blood flow, during surfactant administration [15]. They used
an intra-arterial, continuous PaCO2 monitoring device, which
demonstrated marked acute swings that otherwise would not
have been detected using standard, intermittent blood-gas
sampling. They suggest that the incidence of undetected
extreme hypercapnia could be much higher than suspected
clinically.

Acute changes in PaCO2 may be just as important, if not
more so, as prolonged exposure to specific levels, for which
there may be acclimatization by the cerebral vasculature. In
newborn lambs, the cerebral blood flow returns to baseline
after 6 hours of hyperventilation [16]. However, acute normal-
ization of the PaCO2 resulted in an abrupt increase (up to
140%) in cerebral blood flow. Theoretically, this abrupt over-
perfusion could result in hemorrhage. A recent large (n¼ 849)
single-center retrospective analysis showed that the time-
weighted average of PaCO2 was less predictive of severe IVH
than high, low, and changes in PaCO2 levels [17]. This study,
being retrospective, was not able to look at acute changes in
PaCO2. Nevertheless, the association of severe IVH with
extremes of PaCO2 and changes in PaCO2, more than the
time-weighted average, suggests that fluctuations may be
significant. Furthermore, since the association was with severe
(i.e., grade 3 and 4) IVH, and not with smaller bleeds, the
authors speculate that the fluctuations may result in the exten-
sion of existing small hemorrhages.

Additional data supporting the theory that moderate hypo-
ventilatory acidosis may be benign for both the lung and the
brain are available from animal studies. Using the rat model
with unilateral carotid ligation, Vannucci and coworkers stud-
ied the impact of hypoxia versus hypercarbia [18]. They
exposed rats after ligation to hypoxic gas (8% O2) mixed with
varying levels of CO2 (0, 3, 6, or 9%). All groups had similar
PaO2 levels, about 34.7mmHg, with average PaCO2 levels of
26, 42, 54, and 71mmHg, respectively. Animals were exposed
to the different gas mixtures for 2.5 hours, and then sacrificed
at 30 days. Brain pathology was scored on a 0–5 scale. Expo-
sure to hypocarbic conditions resulted in worse scores
than normocarbia. Increasing CO2 exposure to 6% further
decreased brain pathology, with 9% doing about as well as
3%. They concluded that “hypocapnia aggravates perinatal
hypoxic–ischemic brain damage while mild hypercapnia is
neuroprotective, at least in the immature rat.” Further studies
by the same group suggest that higher levels of hypercarbia
(greater than 80mmHg) are associated with lower cerebral
blood flow and worse brain damage [19]. Recent studies in
rabbits on the effect of hypercarbia on the circulation also
show improved cardiac output and tissue perfusion until
PaCO2 levels greater than 100mmHg [20]. Studies on neurons
in vitro show that acidosis resulted in decreased apoptosis
[21]. Thus, the PaCO2 levels associated with well-controlled
permissive hypercarbia, if carefully maintained without rapid

swings, may be neuroprotective on the cellular level, whereas
CO2 levels that are either very high or swing dramatically may
alter cardiovascular function in ways that may be deleterious.

Further animal studies demonstrate many theoretic
benefits of moderate hypercapnia. Looking specifically at lung
injury, studies have not only shown less lung injury with
permissive hypercapnia, but have shown a protective effect
of inhaled CO2, without lowered ventilator settings [22]. Thus,
CO2 itself, not the altered ventilator strategy, may be lung-
protective. These same authors found that buffering the
pH while breathing CO2 actually attenuated this protective
effect [23]. The impact of hypercapnia on other organ systems
has also been investigated. Hypercapnic acidosis appears to
be protective of the myocardium in post-ischemic animal
models [24].

Clinical trials of permissive hypercapnia have thus far
been somewhat reassuring, though perhaps not definitive.
Though most studies have been positive, including two RCTs
[2,25], one study was stopped early when there was a trend
towards worse outcome in the hypercapnic “minimal ventila-
tion” group [26]. This small study did have target ranges
for PaCO2 of 55–65mmHg, higher than most other studies.
Combining these data with the results discussed above
regarding higher levels of PaCO2 and IVH does raise a con-
cern about an upper limit to “how high can you go” with
permissive hypercapnia [14]. Nevertheless, the authors of the
stopped trial have continued to support studies of permissive
hypercapnia, and consider it “a safe and effective manage-
ment strategy to decrease morbidity from bronchopulmonary
dysplasia” [27].

Metabolic acidosis
Metabolic acidosis in neonates usually is secondary to other
pathologic processes such as significant hypoxemia, hypovo-
lemia, shock, or an underlying genetic disorder. The presence
of a significant metabolic acidosis is one of the generally
accepted hallmarks of a perinatal hypoxic–ischemic event
[28]. When a hypoxic–ischemic event results in metabolic
acidosis, this generally is due to an increase in the serum
lactate level induced by anaerobic metabolism [29]. Thus a
metabolic acidosis frequently accompanies a hypoxic–ischemic
event which results in neurological injury. Other chapters will
address the implications of metabolic acidosis as a marker
for perinatal hypoxia–ischemia. The question to address here
is, can metabolic acidosis itself cause neurological injury?
To sort this out, we need to look for evidence that lactic
acidosis per se induces neurologic injury, and that treating
metabolic acidosis has an impact on neurologic outcome.

The data linking metabolic acidosis itself to neurologic
injury are remarkably slim. There are metabolic disorders
(e.g., microvillus inclusion disease [30]) that are known to
cause recurrent or prolonged episodes of acidosis without
resultant central nervous system (CNS) injury. In a large
cohort of patients with mitochondrial disorders known to
cause lactic acidosis, poor outcome was associated with early
onset of symptoms, but was not correlated with plasma lactate
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levels or metabolic status [31]. Patients with MELAS (mito-
chondrial encephalopathy, lactic acidosis, stroke) syndrome
have qualified for cardiac transplantation [32].

Is there laboratory evidence for lactic acid toxicity? Inter-
estingly, the data suggest that lactic acid may actually be
neuroprotective. First, substantial evidence suggests that lac-
tate is a metabolic substrate for the brain [33,34]. Additionally,
recent studies on rat brain cells in culture have shown that
exposure to very low pH, 6.6 or less, is toxic to brain cells [35].
However, incubation with very high concentrations of lactate,
up to 100 mM, did not induce cell death. When lactate was
perfused into the brains of unanesthetized rats, there was
slowing and suppression of pyramidal cell firing that
was completely reversible [36]. This appeared to be due to
lactate suppression of glucose metabolism, but only occurred
at supraphysiologically high concentrations (10mM). With
lactate alone at physiologic levels (1mM), nerve cell ATP
levels were reduced; with lactate (1mM) and glucose present
at physiologic levels, ATP levels increased. Thus it may be that
lactate metabolism can keep brain cells alive when glucose
cannot be metabolized, in part by reducing their metabolic
activity.

Germane to this discussion is the question of the role of
sodium bicarbonate therapy in the neonatal intensive care unit
(NICU), since this is probably the most common treatment
for metabolic acidosis. If metabolic acidosis is harmful, then
treating it should be helpful. Indeed, despite minimal data to
support its use, sodium bicarbonate is widely used in neona-
tology for varying indications [37]. It is commonly given
during resuscitation to correct acidosis either documented or
suspected. Nevertheless, its efficacy for this remains unclear.
There are understandably few RCTs looking at this issue.
One, from India, studied the impact of sodium bicarbonate
1.8 mEq/kg versus dextrose 5% given to “asphyxiated” neonates
requiring positive-pressure ventilation. The cord pH of the two
groups was low (7.01 base, 7.05 dextrose), but in follow-up
at 1, 6, 12, and 24 hours, there were no differences in blood
gases between the groups [38]. There was also no significant
difference in long- or short-term outcomes [39]. If anything,
the non-significant trend was worse for the bicarbonate-
treated group for outcomes such as cerebral edema (52% vs.
30%), encephalopathy (74% vs. 63%), and need for inotropes
(44% vs. 28.6%). Thus the most recent Cochrane analysis
states, “There is insufficient evidence from randomized
controlled trials to determine whether the infusion of sodium
bicarbonate reduces mortality and morbidity in infants
receiving resuscitation in the delivery room at birth” [40].

Alkalosis
Alkalosis, like acidosis, can either be respiratory or metabolic.
Both are most commonly iatrogenic in the newborn period,
though rare metabolic disorders can result in either. The
neurologic implications of alkalosis, when accompanied by
an underlying genetic disorder, are necessarily complicated
by the inherent ramifications of the specific metabolic

disorder, many of which can cause brain injury through other
mechanisms. Thus, analogous to situations in which hypox-
emia accompanies acidosis, it is sometimes difficult to ascribe
outcome to alkalosis per se or the underlying genetic cause.

Respiratory alkalosis
Respiratory alkalosis occurs when PaCO2 levels are decreased,
a situation known as hypocapnia. This reverses the reaction
described above under respiratory acidosis, decreasing the
concentration of Hþ in the blood, thus raising the pH. In
neonates, this usually occurs during mechanical ventilation,
though less commonly CNS, cardiac, pulmonary, infectious,
or metabolic disorders may cause an infant to hyperventilate
while breathing spontaneously, resulting in respiratory alkal-
osis [41]. Hypocapnia, like its inverse hypercapnia, has effects
on the circulation of several organ systems.

Both pH and PaCO2 have long been known to affect
pulmonary vasculature tone in newborn animals, with alkal-
osis causing decreased pulmonary vascular resistance [42,43].
Thus, Peckham and Fox advocated intentional hyperventila-
tory alkalosis (the opposite of permissive hypercapnia) as a
treatment for persistent pulmonary hypertension of the new-
born (PPHN) [44], which became a common treatment for
this high-mortality condition for the next several years [45,46].
Initial follow-up studies reported good neurological outcomes
[47–49]. However, concerns were soon raised about an associ-
ation between respiratory alkalosis and hearing loss [46,50,51].
It is not completely clear that the hearing loss and other
neurologic sequelae of PPHN were due to the treatment, or
whether they were related to the perinatal factors associated
with the disease itself, such as asphyxia, hypoxemia, meco-
nium staining, and infection. However, the duration of
hyperventilatory alkalosis appeared to correlate with poor
neurologic outcome [52], suggesting that the alkalosis per se,
and not other factors, may be the cause. Also, follow-up of
babies with PPHN from the pre-hyperventilatory alkalosis era
did not find this association with hearing loss, suggesting that
it may be related to the treatment and not the disease or its
causes [53]. More recent studies of long-term outcome for
patients with PPHN treated with newer modalities, such as
iNO and ECMO, show variable results for hearing outcomes,
but it is unclear how many patients were hyperventilated,
and for how long, before meeting criteria for the new treat-
ment. At least one study correlated post-ECMO hearing loss
with profound hypocarbia prior to initiating ECMO, further
strengthening this association [54]. Interestingly, even though
some animal and human data suggest that alkalosis induced by
bicarbonate infusion would decrease pulmonary artery pres-
sure as well as hyperventilation does [55–57], there are recent
animal data to question the efficacy of bicarbonate buffering
to reverse hypoxic pulmonary vasoconstriction [58]. Clinical
data have not supported the efficacy of this treatment for
neonatal PPHN. In fact, at least one study suggests that meta-
bolic alkalosis treatment (e.g., sodium bicarbonate IV) may be
associated with a worse outcome for PPHN [59].
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The connection between hyperventilatory alkalosis and
hearing loss may have a plausible biological explanation.
Cerebral blood flow is pH-dependent, as discussed above,
and may be reduced by alkalosis in animal and human neo-
nates [16,60–63]. This relationship may be more important in
term infants who get PPHN than in sick premature ones,
whose cerebral circulation may lose the ability to respond to
pH and become “pressure-passive” [64]. Animal data suggest
that auditory centers may be particularly vulnerable in the
newborn period because of a very high metabolic rate com-
pared to other brain regions [65,66]. Thus it is reasonable to
theorize that the high metabolic demand of auditory centers
may not be met when cerebral blood flow is decreased by
hypocapnic alkalosis. Again, there are animal data to support
this theory, as decreased levels of brain energy stores have
been reported in piglets exposed to normoxemic but hypo-
capnic ventilation [67,68]. The otherwise healthy normal
human neonate might tolerate this. But if you add hypoxemia
and hypotension, two situations that commonly co-exist with
PPHN, then you may have a scenario where the high meta-
bolic demands may not be met. Furthermore, experimental
data mentioned above indicate that hypocarbia may potenti-
ate hypoxemic brain injury in rats [18]. Given the current
availability of both iNO and ECMO treatment, it would seem
prudent today to minimize the duration of exposure of neo-
nates with PPHN to hyperventilatory alkalosis. Alkalinization
with sodium bicarbonate appears to offer little value, and
may add risk, and thus should be limited, too [59]. Until
more is known, all patients with PPHN need close neuro-
developmental follow-up and monitoring for sensorineural
hearing loss. This hearing loss may be progressive, and may
not show up for some years [69,70], and thus early screening
alone is not adequate.

An association between hypocapnia and periventricular
leukomalacia (PVL) has been noted in many studies over
many years and with different modes of ventilation [71–74].
A study of high-frequency oscillatory ventilation (HFOV)
found increased intracranial hemorrhages and hypocapnia
with HFOV, but did not specifically look for a statistical
association between hypocapnia and PVL [75]. One study
with high-frequency jet ventilation (HFJV) could not link
PVL statistically to hypocarbia, only to HFJV [76], though
the same group had just reported an association of PVL
to hypocarbia with HFJV and previously with conventional
ventilation [72,73]. A larger, multicenter trial of HFJV did
show an association between ventilator strategy, hypocapnia,
and PVL [77]. However, they found a decreased risk of
PVL with HFJV when used with a strategy that avoided
hyperventilation.

There is also further evidence of hypocapnia being a risk
for perinatal brain injury in the setting of hypoxic–ischemic
injury. In a large Canadian cohort study of term infants
meeting the rigorous definition of hypoxic–ischemic enceph-
alopathy (HIE) [78], outcomes were analyzed for exposure to
either high PaO2 (> 200mmHg) or low PaCO2 (< 20mmHg)
during the first 2 hours of life. Multivariate analysis controlling

for degree of illness showed a significant association of
severe hypocapnia with adverse outcome (OR 2.34, 95% CI
1.02–5.37). The strongest association with bad outcome was
with both severe hyperoxemia and severe hypocapnia (OR
4.56, 95% CI 1.4–14.9). Lower levels of hyperoxemia or hypo-
capnia were not significant. Interestingly, in this study, first
available base deficit was not significant. Again, these authors
postulate that an additive effect of hypocapnic alkalosis
induced decreased cerebral blood flow upon underlying hyp-
oxic–ischemic injury. Higher PaO2 levels, which occur not
infrequently during resuscitation, may have contributed to
oxidative injury [79].

Metabolic alkalosis
Metabolic alkalosis occurs less commonly than respiratory
alkalosis, and often is related to treatment with an alkalinizing
agent, such as sodium bicarbonate. It may be associated with
chloride depletion due to hyperemesis; the use of diuretics,
primarily furosemide, and especially if there is inadequate
replacement of potassium; severe dehydration resulting in a
state of “contraction alkalosis”; and, more rarely, a number of
uncommon renal, endocrine, and gastrointestinal disorders
[80]. Interestingly, though some of the hereditary renal causes
of persistent metabolic alkalosis are associated with develop-
mental delay and sensorineural deafness, not all are, and the
mechanism of the CNS abnormality may be part of the overall
genetic syndrome [81,82]. Congenital chloride diarrhea can
result in metabolic alkalosis, but when treated, even with a
mean age of diagnosis over 2 months, neurologic outcome is
good [83,84]. These observations suggest that the neonatal
brain can tolerate metabolic alkalosis fairly well, especially
considering that these diagnoses also commonly add hypovo-
lemia and other electrolyte abnormalities, but generally not
hypoxemia.

Since hyperventilatory alkalosis has been recommended
for treatment of pulmonary hypertension (see above), meta-
bolic alkalinization has also been proposed. Indeed, as recently
as 1997 it was listed as part of the “basic therapy” in a
European review [85]. However, a review of data from US
multicenter trials actually showed that bicarbonate use
resulted in a worse outcome, with an odds ratio for ECMO
of 5.03 versus hyperventilatory alkalosis [59].

Given the current data on the use of sodium bicarbonate,
there appear to be few if any indications, some significant
concerns about risk, and virtually no documented benefits.
Though it continues to be used to treat acidosis due to the
lack of any readily available alternative, this does not necessar-
ily mean it is better than no treatment. Thus, if used, it must
be used minimally and cautiously, and not using it clearly
should not be considered a breach of standard of care.

Conclusions
We have reviewed the literature on the impact of alkalosis and
acidosis on the brain of the neonate. Though it is clear that
much remains to be learned, it appears that the neonatal CNS
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has remarkable resilience. Respiratory alkalosis does seem to
be associated with injury when prolonged or associated with
pronounced swings in pH. Careful monitoring to avoid this is
warranted. Furthermore, the benefits of sodium bicarbonate

treatment remain at best unproven, with reasons to be con-
cerned about complications thereof. However, it appears that
the newborn brain can tolerate acidosis, both respiratory and
metabolic, better than one might have imagined.
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Chapter

36 Meconium staining and the meconium
aspiration syndrome
Thomas E. Wiswell

Introduction
Meconium-stained amniotic fluid (MSAF) occurs in approxi-
mately 10–15% of all pregnancies [1]. The presence of MSAF
has been recognized as being associated with adverse fetal and
neonatal outcomes for centuries [2]. Aristotle gave the sub-
stance the name meconium-arion, meaning “opium-like.” This
may have been because the philosopher believed it induced
fetal sleep, recognizing fetal deaths and neonatal depression as
being associated with meconium. Conversely, the name may
have arisen because processed opium is a black, tarry sub-
stance resembling meconium. Obstetricians and pediatricians
have long recognized the relationship of MSAF with stillborn
infants, abnormal fetal heart-rate (FHR) tracings, neonatal
encephalopathy, respiratory distress, and an abnormal neuro-
logic outcome in some survivors. Nevertheless, the vast major-
ity of infants born through MSAF do not have apparent
antenatal, intrapartum, or postnatal problems. Thus we have
somewhat limited ability to predict and prognosticate from
the presence of MSAF. Healthcare providers should be appro-
priately concerned about both MSAF and meconium-stained
neonates who subsequently develop respiratory distress, the
meconium aspiration syndrome (MAS). Despite the frequent
occurrence of MSAF and MAS, there remains a distinct
paucity of literature describing the neurological development
of either children born through MSAF or those with MAS.

Historical aspects
More than 80 years ago, Schulze reviewed several controver-
sies concerning MSAF, including whether its presence
reflected fetal asphyxia versus a physiologic process, as well
as whether MSAF represented a grave prognostic omen [3].
She referred to publications from the 1600s in which MSAF
was considered a sign of death or impending death of the
fetus, and quoted several publications from the 1800s in which
MSAF portended an endangered condition of the fetus. She
referred to Jesse's 1888 report, in which MSAF was found in
9.5% of pregnancies. In this latter report, of 314 pregnancies in
which MSAF was found, 74 of the infants were stillborn, while
74 were described as “asphyxiated.” Grant referred to the work

of Kennedy in 1833 in which MSAF was described as a
harbinger of stillbirth or fetal distress [4]. In 1918 Reed pro-
posed that in utero anoxia would relax the anal sphincter and
result in meconium passage, and was the first individual to
describe in utero aspiration of meconium [5]. Clifford reported
a 6% mortality rate and a 60% morbidity rate among infants
born through MSAF [6]. He specifically commented on the
frequent need for resuscitation of such infants. Brews subse-
quently hypothesized that meconium passage was a result of
increased intestinal peristalsis as a response to asphyxia [7]. The
degree of hypoxia needed for meconium passage was first
described by Walker [8], who found that meconium passage
was associated with umbilical venous oxygen saturations< 30%.

Some data concerning MSAF and MAS were reported
from the National Institute of Neurological and Communi-
cative Disorders and Stroke Collaborative Perinatal Project
(CPP) of the late 1950s and 1960s. In this study, more than
42 000 children were followed from birth for the development
of cerebral palsy (CP), mental retardation (MR), and other
neurologic disorders [9,10]. Fujikura and Klionsky reported
that 10.3% of all live-born infants in the CPP had meconium
staining [9], and found the stained group to have a neonatal
mortality death rate of 3.3% compared to 1.7% among non-
meconium-stained babies. Fully 18.1% of the babies that died
in the CPP were born through MSAF. Naeye found MAS to
occur in 8.7% of the infants in the CPP who were born
through MSAF [10]. Of those babies with such respiratory
distress, 63% died. In the 1950s, Desmond and colleagues
reported meconium-stained babies to be more likely to have
abnormal neurologic findings [11].

During the 1970s several articles appeared supporting the
benefits of aggressive airway management in meconium-
stained neonates. These were summarized in a review article
in 2000 [12]. Although they represented anecdotal experience
and not randomized controlled trials (RCTs), these works
led to virtually universal practices of obstetrical oro- and
nasopharyngeal suctioning, as well as postpartum intratracheal
suctioning, of meconium-stained infants in the delivery room.
However, in a large RCT [12] we established that intratracheal
intubation and suctioning did not improve the respiratory
outcomes of apparently vigorous meconium-stained neonates.
Additionally, other interventions aimed at preventing MAS
have recently been evaluated in another large random RCT
[13]. Vain and colleagues assessed the value of intrapartum

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



oro- and nasopharyngeal suctioning prior to delivery of the
baby's shoulders [13]. They found no decrease in MAS with
this maneuver. Amnioinfusion has been widely practiced since
the late 1980s. Normal saline or lactated Ringer's solution is
infused into the uteri of women with thick-consistency MSAF.
The hope is that the fluid would dilute the meconium and
make it less toxic, as well as alleviate umbilical cord compres-
sion. Fraser et al. performed an RCT enrolling approximately
2000 women with thick-consistency MSAF and found
amnioinfusion to be of no benefit in preventing MAS [14].

Meconium-stained amniotic
fluid and fetal distress
What is the evidence supporting the association of MSAF with
fetal distress? Unquestionably, babies born through MSAF and
those who subsequently develop MAS have a higher frequency
of abnormal fetal heart-rate tracings [15,16]. The classic
work of Walker [8] revealed the markedly low fetal oxygen
saturations related to meconium passage. Meconium-stained
infants are more likely to have lower scalp pHs or low umbil-
ical cord artery pHs [16–18]. Additionally, meconium-stained
infants have lower 1- and 5-minute Apgar scores [1,19]. When
we previously reviewed the literature [1], we found approxi-
mately one-third of all reported babies (10 studies) were
“depressed” at birth. Additionally, it is likely that in some cases
the lower Apgar scores in meconium-stained babies are due to
the intubation procedure itself [12].

Can there be abnormal outcomes in babies born through
MSAF who have normal antenatal testing or normal FHR
tracings? Various authors have found from 29% to 60% of
infants with meconium-associated respiratory distress had
normal FHR tracings [12,15]. Smith and colleagues reviewed
a series of fetal deaths which followed antepartum heart-rate
testing [20]. They found 16 of 53 stillborn infants had passed
meconium. Thirteen of these 16 had had normal, reactive non-
stress tests (NSTs). Fleischer's group reported that even with
the presence of normal intrapartum FHR tracings and normal
5-minute Apgar scores, infants with MSAF had an incidence
of respiratory complications many times greater than those
born through clear amniotic fluid [21]. I conclude that the
finding of MSAF is associated with many markers of fetal
distress. The evidence definitely supports that one should not
be at ease in cases of MSAF with normal FHR tracings, as
adverse outcomes may still occur.

Non-neurologic adverse outcomes
Fleischer and colleagues found meconium-stained, term-
gestation infants to be 100 times more likely to develop
respiratory distress than their counterparts born through clear
amniotic fluid [21]. The MAS is the most frequently noted
adverse outcome found among infants subsequent to being
born through MSAF. The term “meconium aspiration syn-
drome” refers to infants born through MSAF who have
respiratory distress and whose symptoms cannot be otherwise
explained. In two large reviews of the disorder [2,22], we have

found approximately 5% of infants born through MSAF will
subsequently develop MAS, one-third to one-half of those
with MAS will require mechanical ventilation, one-quarter
will develop pneumothoraxes, and one in 20 will die. The
death rate has varied over time, from as many as 63% of those
in the CPP to as low as 0% in more recent, smaller popula-
tions. The death rate has declined over time [1], a finding
which likely has been influenced by aggressive airway man-
agement in the delivery room, better ventilatory techniques,
and improvements in supportive care (thermoregulation, par-
enteral nutrition, etc.). Two-thirds of neonates with persistent
pulmonary hypertension have MAS as an associated disorder
[16]. The proportion of babies admitted to newborn intensive
care units (NICUs) is increased among those born through
MSAF compared to those born through clear MSAF. Nathan
et al. found 24% of meconium-stained babies were admitted to
their NICU compared to 7% of those born through clear fluid
[16]. Among premature infants born through MSAF, Wagner
and associates found lower 1- and 5-minute Apgar scores, as
well as a fourfold higher mortality rate [24]. Thus, among
babies born through MSAF, there is considerable morbidity
not related to neurologic outcome.

Adverse neurologic outcomes
There are no prospective investigations that have specifically
followed a group of meconium-stained infants, or even the
sicker group of children with MAS, for a minimum of at least
2–6 years to adequately assess how such children develop.
Nonetheless, there exists abundant literature, which links
some adverse neurologic findings with meconium.

Grafe described brain injury in 83 stillborn and 13 infants
dying within 1 hour after birth [25]. She found neurological
damage to be more common if there had been meconium
staining of the placenta. The major change was white-matter
gliosis/necrosis. Redline found meconium-associated vascular
necrosis of the placenta to be a major factor associated with
neurologic impairment in infants [26].

Desmond and colleagues found infants born through
MSAF to be more likely to have hypotonia, lethargy, and
seizures [11]. Several investigators have examined data from
the CPP. Naeye reported that if infants were born through
MSAF [10] they had a significantly increased risk for neu-
rologic abnormalities at 7 years of age, including quadri-
plegic CP, chronic seizures, and severe MR. These children
were also more likely to have hyperactivity at this age. Nelson
and Broman assessed a group of 50 children from the CPP
who had marked neurological abnormalities [27], character-
ized by moderate or severe motor disability and severe
MR, and compared them to a large control population. Those
with severe handicaps were more than twice as likely to have
been born through MSAF (40.8% vs. 19.1%). Nelson found
the rate of CP among the children with birthweight > 2500 g
in the project to be approximately 3/1000 if there was no
history of obstetrical complications [28]. When there was
a history of MSAF and no other complications, 4/1000
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survivors developed CP. However, when there was a history of
MSAF and a 5-minute Apgar score � 3, the rate of CP
increased to 94/1000. Among CPP infants of birthweight
� 2500 g born through MSAF, Nelson and Ellenberg reported
the frequency of CP to be 15/1000 [29]. Additionally, 12/1000
of the low-birthweight meconium-stained babies had no CP,
but developed seizures.

Shields and Schifrin examined a group of 75 babies with
cerebral palsy who had been born between 1976 and 1983 [30].
They found that 41% had been born through MSAF, and that
overall 21% of the 75 babies with CP had been affected with
MAS. Gaffney and colleagues in England similarly examined a
group of infants with CP (n¼ 141) [31]. They found MSAF to
be significantly more common in those with CP versus control
(non-CP) infants (24.2% vs. 9.9%). Spinillo et al. reported an
increased risk for CP and periventricular leukomalacia (PVL)
among meconium-stained premature infants [32,33].

Seizures during the neonatal period are an important pre-
dictor of subsequent neurological handicap. Neonatal seizures
occur in approximately 0.4–0.8% of all live-born infants.
Berkus et al. found a sevenfold increased risk for neonatal
seizures, as well as a fivefold increased risk for hypotonia,
among infants born through moderately thick or thick MSAF
[15]. Similarly, Nathan et al. described a fivefold increased
risk for seizures during the first 24 hours of life if infants had
been born through MSAF (2.0% vs. 0.4%) [16]. Lien et al.
reviewed a group of term-gestation infants that had neonatal
seizures [34]. Of 40 such infants, 40% had been born through
MSAF, while 12.5% had a history of MAS. Sato and col-
leagues described three infants born through MSAF without
signs of hypoxic–ischemic encephalopathy (HIE) that
developed seizures and were found to have perisagittal cere-
bral infarcts [35]. Blackwell et al. described a group of 48
infants with severe MAS (needing mechanical ventilation for
> 48 hours) [36]. Of these, 29 had umbilical cord artery pH
levels � 7.20, while 19 had levels < 7.20. Approximately 21%
of the infants in both groups subsequently developed seizures.
The latter authors speculated that pre-existing neurological
injury prior to birth occurs in many meconium-stained
babies, rather than intrapartum injury. They also conjectured
that non-hypoxic–ischemic mechanisms may cause neuronal
injury in this population. Finer's group reviewed 95 infants of
� 37 weeks gestation that had evidence of HIE [37]. Almost
half of these children (48.4%) had a history of MAS, while
28% of those with MAS subsequently developed moderate
to severe neurologic handicaps. In a recent review from
Australia, Walstab et al. similarly reported increased risk
for subsequent CP in infants with MAS [38]. Beligere's
group recently described a 3-year follow-up of 29 infants with
MAS requiring mechanical ventilation [39]. None of these
neonates was treated with extracorporeal membrane oxygen-
ation (ECMO), high-frequency ventilation, or inhaled nitric
oxide (iNO). These authors described normal outcomes
in 38% of the population, while 7% developed CP, 14%
had global developmental delays, and 41% had mild develop-
mental delays.

Matsuishi and colleagues prospectively evaluated the
incidence of autistic disorder among 5271 survivors of a NICU
[40]. The children were assessed sequentially for neurodevelop-
mental disorders for a 5-year period following discharge.Autistic
disorder was identified in 18 of the infants, while 57 had CP. The
authors found that a history of MAS was significantly higher
in children with autistic disorder (22%) or CP (8.8%) compared
to the control population of NICU graduates without MAS.

The data I have discussed in this section indicate a
relationship between certain adverse neurodevelopmental
outcomes and MSAF/MAS. Presumably, most infants born
through MSAF will ultimately be neurologically intact. As a
group, babies born through MSAF or who develop MAS are
generally not followed to assess long-term morbidity. Unfor-
tunately, because there are no prospective epidemiologic stud-
ies of various adverse neurodevelopmental outcomes and
MSAF, one cannot generally prognosticate about infants either
born through MSAF or those who develop MAS.

Pathophysiology of meconium passage
Meconium is a viscous green liquid consisting of gastrointest-
inal secretions, bile, bile acids, mucus, pancreatic juice, cellular
debris, amniotic fluid, and swallowed vernix caseosa, lanugo,
and blood [2]. Between the 10th and 16th weeks of gestation,
the substance may first be noted in the fetal gastrointestinal
tract. Typically, 60–200 g of the substance is found in a term
infant's intestine. Because of the lack of strong peristalsis, as
well as the presence of good anal sphincter tone and a terminal
cap of particularly viscous meconium, in utero passage of the
substance is uncommon.

In utero passage of meconium has been thought to reflect
ante- or intrapartum asphyxia. Reed suggested that hypoxia
would relax anal sphincter tone [5], while Brews hypothesized
that hypoxia would increase intestinal peristalsis [7]. In addi-
tion, it has been speculated that compression of the fetal head
or umbilical cord (often seen in the post-term infant with
oligohydramnios) could cause a vagal response and result in
meconium passage [41]. Walker documented hypoxia causing
meconium passage [8]. The finding of fetal acidosis among
many infants with MSAF is consistent with a hypoxic environ-
ment [17]. Nevertheless, for most infants, passage of meco-
nium is likely a physiologic maturational event. Meconium
passage is rare before 37 weeks' gestation, but may occur in
35% or more of pregnancies lasting longer than 42 weeks [16].
In addition, motilin is a hormone responsible for bowel peri-
stalsis and defecation. Motilin levels are higher in term and
post-dates infants than in premature infants [42], additionally
supporting the maturity concept of the physiologic passage of
meconium.

A seldom-recognized mechanism causing fetal defecation
is that of intrauterine infection. Naeye reported that 64% of
cases of MSAF were associated with acute chorioamnionitis
[10]. Wen and colleagues found a significantly higher rate of
clinical intra-amniotic infection in women with MSAF com-
pared to those with clear amniotic fluid [43]. Romero's group
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found the prevalence of positive amniotic fluid cultures to be
significantly higher among women with MSAF than in those
with clear fluid [44]. Piper and colleagues reported MSAF to
be associated with higher rates of clinical maternal infection
both pre- (chorioamnionitis) and post- (endometritis) delivery
[45]. As inflammation plays an important role in the course
of neonates with meconium-associated respiratory distress,
the infectious mechanism of meconium passage needs to be
explored further.

Unfortunately, for any given fetus, neither obstetricians
nor pediatricians may be able to ascertain prenatally the
specific mechanism of passage, nor is the rationale readily
apparent postnatally. Indeed, conceivably a combination of
mechanisms could affect any given fetus. Whatever the reason
for fetal defecation, it will occur in 10–15% of all deliveries.

Potential mechanisms of neurologic injury
What are the potential mechanisms of injury in these chil-
dren? Because of the dearth of prospective data on a large
group of infants born through MSAF or who develop MAS,
one may only speculate. The infants at highest risk appear to
be those who have prolonged depression in the post-delivery
stage. Data from the CPP indicate that the combination of
MSAF and a 5-minute Apgar score � 3 resulted in a 9.4%
incidence of CP among surviving infants > 2500 g birthweight
[46]. Very real culprits which one must consider include the
events potentiating meconium passage. Meconium staining
among infants in the CPP was strongly associated with dis-
orders that could affect the fetus: chorioamnionitis, premature
rupture of membranes, abruptio placentae, and large placental
infarcts [10]. One must recognize the concept of in utero
recovery. Some fetuses suffer acute or chronic episodes which
are severe enough to cause neurological injury, but not severe
enough to result in death. The stress may disappear and the
fetus resumes its normal status. Such an infant may not
demonstrate postpartum depression with low umbilical cord
pHs or low Apgar scores, and may appear neurologically
intact for months after birth, only to end up with major
neurodevelopmental disabilities.

The post-dates fetus is at high risk for oligohydramnios,
uteroplacental insufficiency, and meconium passage [47].
These fetuses may suffer from chronic insults insufficient to
cause death or even signs of fetal distress, but sufficient to
cause neurologic damage. The pathophysiologic mechanisms
that cause CP remain elusive and usually cannot be ascribed to
birth injury or hypoxic–ischemic insults during delivery [48].
Recurrent neonatal seizures predict CP better than other peri-
natal characteristics [27,48]. However, although such seizures
are significantly more likely in infants born through MSAF,
they are likely the consequence, rather than the cause, of the
processes leading to CP. Similarly, an abnormal fetal heart
rate tracing or persistently low Apgar scores may be reflective
of an insult that occurred long before birth (hours to days
to even weeks or months), rather than of more immediate
intrapartum difficulties.

Are there substances in the meconium itself that make it
harmful? Altshuler and colleagues have investigated a mech-
anism of fetal ischemia caused by vasoconstriction of placental
or umbilical vessels [49,50]. Conceivably, vasoactive sub-
stances could cross into the circulation of the fetus and cause
ischemia of cerebral vessels or make pulmonary vessels more
reactive, hence persistent pulmonary hypertension of the new-
born (PPHN). The latter investigators initially performed an
in vitro experiment in which they exposed excised umbilical
venous tissue to solutions of meconium and found substan-
tial vasocontraction. Although no specific constituent in the
substance was identified as the vasoactive substance, they
found the agent to be heat-labile. They hypothesized that
MSAF could cause in vivo placental and umbilical cord
vasoconstriction. Additionally, the vasoconstricting agents
could cross into the fetal circulation and lead to cerebral
or other organ hypoperfusion. Additionally, this group
described meconium-induced necrosis of placental and
umbilical cord vessels. Holcberg and colleagues more recently
confirmed the vasoconstrictive effects of meconium on the
fetal–placental vasculature [51]. Altshuler has described that
with the presence of meconium in the fetal sac, it takes a
minimum of 4–12 hours for the meconium to diffuse to and
into the lumens of placental and umbilical cord vessels and
become a pathogenetic means of inducing placental and
umbilical vasocontraction [50].

Burgess and Hutchins have presented further evidence
implicating meconium's role in producing injury [52]. In a
series of 123 autopsied cases in which there was meconium
passage, these investigators described substantial placental
and fetal lung inflammation due to the meconium, as well as
abundant umbilical cord pathology. Kaspar and colleagues
assessed the relationship between the immediate neonatal out-
come and the presence of placental lesions in 96 pregnancies
complicated by MSAF [53]. They found an increased preva-
lence of severe placental lesions (vascular thromboses, placen-
tal infarcts, etc.) and adverse immediate neonatal outcomes
(lower 5-minute Apgar scores, lower umbilical artery pHs,
and more NICU admissions) associated with the duration of
exposure to meconium.

Kojima and colleagues have described meconium-induced
oxidant injury to the lungs caused by activation of alveolar
macrophages [54], while Jones et al. found increased produc-
tion of proinflammatory cytokines in MAS (including tumor
necrosis factor and interleukin 8) [55]. Moreover, both human
infants and piglets with MAS may have increased levels of
eicosanoids such as leukotriene B4 and thromboxane B2,
substances that may cause pulmonary vasoconstriction
[56,57]. Both oxidant- and cytokine-induced injury could also
damage the brain, while eicosanoids could result in ischemia
of the brain. We know little about the potentially deleterious
effects on neural tissue by the increased levels of oxidants,
cytokines, and eicosanoids found with MAS.

Naeye suggested that meconium-induced brain damage
may be a subacute rather than an acute process [10]. He
reported that only three of 31 non-Perinatal Project children
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with meconium-associated spastic quadriplegia whose cases he
had reviewed had more than brief occurrences of neonatal
renal or myocardial failure.

Benirschke has commented on the important toxic
vasoconstrictive properties of meconium, suggesting this as
an etiology of fetal hypoperfusion and PPHN, as well as brain
injury [58]. He wrote that meconium's damage to the umbil-
ical cord vessels occurs after the “noxious agent” seeps
through Wharton's jelly. He has also suggested that umbilical
venous and placental vessel vasocontraction may reduce the
venous return of oxygenated blood from the placenta to the
child, and has commented that we know virtually nothing
about the long-term function of meconium-injured vessels,
nor of meconium's diffusion or transportation through
the umbilical cord and placental membranes [59]. He also
reminds us about the effect of cytokines and other infection-
related factors, which may additionally affect vascular injury
in the presence of MSAF.

The increased incidence of chorioamnionitis in the pres-
ence of MSAF, as well as the frequent finding of inflammatory
changes in the placenta, umbilical cord, fetal membranes, and
lungs, suggests that inflammation may play an important role
in brain injury in this population. The precise mechanism(s),
however, remain unclear. Theoretically, vasoconstriction
or cytokine-mediated injury likely play a role. Sienko and
Altshuler assessed four cases of meconium-induced umbilical
vascular necrosis [60]. These were in three fetal demises and
one live-born, growth-retarded infant. Bilirubin was found in
macrophages between umbilical vascular myocytes and in the
Wharton's jelly. Additionally, immunocytochemical staining
revealed the presence of interleukin 1b in these same macro-
phages. These authors speculated that cytokines and other
meconium-associated factors may contribute to the pathogen-
esis of fetal death or neonatal morbidity (such as PVL) (see
Chapter 20).

Neonates with severe MAS, particularly those with con-
comitant PPHN, may be severely hypoxic and acidotic due to
the lung disorder itself, factors which of themselves may
contribute to neurologic injury [61]. Some authors have
reported a high incidence of seizures, cerebral infarction, and
intracranial hemorrhage among infants with PPHN [61,62].
Additionally, therapies used for the management of MAS
could potentially injure a child's brain. Hyperventilation is
often used to treat MAS, particularly if PPHN is evident
[61]. The aim of this therapy is to achieve respiratory alkalosis,
often with arterial pH above 7.55 and/or hypocapnia to PaCO2

levels of 25 torr or less. Hyperventilation to these extremes has
been shown to decrease cerebral blood flow and oxygen con-
sumption in animal models and adult humans [63–66].
Follow-up data from children managed with hyperventilation
have shown impairment in neurological outcomes (e.g., CP)
and sensorineural hearing loss. However, it is unclear whether
or not the changes can be attributed to the hyperventilation or
to pre-existing damage due to the effects of the child's illness
or the degree of acidosis, hypoxemia, and hypocapnia often
present (see Chapter 37).

The therapy of last resort for PPHN is extracorporeal
membrane oxygenation (ECMO) [60], a form of long-term
cardiopulmonary bypass used when children failing conven-
tional therapy have a projected high rate of mortality. Many
children requiring this therapy have been profoundly acid-
otic, hypoxemic, and hypotensive. The most common way
of performing ECMO over the past three decades involves
permanent ligation of the right carotid artery and jugular
vein. There are relatively scant data concerning survivors of
ECMO, particularly concerning neurodevelopmental out-
come beyond 1–2 years of age. At least 60% of survivors
are intact, approximately 25% have substantial neurodevel-
opmental impairment, and 15% have findings which are
potentially indicative of neurologic damage [68]. Children
with MAS make up the largest proportion of newborn
infants who are treated with this therapy (approximately
35%). The occurrence of adverse short-term neurological
findings among infants treated with ECMO is significantly
lower in babies with MAS compared to those with other
disorders (Table 36.1) [68]. Unfortunately, there are no
long-term data comparing neurological outcomes (such as
the occurrence of CP) or developmental testing in a large
population of infants who were managed with ECMO (see
Chapter 37).

Timing of meconium passage
Can one make estimates of the amount of time that has passed
from fetal defecation to delivery? There are some elements
which may, perhaps, assist estimation of this interval: the color
of the MSAF, the consistency of the MSAF, staining of the
neonate, and placental/membrane alterations due to the meco-
nium. Freshly passed meconium in a healthy newborn is a
thick, viscous shimmering black-green colored substance.
When passed by a fetus, the early color of MSAF is also
black-green. However, the dilutional effect of the amount of
amniotic fluid plays a role in the visually appreciated color of
the MSAF [69]. As time progresses, the color of MSAF will
progress to a brown and then to tan or yellow. Classically,
yellow-brown MSAF has been considered to reflect “old”
meconium [6,9,11]. Some believe the tan/yellow color change

Table 36.1. Adverse neurological findings in neonates requiring ECMO.
Those with MAS are compared to those with all other disorders (included
are all infants in the ELSO registry through mid-2001)

MAS Other
disorders

Significance

Total number of infants 5754 10649

Seizures (%) 642 (11.2%) 1308 (12.3%) p¼ 0.034

Cerebral infarct (%) 374 (6.5%) 1262 (11.9%) p< 0.0001

Cerebral hemorrhage (%) 125 (2.2%) 666 (6.3%) p< 0.0001

Brain death (%) 48 (0.8%) 126 (1.2%) p¼ 0.015

Notes:
Data courtesy of Robert E. Schumacher, M.D. and the ECMO Registry of
the Extracorporeal Life Support Organization (ELSO), Ann Arbor, Michigan,
July 2001.
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is due to the concomitant presence of vernix caseosa, the white
cheesy substance whose presence may “lighten up” the darker
meconium (K. Bernischke, personal communication). Altshu-
ler comments that the color of placental staining reflects
duration since fetal defecation: “acute” staining is slimy and
has a dark-green appearance, “chronic” staining is muddy-
brown in appearance, while “very remotely passed”meconium
is light tan [70]. Sienko and Altshuler have correlated the
degree of meconium-associated placental and umbilical cord
damage, as well as the color of the meconium staining, with
the duration of time the fetus was exposed to the meconium
[60]. The “fresh” meconium staining was green-brown in
color and was not associated with substantial changes. Long-
term placental staining (> 6 hours of exposure) progressively
manifested in color as greenish tan, muddy brown, and then
light tan. The latter-colored membranes and fetal surfaces
were more likely to be associated with adverse placental,
membrane, and umbilical cord findings.

We performed a prospective in vitro study to assess the
effect of time and other factors on the color changes of
meconium [69]. We sought to evaluate factors that might
influence the color changes of MSAF. We obtained uncontam-
inated amniotic fluid from women at the time of elective
cesarean sections and mixed it with human meconium to
produce concentrations of 10% and 40% by volume. To 5mL
aliquots of these solutions we added either: (1) nothing (con-
trol); (2) 2 g of human vernix; (3) antibiotics (ampicillin and
gentamicin); (4) 1 mEq NaHCO3; or (5) 1 mL of 12-N hydro-
chloric acid. Specimens were placed in an incubator at 37 �C
and serially examined for color changes at 0, 6, 12, 24, 48, 72,
96, 168, and 336 hours. Photographs were taken at each time
point. We used a nine-point color gradation scale (from black-
green to yellow-tan) to score the specimens. Seven individuals
blinded to solution content and time of photograph assigned
color scores for the specimens. The 10% specimens were
lighter in color than the 40% solutions at all periods. Regard-
less of meconium concentration, the specimens containing
vernix were lighter throughout the study. All specimens
became progressively lighter over time, most notably between
24 and 72 hours. Neither the presence of antibiotics nor pH
changes independently affected the color changes of the solu-
tions. A factor we could not assess was the influence of natural,
in vivo uptake and degradation of meconium by living tissue.
Nonetheless, the color changes of MSAF are independently
affected by meconium concentration, the presence of vernix,
and the duration of time since initial passage.

When meconium is passed and diluted by a normal
volume of amniotic fluid, it will be of thin consistency. If
there is oligohydramnios, often seen with post-maturity or
chronic uteroplacental insufficiency, the MSAF will be thicker
in consistency [47]. This will often result in the tenacious,
“pea-soup” consistency seen in these children. In addition, in
the presence of a normal or near-normal amount of amniotic
fluid, when greater quantities of meconium are passed the
fluid becomes thicker in consistency. Meconium passed
in utero will be absorbed after several days [50,71]; this may

be reflected in decreased fluid consistency and a thinner, more
watery appearance. There may be repeated defecations by
a fetus under stress. This could progressively increase the
thickness of the MSAF. A clinician may not be able to appre-
ciate that there were repeated defecations. Thus, the thickness
of the MSAF is a relatively unreliable marker of the interval
since passage.

Staining of the external fetus is a better indicator of
the amount of time since the child passed the substance.
Desmond et al. immersed the feet of normal babies in rubber
gloves containing meconium-stained solutions [72]. They
found that it took at least 4–6 hours for the toenails to
manifest yellow staining. They further assessed the amount
of time it took for vernix placed into MSAF to become stained,
and found that it took at least 12–14 hours for vernix to
achieve definite yellow staining. In an in vitro experiment,
Miller et al. obtained umbilical cords from normal term new-
born infants [73]. They also obtained meconium samples from
normal term infants less than 18 hours of age and froze these
specimens at 4 �C for later evaluation. The authors subse-
quently exposed transverse sections of the umbilical cords to
various concentrations of meconium (5%, 10%, and 20%).
They found minimal staining after 1 hour and maximal
staining of all specimens at 3 hours. We do not know if cold
storage of the meconium or exposure of the fluid to diverse
antibiotics could have affected the uptake of the pigment
causing the cords to become colored.

Examination of the placenta and membranes may assist in
timing meconium's passage. One should recognize, however,
that if a placenta sits unrefrigerated with meconium covering
the membranes, postpartum transport in macrophages may
proceed for some time. Nurses often report MSAF in a par-
ticular woman may have different color and consistency over
time. The in vitro study of Miller, Coen and Benirschke is a
frequently cited work delineating changes due to meconium
over time in the placenta and membranes [73]. They exposed
placentas and membranes to various meconium solutions.
Within 1 hour, meconium pigment-laden macrophages could
be found in the amnion. After 3 hours, pigmented macro-
phages could be found in all of the chorions. In addition,
Miller and colleagues found a time correlation with amniotic
epithelial degeneration: pseudostratification was exhibited in
the epithelium after 1–3 hours. Epithelial disorganization was
present after 3 hours of exposure. These investigators found
the depth of penetration and uptake by macrophages to be
related to length of exposure and to be independent of meco-
nium concentration. Finally, these authors stated that meco-
nium may be cleared from the amniotic fluid by both fetal
swallowing and macrophage uptake. In such an instance,
although the amniotic fluid would be seemingly clear, they
felt that one could detect meconium placental macrophages
for at least a week after initial meconium passage. Altshuler
opines that the temporal development of meconium-induced
tissue changes may be influenced by co-existing conditions
such as chorioamnionitis [50]. Almost 25 years before the
Miller report, Bourne performed a similar experiment [74].
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He exposed amniotic membranes to varying concentrations
of meconium. Bourne found gross staining of the amnion to
occur in 2–6 hours. Furthermore, although 10% formalin
apparently removed or dissolved the gross pigment, the pig-
ment could still be found within the vacuoles of the macro-
phages of the amnion. Bourne conjectured that meconium
from different fetuses may be phagocytized at different rates
in such an artificial situation, and cautioned readers concern-
ing any conclusions from an in vitro experiment.

We examined the issue in our in vivo fetal rabbit model
[75]. Initial meconium staining could be seen at 3 hours in the
amnion. However, it took from 6 to 12 hours for macrophages
in both the chorion and amnion to exhibit meconium
staining, with no differences in rate of uptake between the
two concentrations (10% and 40%) of meconium-stained
fluid. The amnion initially became reactive and edematous
and would disappear, probably due to the toxicity of the
meconium. We first found epithelial degeneration at 3 hours,
with some vacuolization within 3 hours. We found squamous
regeneration of the epithelium at 24 hours. The chorion
responded to the meconium by becoming edematous at 1–3
hours and accumulating macrophages with vacuoles.

Altshuler opines that in the presence of MSAF, acute
amniotic epithelial necrosis is the light-microscopic counter-
part of grossly observed acute (< 4 hours since passage) meco-
nium staining [50]. He states that chronic meconium staining
is manifested by amniotic epithelial vacuolization and balloon
degeneration, as well as by the presence of balls of squamous
epithelium across the placental surface and meconium-laden
macrophages within the extraplacental membranes, placenta,
and umbilical cord. He states that in the absence of chorioam-
nionitis, meconium-laden macrophages deep within the
umbilical cord indicate meconium has been in the fetal sac
for at least 2 days. Benirschke is not as definite, stating that
there is less certainty as to the chronology of umbilical cord
staining and the temporal evolution of meconium-induced
vascular injury [58,59]. The timing of meconium passage is
complex. We must keep in mind that the majority of babies
who subsequently are noted to have CP, as well as those who
are stillborn, are not born through meconium-stained amni-
otic fluid. Clearly, severe enough stress to result in brain injury
or even death may not always result in meconium passage.
Furthermore, the vast majority of babies born through MSAF
apparently do not suffer any neurologic morbidity. Again,
there are no specific longitudinal follow-up studies concerning
the neurodevelopmental outcome of this latter group of
infants. Perhaps there could be more subtle neurologic
changes that would only manifest later in life, such as learning
disorders, behavior problems, or attention-deficit disorders.
Conceivably, with in utero recovery, a fetus could suffer a
substantial insult, pass meconium, suffer brain injury, recover
over a period of days, have some or all of the meconium
resorbed, be born through either MSAF or apparently clear
amniotic fluid, appear completely normal neurologically in
the neonatal period, and subsequently manifest long-term
neurodevelopmental abnormalities.

Thick- versus thin-consistency meconium
What does the thickness of meconium represent? There are
several factors that come into play, most importantly the total
quantity of defecated material and the amount of amniotic
fluid present. However, one should consider that the meco-
nium at the most distal end of the intestinal tract is more
viscous and likely to result in a thicker-consistency MSAF.
Additionally, if meconium is present for a period of time,
it will gradually be resorbed by surrounding tissue, or swal-
lowed by the fetus. Is “thick” meconium clinically worse than
“thin” or watery meconium? Clearly, infants born through
“thick” MSAF are more likely to develop MAS [12,76,77].
Presumably, the thicker substance is more likely to cause
obstructive airway problems. Greenwood et al. have found
those born through thick-consistency MSAF to be more likely
to have seizures, low 1-minute Apgar scores, and require
NICU admission [77]. Nonetheless, as many as 44% of those
who develop MAS were born through “thin-consistency”
MSAF [1]. Infants born through thin-consistency meconium
may still develop substantial respiratory distress, need ECMO,
or die [78].

Estimating the consistency of MSAF is a very subjective
matter. Reasonable definitions are: (1) thin (synonymous with
“watery” or “light”): only discoloration of the fluid – one could
read through this liquid; (2) moderate (synonymous with
“moderately thick”): particulate suspension present – the solu-
tion would be opaque and you could not read through it; and
(3) thick (synonymous with “heavy”): tenacious fluid of pea-
soup viscosity and appearance. Although babies born through
thicker-consistency meconium are more likely to have lower
Apgar scores and umbilical cord artery pHs [15,76], there are
no data comparing the long-term neurodevelopmental out-
come on the basis of MSAF consistency. Until such investi-
gations are performed, I believe clinicians have to be wary with
all infants born through MSAF of any consistency.

Summary
Meconium staining of the amniotic fluid is an everyday occur-
rence for healthcare providers. The last several decades have
resulted in an increased understanding of meconium passage,
the pathophysiology of MAS, and mechanisms of brain injury
associated with MSAF and MAS. We are learning more about
how the substance itself may be both directly and indirectly
toxic to tissue. Unfortunately, our knowledge remains scant.
Most studies that review the outcomes of infants with MAS are
subsets of those focusing on ECMO, surfactant, or iNO. I am
of the opinion that we need a new project on the scale of the
CPP in order to assess factors involved in the development of
CP, mental retardation, and other abnormal neurodevelop-
mental outcomes. This is not just because of meconium-
related issues. The current rate of CP is virtually the same
among term-gestation neonates as it was 40–50 years ago
when babies were enrolled in the CPP. Perhaps babies who
would have died during the time of the CPP will now survive
and manifest CP, while those who were found to have CP in
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the late 1950s and early 1960s will have had improved prenatal
care, nutrition, and intra- and postpartum care and not
develop CP. Thus, while the overall percentage of babies who
have CP would remain the same, the characteristics of the
children could be different.

We continue to make technological advances in how we
support and manage critically ill infants. Our resuscitative
skills have improved since the early 1960s, while our methods
of managing neonatal pulmonary disease have also consider-
ably improved. We have made advances in our ability to image
the brain of term and preterm gestation neonates, as well as in
interpreting other techniques of assessing brain injury (near-
infrared spectroscopy, electroencephalography, etc.). I believe
our understanding of brain injury and development of
methods to prevent such injury could only be enhanced by a
future study enrolling at least as many infants as the CPP.

Despite our best efforts, a finite number of infants will be
harmed by the effects of meconium. We may not be able to

predict or prevent the stresses that lead to meconium passage.
Moreover, babies who suffer in utero aspiration or those who
develop remodeling of the pulmonary vasculature may not be
responsive to current therapies. There is no evidence that
current obstetrical management of women who exhibit meco-
nium-stained amniotic fluid has resulted in improved neuro-
developmental outcomes of their progeny. Moreover,
although we have decreased the death rate due to MAS, there
is no evidence that improved delivery room or newborn
intensive care unit management has led to improved neurolo-
gic outcomes in infants born through MSAF. As MSAF and
MAS are such common entities, further research efforts need
to be made to increase our knowledge and, hopefully, to
develop therapies to prevent or mitigate the consequences of
meconium. I continue to reflect on how much we do not
understand about MSAF and MAS. One fact remains a cer-
tainty: the greatest importance of MSAF is to alert us to the
potential for problems.
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Chapter

37 Persistent pulmonary hypertension
of the newborn
Alexis S. Davis, William D. Rhine, and Krisa P. Van Meurs

Introduction
Persistent pulmonary hypertension of the newborn (PPHN)
is characterized by markedly elevated pulmonary vascular
resistance and pulmonary arterial pressure, along with striking
pulmonary vasoreactivity, which produces right-to-left
shunting through the ductus arteriosus and foramen ovale
[1,2]. With severe PPHN, this extrapulmonary shunting
results in severe hypoxemia, which typically is poorly respon-
sive to treatment with high concentrations of inspired oxygen,
assisted ventilation, and pharmacologic manipulation of the
circulation.

Elevated pulmonary vascular resistance with right-to-left
extrapulmonary shunting also often occurs in association with
severe pulmonary parenchymal disease, including meconium
aspiration syndrome (MAS), bacterial pneumonia, lung hypo-
plasia, or hyaline membrane disease, and may be compounded
by co-existent impairment of systemic cardiac output and/or
systemic arterial pressures due to impaired myocardial func-
tion, hypovolemia, or systemic vasodilation [3]. In addition,
pulmonary hypertension is often very difficult to distinguish
from total anomalous pulmonary venous return, and may
complicate a variety of other congenital cardiac malforma-
tions. These associated conditions may occur with or without
intrinsic structural and functional abnormalities of the
pulmonary vascular bed, and treatment needs not only to be
specific for the underlying or associated conditions, but also
must account for the behavior of the pulmonary blood vessels.
As a consequence, infants with PPHN present one of the most
difficult diagnostic and therapeutic challenges in neonatal
intensive care. The complexity of these relationships has also
led to a complicated and inconsistent nosology in the medical
literature [4]. Some clinicians apply the label of PPHN to
nearly all neonates with hypoxemia unresponsive to adminis-
tration of 100% oxygen, excluding only those with cyanotic
congenital heart disease, some use this term for all infants with
elevated pulmonary artery pressures and right-to-left
shunting, and others reserve this terminology for only those
with excessive pulmonary arterial reactivity associated with
pathognomonic excessive muscularization of the pulmonary

arteries, with or without associated parenchymal disease (e.g.,
meconium aspiration) or other congenital malformations
(e.g., pulmonary hypoplasia, congenital diaphragmatic hernia
(CDH), or cardiac disease). The following discussion
addresses the latter, more narrowly defined, syndrome of
PPHN, for which some authors have reserved the label of
“persistent fetal circulation.” Because the fetal circulation
includes the placenta, however, this is somewhat of a mis-
nomer for a description of abnormal physiology in the infant
after birth.

Differential diagnosis of persistent
pulmonary hypertension of the newborn
The diagnosis of PPHN must be considered in any infant who
remains hypoxemic, with a PaO2 less than 100 mmHg, while
breathing 100% oxygen [3]. This clinical observation provides
strong evidence for right-to-left shunting, but provides no
information regarding the location or cause of such shunting.
The prerequisites for right-to-left shunting include pressures
on the right (pulmonary) side of the circulation exceeding
those on the left (systemic) side, along with a communication
between the right and left sides through which shunting can
occur. In addition to the fetal channels (ductus arteriosus and
foramen ovale), which are present and patent in almost every
infant, shunting may occur at atrial or ventricular septal
defects, aortopulmonary windows, or at other sites where
cardiac malformations permit admixture of venous and arter-
ial blood (e.g., atrioventricular canal, truncus arteriosus).
Since right-to-left shunting may result from reduced systemic
pressures even if pulmonary arterial pressures are normal,
pulmonary hypertension should not be considered until it
has been established that systemic cardiac output is adequate.
Because the right ventricle can sustain systemic pressures, it is
essential that normal systemic arterial pressures should not be
taken as proof of adequacy of left ventricular output.

Presently, color Doppler echocardiography provides the
most direct approach to assessment of systemic blood flow,
allowing diagnosis of structural obstructions (covering the
entire spectrum of hypoplastic left heart syndromes) as well
as intrinsic (hypoglycemia, hypocalcemia, asphyxial or toxic
cardiomyopathy) and extrinsic (tamponade, hypovolemia) left
ventricular dysfunction. If these conditions have been
excluded, and there is echocardiographic evidence of elevated
pulmonary arterial pressures, the cause of the elevation in
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pulmonary artery pressures must be ascertained. Since high
pressures may result from increased flow as well as from
increased resistance, conditions which may produce an obliga-
tory increase in pulmonary blood flow, such as intracardiac
left-to-right shunts or large arteriovenous malformations,
must be identified or excluded. Hyperviscosity, most com-
monly due to a hematocrit greater than 65%, has a larger effect
on pulmonary than on systemic vascular resistance and
pressures, and may produce intractable right-to-left shunting
until corrected by partial exchange transfusion. Constriction
of otherwise normal pulmonary arteries may occur with
any significant pulmonary parenchymal process, mediated by
reflex vasoconstriction of blood vessels in poorly ventilated
and hypoxic regions of the lungs. Specific diagnosis is impor-
tant, since adequate treatment of the primary process will
ameliorate secondary pulmonary vasoconstriction, increase
systemic cardiac output, and reduce or eliminate right-to-left
shunting. These conditions do not require interventions pri-
marily intended to alter pulmonary vascular tone.

Intrinsic disease of the pulmonary arteries may be recog-
nized by its association with other congenital malformations,
especially pulmonary hypoplasia (e.g., CDH, thoracic dystro-
phies, chronic intrauterine pleural effusions) [5,6], or by the
infant's characteristic response to induction of systemic alkal-
osis, typically by acute hyperventilation [7]. Infants with mild
to moderately severe pulmonary arterial disease respond to
this stimulus with at least a transient pulmonary vasodilation,
reflecting the dynamic component of their pulmonary vascu-
lar obstruction, which is clinically evident as a reduction in
pulmonary pressures to below systemic levels, reversal of
right-to-left shunting, and a marked increase in PaO2. Typic-
ally, these infants exhibit a pH threshold below which they
have right-to-left shunting and are hypoxemic and above
which they have a well-saturated arterial blood; this threshold
may be relatively low early in the course of mild disease, but
may be much higher later in the course or in infants with

severe disease. Infants with severe pulmonary vascular disease,
however, may fail to respond perceptibly to alkalosis, either
because structural remodeling of the pulmonary vessels is so
advanced that vasodilation is impossible or insufficient, or
because early intrauterine growth failure has produced not
only pulmonary hypoplasia but also a deficient number of
arteries and arterioles beyond the third or fourth branching
generation [6], so that the maximal cross-sectional area of
the pulmonary arterial tree is severely compromised, even
with maximal dilation of these vessels. In summary, clinical
diagnosis of PPHN involves exclusion of other causes of right-
to-left shunting, confirmation of elevated pulmonary artery
pressures usually by echocardiography, and demonstration
of a threshold response to elevation of the systemic pH.

Pathogenesis of persistent pulmonary
hypertension of the newborn
PPHN, defined narrowly as above, is characterized by striking
intrinsic structural and functional abnormalities of the pul-
monary arteries [8]. During normal pulmonary development,
the muscular investment of the pulmonary arteries extends
from proximal to distal vessels, and the thickness of the medial
smooth-muscle layer increases in the already muscular prox-
imal vessels. In normal infants at term, the arteries and arteri-
oles found within the respiratory acinus (distal to terminal
bronchioles) are all non-muscular, and a muscular arterial
media is present only in the more proximal, extra-acinar
arteries. Infants with PPHN exhibit precocious development
of the muscular layer of the pulmonary arteries, with exten-
sion of the smooth muscular investment into smaller
and more peripheral intra-acinar arteries, as far periph-
erally as the pleura, and the thickness of the muscular media
in more proximal vessels is markedly increased, as shown
in Figure 37.1 [9]. In addition, there is marked thickening of
the adventitial connective tissue surrounding the pulmonary

Fig. 37.1. Vascular maldevelopment is
a hallmark of PPHN. The pulmonary vessels
show thickened walls with smooth-muscle
hyperplasia. Further, the smooth muscle
extends to the level of the intra-acinar arteries,
which does not normally occur until much
later in the postnatal period.
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arteries, with increased deposition of adventitial collagen and
elastin. These changes are associated with abnormal pulmon-
ary vascular sensitivity to a variety of stimuli, ranging from
hypercarbia, acidosis, and hypoxia to stimulation from trach-
eal suctioning, handling, or a noisy environment. Excessive
vasoconstrictive responses appear to be mediated by excessive
production of endothelin and possibly other vasoconstrictive
substances, and by deficient local production of nitric oxide
(NO), presumably due to loss of NO synthase activity in these
pulmonary vessels [10]. Normal activity of these vasoregula-
tory mechanisms appears to recover a few days after birth,
accounting for the clinical observation that pulmonary vaso-
constriction becomes much less problematic at about 4 days of
age in infants with PPHN who can be supported through that
period [11]. On the other hand, the structural abnormalities in
the pulmonary arteries of these infants probably resolve much
more slowly, and normal pulmonary arterial structure may be
achieved only after months or years, when lung development
catches up with the precocious arteries.

The antecedents of accelerated arterial development and
abnormal vasoregulatory function remain uncertain [8]. Clin-
ical observations suggest that antenatal hypoxia or increased
intrauterine pulmonary blood flow may be important predis-
posing factors. The archetypal infant with PPHN is a meco-
nium-stained post-term baby with wasted subcutaneous fat
and epidermal peeling, suggesting chronic placental insuffi-
ciency. Infants with intrauterine closure or constriction of the
ductus arteriosus (resulting from exposure to non-steroidal
anti-inflammatory agents) or with cardiac malformations that
impose increased pulmonary blood flow and elevated pulmon-
ary arterial pressures in utero have been associated with both
pulmonary arterial remodeling and clinical pulmonary hyper-
tension in the immediate postnatal period. Increased sensitiv-
ity of the ductus to the constrictor effects of prostaglandin
synthetase inhibitors and the more advanced development of
the pulmonary arteries with increasing gestation, particularly
near term, may both contribute to the lower risk of PPHN in
preterm infants and the predilection for this disorder to occur
in post-term infants. In many cases, however, no predisposing
intrauterine condition can be identified.

In sheep, fetal hypoxia resulting from maternal hypo-
tension [12], placental embolization [13], or umbilical cord
compression produces pulmonary arterial remodeling [14],
elevated pulmonary vascular resistance and pressures, and
accentuated and more prolonged vasoconstrictor responses
to asphyxial stimuli, but pulmonary arterial pressures remain
substantially below systemic levels during normoxic ventila-
tion in these models. Ligation of the ductus arteriosus several
days before delivery in fetal lamb, or partial occlusion of
the ductus using an inflatable occluder for 9–14 days in fetal
lambs [15–18], with consequent diversion of right ventricular
output into the lungs, causes an acute increase in pulmonary
artery flow and pressure. Although the elevated pressure is
sustained, the increment in flow is reversed as the pulmonary
vascular resistance increases, and these animals exhibit eleva-
tion of pulmonary artery pressures to equal or exceed those in

the aorta, along with the right-to-left extrapulmonary
shunting and refractory hypoxemia that is characteristic of
infants with PPHN. These animals also have increased mus-
cularity of the pulmonary arteries, analogous to that observed
in infants who die with PPHN. Notably, these structural
and functional changes in the pulmonary arteries occur only
5–8 days or more after induction of the hypoxic or pulmonary
hypertensive condition, and there is no evidence that even
repeated or severe acute asphyxial episodes can rapidly elicit
the intractable pulmonary vasoconstriction that epitomizes
this condition. These observations have several implications
for infants with PPHN who subsequently manifest neuro-
developmental impairments. It is clear that these infants
have been subject to a significantly disturbed intrauterine
environment for a period of at least several days. Reduced
arterial oxygen content, due to impaired placental function
or increased arteriovenous admixture at the atrial level with
premature constriction of the ductus, may impair cerebral
oxygen delivery, placing these infants at increased risk for
intrauterine hypoxic–ischemic cerebral insults. Redistribution
of cardiac output in a fetus who is hypoxic or has reduced flow
from the ductus into the descending aorta may impair renal
perfusion, causing oligohydramnios, increasing the risk of
cord compression events prior to and during labor and deliv-
ery. The primary events may also reduce the capacity for the
fetus to tolerate the stress of labor and delivery, either directly
or by blunting the metabolic and endocrine responses to this
stress, enhancing the potential for intrapartum insults. Abnor-
mal developmental outcomes in these infants therefore often
have several antecedents, most of which are not amenable
to diagnosis or treatment, and attribution of a poor outcome
exclusively to intrapartum or obstetrical events is not easily
justified.

Treatment of persistent pulmonary
hypertension of the newborn
Review articles demonstrate the wide variety of practice
patterns in the treatment of PPHN [10,19–22]. As there is
no singular cause of PPHN, or a singular pathophysio-
logic effect on the body, there is clearly no defined strategy
to treat it. Whenever PPHN is secondary, such as in severe
respiratory distress syndrome (RDS) or sepsis, therapeutic
intervention must include addressing the underlying disease.
Similarly, when there are secondary effects from PPHN (e.g.,
pulmonary hemorrhage), treatment must also correct those
perturbations.

Non-specific physiologic interventions
to ameliorate PPHN
The initial approach to treat PPHN includes normaliza-
tion of physiologic perturbations that can exacerbate
PPHN, including normalization of serum glucose, calcium,
and partial exchange transfusion for polycythemia. Optimiza-
tion of cardiac function may require colloid volume infusion
or inotropic pressor support (e.g., dopamine or epinephrine
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infusions). Intravenous vasodilators (e.g., nitroprusside) are
usually non-selective and affect both systemic and pulmonary
vascular resistance, so are often not successful in reversing
right-to-left shunting associated with PPHN. Tolazoline, usu-
ally given intravenously to achieve pulmonary vasodilation,
was never proven to reduce mortality rates in PPHN, and is no
longer available in the United States [23]. Oxygen-carrying
capacity should be optimized by red blood cell transfusion;
it should be appreciated that increasing the hematocrit from
30% to 40% will be associated with an approximately 33%
increase in oxygen delivery, an increase that is difficult to attain
with changes in ventilator strategies. Sedation is often used to
decrease agitation and resistance to mechanical ventilation.

Ventilator management
Although neonates with clinically significant PPHN are almost
always on mechanical respiratory support, ventilator manage-
ment remains a controversial arena for the treatment of
PPHN. Alkalosis, induced by hyperventilation and hypocap-
nia, has been shown to reduce pulmonary vascular resistance
in PPHN [7,24], and for many physicians this historically
represented the cornerstone of the treatment of severe PPHN
[19]. However, the excessive barotrauma and/or volutrauma
that may be necessary to achieve hyperventilation may delay
lung repair or even cause further injury. Furthermore, extreme
hypocarbia has been shown to reduce cerebral blood flow in
human adults and neonatal animal models [25,26]. In neo-
natal humans, this response might not be fully present or it
may be transient, with subsequent adjustment of cerebral
blood flow at a reduced PaCO2. If there is a reduction in
cerebral blood flow, any improvement in oxygen content in
the blood achieved by hyperventilation may be more than
counterbalanced, leading to a net overall reduction in cerebral
oxygen delivery and consumption. Regional cerebral blood
flow reduction and accompanying oxygen deficits may
account for specific neurologic injury in PPHN such as sen-
sorineural hearing loss (SNHL). Measurement of the relative
effects of hyperventilation and other strategies upon cerebral
metabolism and integrity may be achieved by portable bedside
monitoring techniques such as near-infrared optical spectros-
copy. An alternative to extreme hyperventilation is more
modest hypocapnia (PaCO2 30–40mmHg or 3.3–4.7 kPa)
combined with more aggressive alkali (bicarbonate or
tromethamine) administration. In a review by Walsh-Sukys
et al., achieving alkalosis by alkali administration was associ-
ated with a fivefold increase in the use of extracorporeal
membrane oxygenation (ECMO), while hyperventilation
seemed to reduce the risk of ECMO without increasing the
use of oxygen at 28 days of age [22]. Peak inspiratory pressures
may be reduced with the implementation of high-frequency
ventilation or synchronous ventilator techniques.

An alternative approach to ventilator management advo-
cated by Wung and others is “gentle ventilation,” with more
modest blood gas goals such as PaO2 50–70mmHg (6.7–9.3
kPa) and PaCO2 40–60mmHg (5.3–8.0 kPa), along with
avoidance of paralysis [27,28]. This strategy, which seeks to

minimize ventilator-induced injury, has been shown in several
uncontrolled reports to reduce the need for ECMO in neo-
nates with severe PPHN, and was associated with favorable
neurologic outcomes, including intact sensorineural hearing
[29]. The absence of any controlled trials comparing hyper-
ventilation to “gentle ventilation” or any other specific venti-
lator strategy makes it difficult to state definitely which
approach is superior. However, there have several reviews of
experience with treatment strategies for PPHN associated with
CDH showing marked improvements in outcome when there
is more tolerance of hypercarbia and lower oxygen saturation
[30,31]. Animal studies have shown the ability to achieve
oxygenation and ventilation through the use of novel perfluoro-
carbons (e.g., perflubron), with less lung injury than would be
induced by the use of conventional ventilators [32,33]. How-
ever, there has been little reported experience with the use of
liquid ventilation in human neonates with respiratory failure
and PPHN [34]; it appears that this approach will not be
available for many years.

High-frequency ventilation
The use of high-frequency ventilation (HFV), be it by flow-
interruption, oscillation, or jet ventilation, has been advocated
for neonatal respiratory disease [35–38]. HFV maintains lung
expansion and achieves ventilation with rapid (5–15 Hz) deliv-
ery of breaths at tidal volumes that may be smaller than the
nominal physiological dead space. The maximal distension
during HFV is less than in conventional tidal volume ventila-
tion, thereby decreasing barotrauma. In patients nearing or
meeting ECMO criteria, HFV strategies seem to reduce the
need for bypass in 10–50% of patients, depending upon the
underlying lung disease [39–41]. HFV may also improve
alveolar expansion and therefore the availability and distribu-
tion of exogenously administered inhaled nitric oxide (iNO).
This may account for the improvement in the physiologic
response to iNO when HFV is used to deliver iNO in the
treatment of neonatal PPHN [42,43].

Pharmacologic approaches to treat
neonatal PPHN
Exogenous surfactant
Patients with severe PPHN have several reasons for inad-
equate surfactant activity. Meconium, infection-related inflam-
mation, and pulmonary hemorrhage may decrease surfactant
effectiveness. In patients with CDHor severe RDS, theremay be
insufficient surfactant present [44,45]. Improving alveolar
expansion via surfactant administration may be important in
optimizing the effect of iNO [46]. Lotze et al. have shown that
surfactant replacement improves pulmonary mechanics and
reduces duration of ECMO bypass in patients with respiratory
failure [47]. Given the relatively rare, limited, and transient
adverse side effects seen with surfactant administration, some
advocate a test dose (1 mL/kg) in patients with severe PPHN
approaching ECMO criteria. A large multicenter randomized
trial has shown that administration of surfactant led to a 30%
reduction in the need for ECMO in a high-risk population of

Section 4: Specific conditions associated with fetal and neonatal brain injury

422



neonates, most of whom had PPHN [48]. Meta-analysis of four
clinical trials supports the use of surfactant for infants with
MAS, based on the decreased need for ECMO [49].

Inhaled nitric oxide
The intracellular mediator of vascular smooth-muscle dilation
released by the neighboring endothelial cell appears to be NO
[50]. Within the smooth muscle, NO activates guanylate
cyclase to form cyclic guanosine monophosphate, which
causes muscle relaxation. Administration of exogenous NO
by inhalation reduces pulmonary vascular resistance [51,52].
In neonates with severe PPHN, reduced pulmonary vascular
resistance should decrease right-to-left shunting at the fora-
men ovale or patent ductus arteriosus and thereby improve
oxygenation. Besides reducing extrapulmonary right-to-left
shunting, iNO may also improve intrapulmonary ventilation
perfusion matching. iNO is rapidly metabolized by conversion
of hemoglobin to methemoglobin, and has little or no effect
on systemic vascular resistance and cardiac output.

Initial clinical trials of iNO in neonates with respiratory
failure and PPHN showed dramatic improvements in oxygen-
ation, and an apparent decrease in the subsequent need for
ECMO[21,53,54]. Twomulticenter randomized controlled trials
(RCTs) demonstrated that iNO decreased the incidence of
ECMO or death in term and near-term newborns with PPHN
[55,56], which led to Food and Drug Administration (FDA)
approval in December 1999. While the most recent Cochrane
review supports the use of iNO in term and near-term infants
with severe respiratory failure, ameta-analysis of recent trials of
iNO in premature infants with respiratory failure (which also
may be accompanied by PPHN) concluded that there is not
enough evidence to support the use of iNO for this population
[57,58]. Most clinicians use iNO to treat severe respiratory
failure with some component of PPHN based on some physio-
logic measurement of respiratory failure, such as an oxygen-
ation index (OI) � 25 (OI¼ ((mean airway pressure 	 FiO2)/
PaO2)	 100). Treatment is usually initiated at a dose between
5 and 20 ppm, although the commercially available delivery
system allows for dosing as high as 80 ppm. Most centers have
protocols in place to promote weaning of iNO leading to its
eventual discontinuation, typically within 3–7 days.

iNO is not without potential risks that could possibly affect
prognosis and neurologic outcome. Methemoglobinemia
and hypoxia can result from excess NO administration or in
the rare patient with decreased methemoglobin reductase.
NO and its metabolites, including nitrogen dioxide and
peroxynitrites, may directly cause lung injury. iNO increases
bleeding time in normal adult humans, presumably through
platelet-mediated effects [59]. However, in patients with acute
respiratory distress syndrome, NO affected platelet aggrega-
tion tests without changing the bleeding time [60]. The effects
of NO on coagulation could theoretically place neonatal iNO
recipients at higher hemorrhagic risk, although this has not
been seen to be a significant side effect in the clinical trials to
date. Given these potential risks, it is understandable that the
clinical trials of iNO in neonates with severe PPHN have

examined secondary outcomes, including neurodevelopment.
In a follow-up to one of the pivotal studies used for FDA
approval, iNO was not associated with an increase in neuro-
developmental, behavioral, or medical abnormalities at 2 years
of age [61].

Phosphodiesterase inhibitors
In the pulmonary smooth muscle, NO, be it endogenous or
exogenously administered via inhalation, increases formation
of cyclic guanosine monophosphate, which is vasodilatory
until it is degraded by phosphodiesterase (PDE). There are
several types of PDE, of which type V dominates in the
pulmonary vascular bed. Inhibitors of PDE such as dypyrami-
dole have been used to potentiate the effects of iNO, although
their use has been associated with deleterious side effects,
including severe hypotension [62]. Other type V selective
PDE inhibitors, such as zaprinast, have been used in animal
models to affect pulmonary vasodilation, often to potentiate
the effects of iNO [63–65], but have yet to be used clinically in
humans in any prospective randomized trials.

Sildenafil, an FDA-approved drug whose primary mech-
anism is inhibition of PDE, has recently been studied as a
treatment in animal models of PPHN [66,67]. There have been
some case reports of neonates with PPHN who apparently
responded well to enteral administration of sildenafil, but
there are only a few recent randomized studies of its use to
treat PPHN [68,69]. In a study by Baquero et al., babies were
dosed at 1mg/kg every 6 hours, with allowance for doubling
the dose if oxygenation did not improve. This intensive care
unit did not have iNO, HFV, or ECMO available [69].
A statistically significant improvement in oxygenation in
sildenafil-treated babies versus controls, as well as a trend to
reduced mortality, was seen. Another small randomized trial
showed that 2 mg/kg of sildenafil given via orogastric tube
every 6 hours for a total of 72 hours lowered the OI more than
placebo control [70]. Intravenous sildenafil has also been
shown to augment the pulmonary vasodilator effects of iNO
in infants early after cardiac surgery, although sildenafil
administration was also associated with significant hypoten-
sion [71]. A lower dose (0.4mg/kg) of sildenafil has been
shown to reduce the rebound pulmonary hypertension associ-
ated with the withdrawal of iNO in older infants and children
treated with iNO [72]. This approach has yet to be studied in
neonates with PPHN. Two other recent reports retrospectively
reviewed the experience of using sildenafil for neonates with
chronic pulmonary hypertension, such as that seen in CDH
[73,74]. Clinical trials are under way to study the pharmacol-
ogy of intravenous sildenafil and its clinical efficacy in the
treatment of neonatal PPHN.

Milrinone, a PDE III inhibitor that is a cardiopressor with
known vasodilatory effects, also recently has been used to treat
neonatal PPHN. In one small series, nine babies with poor
initial response to iNO were treated with a milrinone drip
for approximately 72 hours, and they demonstrated improved
oxygenation, especially in the first 24 hours of milrinone
treatment, without systemic hypotension [75]. In another case
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report, four neonates with PPHN not responding to iNO had
improved oxygenation and survived after treatment with mil-
rinone drip for 3–7 days, although two of four suffered severe
intraventricular hemorrhage [76]. Randomized trials will be
needed to establish the safety and efficacy of milrinone in the
treatment of neonatal PPHN.

Magnesium sulfate
Magnesium sulfate is a potent vasodilator, and its mechanism
of action is only partially understood. It may help due to
its sedative, muscle-relaxant, and bronchodilator effects.
Improvements in oxygenation have been seen in four obser-
vational studies. A 2007 Cochrane review concluded that
there was no evidence from RCTs to support the use of
magnesium for PPHN [77]. However, a more recent article
describes a retrospective experience of 58 neonates in six
Italian intensive care units, where 27 of 28 babies with PPHN
were treated with magnesium sulfate with improvement in
OI, compared to 100% response in matched controls treated
with iNO. However, the response to iNO was more rapid.
No significant differences in immediate and long-term conse-
quences, including neurological evaluation at 18 months of
age, were reported [78].

Other drugs targeted to reduce pulmonary vasoconstriction
Administration of tolazoline and nitroprusside via the
endotracheal tube has been used to target these vasodilator
therapies more selectively to the pulmonary vascular bed
[79–82]. However, no prospective randomized studies have
investigated their effects on major outcomes, such as the need
for ECMO. Adenosine infusion has been shown to dilate the
pulmonary vessels of fetal and newborn lambs [83], and has
also been associated with improved oxygenation in a small
series of newborns with PPHN [84]. Because adenosine
presumably acts upon adenylate cyclase, its action may be
additive to that of iNO, as suggested by the data of Aranda
et al. in an experimental model of PPHN [85].

Prostacyclin (prostaglandin I2) is a potent vasodilator that
upon binding to a specific receptor stimulates adenylate cyclase
to form cyclic adenosine monophosphate, thereby activating
protein kinase A, which induces vasodilation. There has been
limited experience using either inhaled or intravenous prosta-
cyclin or its analogue, iloprost, in neonates, sometimes as an
adjunct to the use of iNO; however, intravenous use has been
associated with significant side effects including hypotension
[86]. Prostacyclin administration seems to be more effective in
neonates with pulmonary hypertension secondary to chronic
conditions, such as bronchopulmonary dysplasia (BPD) or
CDH, rather than PPHN from acute respiratory failure. There
is a case report of inhaled prostacyclin in neonates with PPHN
not responding to iNO, with one of four such infants surviving
[87]. There remains inadequate experience to recommend its
use in neonates with PPHN at this time.

Hyperoxia frequently occurs in neonates being treated for
PPHN and may cause oxidative injury that can inactivate NO
and exacerbate pulmonary vasoconstriction. In a recent study

of PPHN in a lamb model, recombinant human superoxide
dismutase (rhSOD) was administered intratracheally, leading
to sustained improvement in oxygenation similar to that seen
when animals were given iNO [88]. Combined treatment with
rhSOD and iNO resulted in a more rapid and sustained
increase in oxygenation and reduced ventilator settings when
compared to iNO alone. rhSOD treatment in PPHN may be
efficacious by scavenging superoxide, prolonging the biologic
half-life of endogenous and exogenous iNO, and preventing
peroxynitrite formation. It is a therapeutic strategy on the
horizon for the term and near-term infant with hypoxic
respiratory failure and PPHN to be used in conjunction with
iNO. Clinical trials performed in premature infants have not
identified any safety concerns [89,90].

Extracorporeal membrane oxygenation
ECMO is a form of heart–lung bypass providing cardio-
respiratory support for days to weeks, which is available at
approximately 120 US centers and another 60 outside the USA
[91]. Venoarterial (VA) ECMO bypass, using right jugular
venous drainage and right carotid arterial return, can provide
respiratory and cardiac support; the latter is often needed in
patients with PPHN associated with sepsis or cardiac disease.
Venovenous (VV) ECMO, usually performed via a double-
lumen catheter placed in the right jugular vein with the tip in
the right atrium, returns oxygenated blood preferentially
towards the right ventricle, thereafter relying on the patient's
cardiac function to achieve adequate systemic oxygen delivery.
Once on bypass, ventilator settings are weaned, thereby
avoiding or minimizing further oxygen toxicity and baro-
trauma, and permitting pulmonary recovery and reversal of
PPHN.

Both VA and VV ECMO require systemic heparinization
titrated based on bedside coagulation studies to prevent circuit
clotting. This places ECMO patients at increased risk for
hemorrhagic complications, including risk for intracranial
hemorrhage, which occurs in approximately 7% of patients,
but varies depending on gestational age, diagnosis, and coagu-
lation status [91–93]. Strategies to decrease the incidence of
intracranial hemorrhage of ECMO include administration
of aminocaproic acid, a fibrinolysis inhibitor [94], as well as
the use of cephalad venous drainage catheters [95]. Besides
pre-ECMO and hemorrhagic risks for neurologic sequelae,
ECMO patients have additional risks, including nosocomial
and transfusion-related infection, thromboembolism, and
potential effects of neck vessel ligation. Jugular venous ligation
may impair cerebral venous drainage and lead to superior
vena cava syndrome. Carotid artery ligation leads to collateral
flow to the right side of the brain. VV ECMO obviates the
need for carotid artery ligation. Some centers advocate post-
ECMO carotid artery repair, but there may be subsequent
stenosis, and there are no data to date demonstrating
improved neurobehavioral outcomes with such repair.

Given the relatively invasive nature of ECMO therapy and
its attendant risks, ECMO is reserved for neonates with severe
PPHN or other forms of cardiorespiratory disease only after
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failure of presumably less risky medical management. Criteria
predicting high mortality rates between 60% and 80% have
been developed, based on arterial blood gases and ventilator
settings. It is also important that there must be adequate time
to transport such critically ill patients to an ECMO center and
to place them on bypass before cardiac arrest or hypoxic brain
injury occurs. While ECMO was used for over 1500 neonates
with respiratory failure in 1991, since then its utilization rate
has been reduced nearly in half, which is likely due to the
increased use of HFV, surfactant, and iNO, as well as improved
obstetrical practices including Group B Streptococcus prophy-
laxis, and avoiding post-dates deliveries. Current ECMO
patients have more severe and complex illnesses, such as
CDH; this explains why survival rates for neonatal ECMO have
fallen from 86% to 64% over the past 20 years [91].

Outcome of persistent pulmonary
hypertension of the newborn
Infants with PPHN are among the most critically ill patients
cared for in the neonatal intensive care unit. These infants
often have a wide variety of pre-existing perinatal conditions
such as low Apgar scores or fetal distress that place them at
high risk for abnormal outcomes. The treatment of PPHN
involves the use of therapies, including high-frequency venti-
lation, ECMO, and iNO, which may also adversely affect
outcome.

Outcome for PPHN survivors treated
with medical therapy
Outcome for PPHN survivors treated with
conventional medical therapy
Conventional medical therapy (CMT) for PPHN often
includes periods of mechanical ventilation with high pressure
and high oxygen concentrations that increase the risk for
chronic lung disease (CLD), historically defined in term
infants as a persistent oxygen requirement beyond 28 days of
life. CLD has been shown to be associated with worse cogni-
tive outcome [96,97]. Hyperventilation with production of a
respiratory alkalosis has been used to treat PPHN and has
been shown to decrease pulmonary artery pressures and
increase arterial PaO2 [7]. Although hyperventilation has been
shown to attenuate pulmonary vasoconstriction, the resulting
hypocarbia can produce cerebrovascular vasoconstriction with
a subsequent reduction in cerebral blood flow [98]. Whether
hyperventilation is specifically responsible for the neurodevel-
opmental sequelae seen in PPHN survivors is difficult to
determine, because of the multitude of potential causes of
neurologic injury present in this population.

The literature describing the neurodevelopmental outcome
of infants treated with CMT is summarized in Table 37.1.
Cohen et al. reported on the outcomes of 29 survivors of
PPHN treated with tolazoline, 50% of whom had abnormal
EEGs or seizures in the newborn period [23]. Overall, 28% of
the children had evidence of significant neurologic impairment

at age 3. When examining the infants with perinatal hypoxia
and an Apgar score less than 6, there was a similar incidence
of significant handicaps, leading the authors to conclude
that the morbidity from PPHN was related to the degree of
perinatal hypoxia.

Brett et al. reported on the neurologic and developmental
assessment of nine infants with PPHN treated with hyperven-
tilation [99]. The infants in this cohort were exposed to a
PaCO2 < 20 for 51.8 hours and a pH > 7.5 for 64.4 hours;
exposure to a PaCO2 < 15 and a pH > 7.6 was also present,
but for shorter time periods. All had normal neurologic exam-
inations at follow-up, and seven of the eight had normal
developmental quotient (DQ) on standardized testing. The
authors concluded that the outcome following hyperventila-
tion was reassuring.

Bernbaum et al. evaluated 11 survivors of PPHN managed
with hyperventilation strategies [100]. The authors attempted
to correlate neurologic and developmental outcome with
physiologic parameters such as pH, PaCO2, PaO2, and blood
pressure. Of the three patients with an abnormal neurologic
outcome, there were significant differences in the duration of
mean arterial pressure < 50 and PaCO2 < 25 compared to the
infants with a normal outcome. The authors speculated that
hypocarbia may potentiate hypoxic–ischemic encephalopathy
by further compromising cerebral blood flow.

In a review of the developmental follow-up of PPHN
survivors at their institution, Ballard and Leonard reported
on the outcome of 11 infants treated with hyperventilation
[101]. Subjects were assessed at 4–6 years of age, and all
had a normal neurologic exam. Assessment of cognitive devel-
opment using the McCarthy scales revealed a mean General
Cognitive Index (GCI) of 95, with scores ranging from
79 to 120. The authors concluded there was no evidence
for a negative effect of hyperventilation, and the presence of
a specific motor or mental deficit in patients with PPHN was
attributed to perinatal asphyxia.

Ferrara et al. studied the outcome of 16 infants treated
with hypocapneic alkalosis for PPHN [102]. All infants
studied (n¼ 11) had EEG abnormalities during hyperventi-
lation, nine demonstrated transient hypotonia, and there
was a statistically significant discrepancy between Bayley
Mental Developmental Index (MDI) and Psychomotor Devel-
opmental Index (PDI) scores. The authors urged further
long-term studies to investigate potential detrimental effects
of hyperventilation.

Sell et al. examined the neurodevelopmental status of
40 patients between the ages of 1 and 4 years who received
hyperventilation as treatment for PPHN [103]. Cerebral palsy
(CP) was reported in 15%, profound impairment in 7.5%, and
mild motor delay in 2%. Of the 37 functional children, mean
Bayley and McCarthy scores were within the normal range.

Bifano and Pfannenstiel examined 21 PPHN survivors
treated with hyperventilation at 1 year of age [96]. Using
a stepwise regression analysis, an association was observed
between the duration of hyperventilation and abnormal neu-
rodevelopmental outcome. Although the mean Bayley MDI
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and PDI scores were within the normal range, the infants with
abnormal neurologic examinations or below-average Bayley
scores were more likely to have had a PaCO2 < 25, leading the
authors to conclude that prolonged hypocarbia was associated
with poor neurodevelopmental outcome.

Hageman et al. studied the relationship between the alveolar–
arterial oxygen difference (AaDO2) and outcome and found that
AaDO2 values were significantly higher in non-survivors
[104]. Bayley assessment of survivors failed to demonstrate a
correlation between AaDO2 values and neurodevelopmental
outcome at age 1.

Marron et al. reported the neurologic and cognitive out-
comes for a cohort of PPHN survivors treated with conserva-
tive ventilation strategies [29]. Sixty-three percent of infants
had a normal neurologic examination, while 22% and 15%
had mild and severe abnormalities, respectively. A significant

relationship between low Apgar scores and poor neurologic
outcome was observed, and three of the four children with
severe impairment had biochemical evidence of asphyxia
at birth. Stanford–Binet IQ testing in the 13 children tested
was normal.

Outcome for PPHN survivors treated
with inhaled nitric oxide
iNO is now the standard treatment for term and near-term
infants with hypoxemic respiratory failure and PPHN. The
outcome data for iNO trials are summarized in Table 37.2.

Rosenberg et al. first documented the medical and neuro-
developmental outcome of PPHN patients treated with iNO
[105]. They reported a 12.1% incidence of severe neurologic
disability at 2 years, defined as MDI or PDI < 68, abnormal
neurologic exam, or both. Of note, children tested serially at

Table 37.1. Outcome following conventional medical therapy

Study Description Age n Neurologic outcome n Cognitive outcome

Stanford–Binet IQ

Cohen et al. 1980 [23] PPHN
Tolazoline

1–3 years 29 Seizures: 3.5%
CP: 10%
Microcephaly: 34%

12 97.7 (range 66–132)

Developmental Quotient

Brett et al. 1981 [99] PPHN
Hyperventilation

1–3 years 9 Normal: 100% 8 107.6 (range 89–130)

Developmental Quotient

Bernbaum et al. 1984 [100] PPHN
Hyperventilation

6 months – 4 years 11 Normal: 73%
Abnormal: 27% (1 hemiparesis,
2 increased tone/reflexes)

11 92 (range 70–110)

McCarthy GCI

Ballard & Leonard 1984 [101] PPHN
Hyperventilation

4–6 years 11 Normal: 100% 9 95 (range 76–120)

Bayley MDI Bayley PDI

Ferrara et al. 1984 [102] PPHN
Hyperventilation

1 year 16 Normal: 88%
Abnormal: 12% (1 hemiparesis,
1 gross motor delay)

11 106 93

Bayley MDI Bayley PDI

Sell et al. 1985 [103] PPHN
Hyperventilation

1–4 years 40 Normal: 40%
CP: 15%
Severely impaired: 7.5%

37 116 (1 year)
102 (2 year)
McCarthy GCI
110 (3 year)
103 (4 year)

102 (1 year)
91 (2 year)

Bayley MDI Bayley PDI

Bifano & Pfannenstiel 1988 [96] PPHN
Hyperventilation

1 year 21 Normal: 52%
Suspect: 29%
Abnormal: 19% (4 CP)

21 106 91

Bayley MDI

Hageman et al. 1988 [104] PPHN
Hyperventilation

1 year 10 Not reported 10 98 for AaDO2 > 600
93 for AaDO2 < 599

Stanford–Binet IQ

Marron et al. 1992 [29] PPHN
Gentle ventilation

2–6 years 27 Normal: 63%
Mild abnormality: 22%
Severe abnormality: 15%

13 96 for children with normal
or mildly abnormal
neurologic examination

Notes:
Unless otherwise noted, all scores are mean values. PPHN, persistent pulmonary hypertension of the newborn; CP, cerebral palsy; MDI, Mental Developmental
Index; PDI, Psychomotor Developmental Index; GCI, General Cognitive Index. “Suspect” neurologic outcome defined as Bayley MDI or PDI 70–85.
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1 and 2 years demonstrated significant improvement in MDI
and PDI scores.

The Neonatal Inhaled Nitric Oxide Study (NINOS) Group
reported on the outcome of infants enrolled in an RCT of
iNO for hypoxemic respiratory failure [61]. Comprehensive
neurodevelopmental assessment of survivors was performed at
18–24 months of age, and the rates of neurologic abnormality,
CP, and low Bayley scores were not significantly different.
Infants treated with iNO had lower Bayley PDI scores, but
this difference was not statistically significant. The rate of
disability was not affected by the need for ECMO, and the
authors concluded that the timing of injury was most likely
before ECMO.

Ellington et al. reported on the neurodevelopmental out-
come of 60 of 83 survivors enrolled in a single center RCT of
iNO for PPHN [106]. All results reported in this study were
obtained by telephone interview, and disability was defined
by the presence of a seizure disorder, cerebral palsy, or DQ
< 70. Although a 20% rate of disability was found in the
control group compared to 9% in the iNO group, this differ-
ence was not statistically significant, given the sample size.

Lipkin et al. reported the 1-year outcome of 133 survivors
enrolled in the I-NO/PPHN Study [107]. This multicenter
RCT sought to recruit 320 patients but was halted after
155 patients due to decreasing enrollment rate. The overall
rate of impairment, including neurologic abnormalities, CP,

Table 37.2. Outcome following inhaled nitric oxide therapy

Study Description Age n Neurologic outcome n Cognitive outcome

Bayley MDI Bayley PDI

Rosenberg et al. 1997 [105] iNO 2 years 33 Mild disability: 9.1%
Severe disability: 12.1%

33 107 109

Bayley MDI Bayley PDI

NINOS 2000 [61] iNO 18–24 months 85 Normal: 77.6%
CP: 11.8%

79 85 85.7

Controls 87 Normal: 79.3%
CP: 10.3%

75 87 93.6

Developmental Quotient

Ellington et al. 2001 [106] iNO 1–4 years 35 Disability: 9% 33 102

Controls 25 Disability: 20% 99

Bayley MDI Bayley PDI

Lipkin et al. 2002 [107] iNO 1 year 92 Normal: 82%
Mild disability: 4%
Major disability: 14%
CP: 8%

87 � 85: 69%
< 85: 31%

� 85: 76%
< 85: 24%

Controls 35 Normal: 80%
Mild disability: 9%
Major disability: 11%
CP: 6%

33 � 85: 71%
< 85: 29%

� 85: 82%
< 85: 18%

Bayley MDI Bayley PDI

CINRGI 2003 [108] iNO 1 year 74 Normal: 81%
Mild hypotonia: 6.7%
CP: 4%

81 95 92

Controls 71 Normal: 86%
Mild hypotonia: 2.8%
CP: 1.4%

95 85

Kyoto Scale of Psychological Development

Ichiba et al. 2003 [109] iNO 3 years 15 Mild disability: 6.7%
Severe disability: 6.7%

14 98.4

Bayley MDI Bayley PDI

Konduri et al. 2006 [110] iNO 18–24 months 121 NDI: 27.9%
CP: 8.2%

121 83.3 89

Controls 113 NDI: 24.6%
CP: 6.3%

113 86.1 98

Notes:
Unless otherwise noted, all scores are mean values. CP, cerebral palsy; MDI, Mental Developmental Index; PDI, Psychomotor Developmental Index; GCI, General
Cognitive Index; NDI, Neurodevelopmental impairment, defined as moderate or severe CP, Bayley MDI or PDI < 70, blindness, or permanent hearing impairment
requiring amplification.
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and motor and cognitive outcomes assessed using the Bayley
scales, was similar between control and treatment groups.

Clark et al. reported outcomes of 145 survivors enrolled in
the Clinical Inhaled Nitric Oxide Research Group (CINRGI)
[108]. The rate of a normal neurologic outcome was similar
to previously published trials and there was no difference
between the iNO and control groups (iNO 19% vs. control
14%). Notably, the rates of CP were lower than the average
11% previously cited by studies using CMT and reported for
the NINOS trial (iNO 4% vs. control 1.4%, NS). The authors
did not report any significant neurologic impairment at 1 year
in this cohort. Assessment in 81 infants using the Bayley scales
did not demonstrate a significant difference between groups.
Although the authors concluded that treatment with iNO was
not associated with an increase in adverse neurologic injury,
they were cautious to note this study was not adequately
powered to discern small but meaningful differences in neu-
rologic outcome, and follow-up at 1 year of age is inadequate
to assess future school performance.

Ichiba et al. presented 3-year outcome data on 15 infants
treated with iNO and correlated clinical data with long-term
outcome [109]. Hyperventilation was not used in this cohort.
Infants were categorized by response to iNO into early, late,
and poor responders based on the OI following initiation
of therapy. The frequency of survival with a normal neuro-
developmental outcome was significantly higher in the early
responders. The severity of PPHN as measured by OI was not
associated with outcome. The authors suggested that a worse
outcome in late or poor responders was related to prolonged
exposure to hypoxia.

Konduri et al. reported on the 18- to 24-month outcomes
of infants enrolled in the Early iNO Trial [110]. This multi-
center RCT differed from previous trials by randomizing and
initiating iNO at an OI of 15, whereas prior studies utilized an
OI of 25 as the primary criterion for enrollment. Although
earlier initiation of iNO did not reduce the combined inci-
dence of ECMO/mortality, it did limit the progression of
respiratory failure to an OI > 25. However, this did not
translate into improved neurodevelopmental outcomes. Neu-
rodevelopmental impairment (NDI), defined as the presence
of moderate or severe CP, Bayley MDI or PDI < 70, blindness,
or permanent hearing impairment requiring amplification,
was similar in the two treatment groups. As seen previously
in the NINOS trial, the investigators noted a non-significant
decrease in the Bayley PDI in the iNO-treated group when
compared to controls. This difference persisted even when
infants with moderate to severe CP were excluded. The
authors concluded that a possible adverse effect of iNO expos-
ure could not be excluded.

Outcome for PPHN survivors treated with ECMO
More than 22 000 newborns have been treated with ECMO for
respiratory failure, with a cumulative overall survival to dis-
charge of 76% [91]. Therapies such as iNO, surfactant, and
HFV have led to a decrease in the utilization of ECMO
treatment, and those infants who currently receive treatment

have longer, more complicated ECMO runs [111]. Although
life-saving, ECMO is an invasive therapy with many potential
complications.

Risks associated with ECMO
Due to the patient's critical status, dependence on heart–lung
bypass, and the inherent complexity of the ECMO equipment,
patients are at risk for equipment failure, user error, and other
ECMO-related complications, which can result in significant
morbidity and mortality. The overall incidence of mechanical
complications for neonates on ECMO reported to the Extracor-
poreal Life Support Organization (ELSO) is 82% [91].

Numerous studies have attempted to correlate findings
on head ultrasound, head computed tomography (CT), and
brain magnetic resonance imaging (MRI) with later neuro-
developmental outcome [112–115]. Some authors have sug-
gested that a strong correlation exists between the severity of
abnormality on neuroimaging and neurodevelopmental out-
come. Although individual outcomes cannot be predicted,
neuroimaging can be useful in assigning ECMO survivors to
different risk categories. The presence of abnormalities is
associated with an increased risk of developmental delay, but
the sensitivity and specificity values for normal neuroimaging
in predicting normal neurodevelopmental outcome are rela-
tively low [112]. Cerebrovascular injury in the ECMO popula-
tion is likely to be multifactorial. Prematurity, hypoxemia,
asphyxia, and mechanical ventilation have all been associated
with intracranial hemorrhage and infarction in critically ill
newborns. Thus, even before ECMO, these infants are at high
risk for cerebrovascular injury.

Ligation of both the right carotid artery and jugular vein
was required for all patients receiving ECMO prior to the
development of the double-lumen VV catheter in 1990. Liga-
tion of the right common carotid artery (RCCA) has been
shown to result in decreased right and left hemispheric flow
[116]. Following RCCA ligation, the vertebrobasilar and the
contralateral internal carotid systems are the main sources of
flow for the right hemisphere via the circle of Willis. The circle
of Willis provides a unique anatomic arrangement: it is able to
redistribute and balance flow and thereby theoretically can
avoid any deficit in cerebral perfusion due to unilateral carotid
ligation. Numerous studies have attempted to determine if
hemispheric brain injury occurs as a result of RCCA ligation
[113,117–121]. Schumacher et al. reported on eight children
with evidence of right hemispheric brain injury on either
neurologic examination or neuroimaging study [117]. In a
larger study, Taylor et al. found intracranial abnormalities in
95 of 207 infants; 21 were right-sided, 16 were left-sided, and
58 were bilateral [114]. The authors concluded that there was
no increased injury in the distribution of the middle cerebral
artery. Campbell et al. documented an increased risk of left-
sided focal seizures following ECMO [119]. However, a
follow-up study in the same children failed to find a significant
difference in lateralization of motor findings [122]. In a study
of ECMO survivors with unilateral brain injury, Bulas
and Glass noted an increased rate of right-hand dominance
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(94% ECMO vs. 85% control) and a suggestion of poorer
performance by the left hand on psychometric testing [123].
However, this right-hand dominance persisted irrespective of
the side of injury.

Electroencephalographic studies of ECMO infants have
had conflicting findings. Streletz et al. found no consistently
lateralized electroencephalographic abnormalities during or
after ECMO when compared to tracings obtained before can-
nulation of the RCCA [124]. Hahn et al. found more repetitive
or periodic discharges arising from the right hemisphere in
ECMO patients compared to conventionally treated infants
[125]. Pappas et al. evaluated the amplitude-integrated EEG
(aEEG) characteristics of infants undergoing ECMO [126]. No
acute changes were seen in aEEG amplitude during cannula-
tion, and there was no difference seen between hemispheres.
All infants studied demonstrated an improvement in aEEG
background patterns at discharge compared to those obtained
during the ECMO course.

Near-infrared spectroscopy (NIRS) has been applied to
the ECMO population to investigate the effects of right
carotid cannulation on cerebral oxygenation. Van Heijst et al.
documented a transient decrease in cerebral oxygenation during
cannulation for VA ECMO in both hemispheres in 10 infants
using NIRS [127]. One hour following cannulation, an increase
in cerebral oxygenation was observed, with no differences
between the right and left hemispheres. Three infants in this
cohort demonstrated asymmetric lesions on neuroimaging, but
the authors were unable to associate cerebral oxygenation
measurements with these abnormalities. Ejike et al. reported
on cerebral oxygenation characteristics of 11 patients undergo-
ing VA ECMO [128]. A transient decrease in cerebral oxygen-
ation on the right was noted, followed by recovery toward
baseline, and ultimately an increase in cerebral oxygenation
was noted in both hemispheres. There was no association
between ECMO flow rates and cerebral oxygenation in this
cohort. Further studies are needed to determine the signifi-
cance of cerebral oximetry and aEEG measurements during
right carotid cannulation for VA ECMO.

ECMO follow-up studies
ECMO survivors have been identified as being at high risk for
neurodevelopmental sequelae, but it remains unclear whether
the neurologic sequelae seen in ECMO survivors are more
indicative of the primary disease process, pre-ECMO therapy,
or as a result of ECMO. The following studies are summarized
in Table 37.3.

Krummel et al. published the first study of six ECMO
survivors [129]. Five of the six were functioning normally with
normal neurologic, neurodevelopmental, and neuroimaging
examinations. One infant experienced an air embolus and
had significant delay and bilateral cortical atrophy. The
authors concluded that the early results with ECMO were
encouraging considering the degree of illness.

Towne et al. reported the outcome of ECMO survivors
among the first cohort of patients treated by Dr. Robert
Bartlett between 1973 and 1980 [130]. Ten of the 16 had

normal neurologic outcomes, three had minor mental or
motor problems, and five had moderate to severe handicap.
Mean McCarthy GCI scores were in the normal range for the
nine children tested. Two children were found to have a
discrepancy between verbal and perceptual scores, and this
was thought to reflect differences in the function of the two
hemispheres.

Andrews et al. reported on the outcome of 14 survivors of
ECMO evaluated using the Bayley scales [131]. Ten children
(71%) had a normal MDI and nine (64%) had a normal PDI.
The remaining children had scores less than 60. They con-
cluded that the majority of these critically ill infants treated
with ECMO have normal or near-normal outcomes.

Glass et al. examined 42 infants at 1 year of age [132].
Fifty-nine percent were found to be functioning in the normal
range, with 20% suspect and 20% delayed. Sepsis, CLD, and
neuroimaging abnormalities were associated with a poor out-
come. No lateralizing signs consistent with a right hemispheric
injury were found on neurologic or neuroimaging studies.

Adolph et al. evaluated ECMO survivors between the
ages of 6 and 48 months [133]. Neurologic examination was
normal in all but one child. Twenty-four children were
evaluated with the Bayley scales, and 71% were classified as
normal, 21% as suspect, and 8% as delayed. Twelve patients
were evaluated using the McCarthy scales, with 75% obtaining
normal scores. An abnormal outcome was found to be associ-
ated with the presence of CLD.

A large study of 80 ECMO survivors between the ages of
1 and 7 years by Schumacher et al. found 20% to be handi-
capped [134]. “Handicapped” was defined as having moderate
to severe neurologic abnormality or SNHL requiring amplifi-
cation. The oldest group of ECMO survivors had the highest
incidence of handicap (45%), and this was felt to be due to
a learning-curve effect. Improvements in patient selection
criteria and ECMO management were felt to result in a subse-
quent lower rate of handicap. Speech and language abnormal-
ities were identified in 15% of the ECMO survivors, with
SNHL in 4%. The authors concluded that the outcome post-
ECMO was similar to that reported in PPHN survivors treated
with CMT.

Campbell et al. compared the 1- to 2-year neurologic and
neurodevelopmental outcome of ECMO survivors with and
without seizures in the neonatal period [122]. Twelve of the 41
ECMO survivors (29%) had neonatal seizures. The neurologic
examination was abnormal in 50% of the children who had
seizures. There was no predominance of left motor abnormal-
ities and no association between the side of neonatal seizures
and the lateralization of disability. The Cattell DQ scales were
significantly lower for ECMO survivors with seizures than
for those ECMO survivors without seizures. The authors con-
cluded that carotid artery ligation was not responsible for
lateralizing findings in ECMO survivors, but that seizures
were associated with a higher risk for CP and developmental
delay.

Hofkosh et al. reported on the neurodevelopmental out-
come of 67 ECMO survivors between the ages of 6 months
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Table 37.3. Outcome following ECMO therapy

Study Description Age n Neurologic outcome n Cognitive outcome

Bayley MDI and PDI

Krummel et al. 1984 [129] ECMO 15–21 months 6 Normal: 83%
Abnormal: 17%

5 Range: 98–100

McCarthy GCI

Towne et al. 1985 [130] ECMO 4–11 years 16 Normal: 63%
Abnormal: 37%

9 99 (range 78–122)

Bayley MDI Bayley PDI

Andrews et al. 1986 [131] ECMO 1–3 years 14 CP: 21%
Microcephaly: 29%
Seizures: 7%

14 � 85: 71%
< 85: 29%

� 85: 64%
< 85: 36%

Bayley MDI and PDI

Glass et al. 1989 [132] ECMO 1 year 42 Normal: 75%
Minor abnormality: 19%
Definite abnormality: 5%

42 MDI and PDI> 90: 59%
MDI or PDI< 90: 20%
MDI and PDI< 90: 11%
MDI and PDI< 70: 10%

Bayley MDI Bayley PDI

Adolph et al. 1990 [133] ECMO 6–48 months 57 Normal: 98%
Abnormal: 2%

36 105
McCarthy GCI
95

99

Bayley MDI Bayley PDI

Schumacher et al. 1991 [134] ECMO 1–7 years 80 Seizures: 3.7%
Hearing loss: 3.7%
Microcephaly: 6%

80 109
103
McCarthy GCI
96 (3 year)
115 (4 year)
93 (� 5 yr)

99 (1 year)
102 (2 years)

Cattell DQ

Campbell et al. 1991 [122] ECMO
Seizures

1–2 years 12 Seizures: 50% normal 50%
abnormal

12 89

15 No seizures: 100% normal 15 105

Bayley MDI Bayley PDI

Hofkosh et al. 1991 [135] ECMO 6 months –
10 years

67 Normal: 81%
Abnormal: 19%

67 101
Pre-school IQ
91

98
School-age
IQ
109

Bayley MDI Bayley PDI

Flusser et al. 1993 [136] ECMO 1 year 30 Normal: 63%
Suspect: 13%
Abnormal: 13%

30 > 85: 83%
70–85: 7%
< 70: 10%

> 85: 80%
70–85: 7%
< 70: 13%

Van Meurs et al. 1994 [121] ECMO
VV
VA

4–24 months 40
Normal: 100%
Normal: 100%

40 Bayley MDI
111
112

Bayley PDI
111
102

Bayley MDI Bayley PDI

Wildin et al. 1994 [137] ECMO 6–24 months 22 Normal: 77%
Abnormal: 23%

22 108 (6 mo)
106 (1 yr)
100 (2 yr)

110 (6 mo)
106 (1 yr)
100 (2 yr)

Controls 29 Not reported 29 126 (6 mo)
112 (1 yr)
115 (2 yr)

122 (6 mo)
106 (1 yr)
112 (2 yr)

WIPPSI-R Full Scale
IQ

Glass et al. 1995 [138] ECMO 5 years 102 Seizures: 2%
Hearing loss: 3%
CP: 6%
Visual problem: 2%

102 96

Controls 37 37 115
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and 10 years [135]. Using the Bayley scales and Stanford–
Binet, mean scores were within the normal range for all
ages, with 64% normal, 25% suspect, and 11% delayed. The
10 school-age ECMO survivors were compared with normal
controls and no statistically significant differences were noted.
Two children in the ECMO group were found to have
behavioral concerns noted by classroom teachers, consisting
of immaturity in one and impulsivity, distractibility, and
hyperactivity in the second. The authors noted that an abnor-
mal outcome was significantly associated with CLD, seizures,
and cerebral infarction, but not with other perinatal variables.

In a study by Flusser et al., 30 children treated with ECMO
underwent follow-up evaluation at 1 year of age [136]. Neu-
rologic examination was normal in 63% of the population.
Bayley MDI and PDI were normal in 83% and 80%, respect-
ively. No relationship was found between neurodevelopmental
outcome and perinatal factors such as Apgar scores, diagnosis,
length of time on ECMO, neuroimaging abnormalities,
seizures, or electroencephalographic findings. Ten infants in
their study had congenital anomalies, including pulmonary
defects such as CDH, cystic malformation of the lung,
and pulmonary atresia. They found that adverse outcomes
were associated with the presence of congenital anomalies.

Van Meurs et al. reported on the neurodevelopmental and
neuroimaging findings in 24 VV ECMO survivors and 24 VA

ECMO survivors matched by diagnosis, gestational age, sex,
and Apgar scores [121]. Comparison of the Bayley scores and
neuroimaging results for VA and VV survivors found no
statistically significant differences. The authors concluded that
no differences attributable to carotid artery ligation were
identified with either short-term neurodevelopmental evalu-
ation or neuroimaging.

A study by Wildin et al. reported on 22 ECMO survivors
and 29 healthy control infants matched by race, sex, maternal
age, maternal education, and socioeconomic status [137].
Bayley scales were performed at 6, 12, and 24 months. Healthy
term infants scored significantly better than ECMO infants at
6 and 24 months, though mean Bayley scores for the ECMO
cohort were within the normal range. The authors concluded
that the overall rate of developmental delay found in this study
(23%) was comparable to that reported in prior studies.

A large and comprehensive study by Glass et al. of the
neuropsychological outcome and educational adjustment of
102 ECMO survivors at age 5 compared with 37 age-matched
controls found lower full-scale IQ scores and a higher inci-
dence of neuropsychological deficits and behavioral problems
in ECMO survivors [138]. Although the mean full-scale IQ for
the ECMO survivors was average, 77% were found to have one
or more deficits in the following areas: language, fine motor
efficiency/planning, visual/motor integration, lateralization,

Table 37.3. (cont.)

Study Description Age n Neurologic outcome n Cognitive outcome

Bayley MDI Bayley PDI

Kornhauser et al. 1998 [139] ECMO – BPD 2 years 17 Normal: 18%
Mild: 34%
Severe: 16%

17 76 74

No BPD 47 Normal: 62%
Mild: 34%
Severe: 4%

47 103 97

WIPPSI-R Full Scale IQ

Desai et al. 2000 [140] ECMO – RCA
ligation

5 years 28 CP: 0% 28 95

No RCA
ligation

35 CP: 14% 35 96

Stanford-BinetIQ

Parish et al. 2004 [141] ECMO þ seizures 7–9 years 16 CP: 31% 16 85

ECMO no
seizures

16 CP: 0% 16 95

SGS-II DQ

Khambekar et al. 2006 [142] ECMO
V V
VA

1 year 93 Not reported 93 105
100

Taylor et al. 2007 [143] ECMO 14 months–26
years

35 Normal: 69%
Mild disability: 17%
Moderate disability: 11%
Severe disability: 3%

Not reported

Notes:
Unless otherwise noted, all scores are mean values. CP, cerebral palsy; MDI, Mental Developmental Index; PDI, Psychomotor Developmental Index;
GCI, General Cognitive Index; BPD, bronchopulmonary dysplasia; RCA, right carotid artery; WIPPSI-R, Weschler Preschool and Primary Scale of Intelligence-Revised;
V V, venovenous; VA, venoarterial; SGS-II, Schedule for Growing Skills-II. “Suspect” neurologic outcome is defined as MDI or PDI 70–85.
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academic achievement, verbal memory, or attention/impulse
control. Major handicapping conditions were identified in
17%. The authors concluded that, although the IQ scores were
average and the incidence of major disability is similar to that
in other high-risk populations, there exists an increased rate of
behavioral problems and neuropsychological deficits which
place ECMO survivors at increased risk for school failure.

Kornhauser et al. examined the impact of bronchopul-
monary dysplasia (BPD) on the outcome of ECMO survivors
[139]. Complete follow-up data were available for 64 of 145
ECMO-treated patients; BPD was present in 17 (27%). The
diagnosis of respiratory distress syndrome was significantly
more common in the BPD group (53% vs. 13%). In addition,
the mean age of initiation of ECMO was later and the length of
ECMO treatment longer for the BPD group. Developmental
testing at ages 2 and 4 years revealed significantly lower scores
for the BPD group, and a significantly higher rate of disability
(72% vs. 38%).

A study by Desai et al. sought to determine if reconstruc-
tion of the RCCA following ECMO therapy resulted in
improved neurodevelopmental outcome [140]. Thirty-four
children who underwent RCCA construction were compared
to 35 children who had permanent ligation of the RCCA.
RCCA reconstruction was successful in 76% of cases, with
success defined as less than 50% stenosis. Both neuroimaging
abnormalities and CP were seen less frequently in the children
who received RCCA reconstruction. No differences in neurode-
velopmental scores performed at ages 30 months and 5–6 years
were noted. The authors suggest that RCCA reconstruction may
result in improved cerebral circulation, but the long-term risks
and benefits of this procedure remain undetermined.

Parish et al. expanded the short-term results published by
Campbell regarding the outcome of ECMO survivors with
seizures by following 32 children until the ages of 7–9 years
[141]. Although mean full-scale IQ scores using Stanford–
Binet testing were not significantly different between ECMO
survivors with and without neonatal seizures, 50% of the
children who had experienced seizures had IQ scores � 84.
CP was present in five of 16 infants (31%) with a history of
seizures, compared to none in the seizure-free group.

Khambekar et al. described the outcome of 93 ECMO
survivors in the era following the UK ECMO trial [142].
Infants underwent developmental assessment at 11–19 months
of age using the Schedule for Growing Skills-II. Eighty-two
infants (88%) were classified as normal, seven as “impair-
ment,” and four as “severe disability.” One of the infants with
severe disability had Trisomy 21. The developmental quotient
did not differ between VA and VV ECMO survivors.

Taylor et al. reported the outcome of 95 neonates treated
with ECMO [143]. Outcome was assessed through a standard-
ized telephone interview, and the distinction between “favor-
able” and “unfavorable” outcome was based on the ability
to function independently; infants with mild or moderate
disability were considered to have a “favorable” outcome.
Ninety-seven percent of survivors had a favorable outcome;
only one child (3%) was considered severely disabled.

However, the survival rate in this cohort was 37%, much
lower than in previously published reports. The authors
cited a high rate of elective discontinuation of therapy as
contributing to the higher than normal incidence of favorable
outcomes.

Outcome studies comparing conventional
medical therapy and ECMO
Several studies have directly compared the outcomes of CMT
and ECMO. The six studies are discussed below and summar-
ized in Table 37.4.

A comparison of the morbidity, mortality, and outcome of
survivors treated with conventional medical management and
ECMO between 1987 and 1989 was performed by Walsh-
Sukys et al. [144]. Survival in the conventionally treated group
was 69%, compared to a survival of 90% in the ECMO group.
Reasons for not initiating ECMO therapy in survivors of
the conventionally treated group included improvement with
additional treatment (89%) and suspected neurologic injury
(11%). CLD occurred in 35% of the conventionally treated
patients and in 16% of the ECMO-treated patients. No differ-
ences were seen in neurologic outcomes or cognitive testing
of survivors. Lower PDI scores were seen in the conventionally
treated children, but this was not statistically significant. The
authors concluded that infants treated with and without
ECMO have similar neurodevelopmental outcomes, but there
is a worse pulmonary outcome in conventionally treated
patients, despite the ECMO patients having higher AaDO2

values and being assessed to be more critically ill.
A small study by Gratny et al. compared the neurodevel-

opmental outcome and incidence of significant morbidity in
10 ECMO and 10 CMT survivors at 18 months of age [145].
No statistically significant differences in the incidence of intra-
cranial hemorrhage, motor impairment, SNHL, or develop-
mental delay were identified.

Robertson et al. examined the outcome of 38 ECMO-
treated and 26 CMT survivors [146]. The CMT group was
described as near-miss ECMO patients who had a lower sever-
ity of illness as measured by OI. The underlying diagnoses
were similar, except for a higher percentage with a diagnosis of
respiratory distress syndrome in the conventionally treated
group. The reported neurologic outcomes were not statistic-
ally different. The mean MDI and PDI scores were lower in the
ECMO-treated group, but the difference was not statistically
significant. Further analysis of the results suggested that an
underlying diagnosis of sepsis identified the infants most likely
to have lower Bayley scores. The distance transported and
socioeconomic status were not found to be good predictors
of neurodevelopmental outcome.

A large study by Vaucher et al. compared the outcome of
ECMO survivors to a group of ECMO-eligible infants who did
not receive ECMO due to improvement with conventional
medical management [147]. Children were seen between
12 and 30 months of age for neurologic and developmental
evaluation. The follow-up rate for the CMT group was lower
(39% vs. 69%). CP occurred in 6% of ECMO survivors versus

Section 4: Specific conditions associated with fetal and neonatal brain injury

432



22% of CMT survivors (p¼ 0.06). CLD was seen more fre-
quently in the CMT group, and it independently increased the
risk of neurodevelopmental delay after adjusting for other
perinatal and neonatal variables. Moderate to severe neuro-
imaging abnormalities also identified infants with abnormal
neurodevelopmental outcome. The authors found that the
assumption that ECMO-treated infants had higher rates of
disability was incorrect; in this study, ECMO survivors had
lower rates of major disability and higher Bayley scores.

Parish et al. examined the neurologic and neurodevelop-
mental outcomes of infants treated with VA ECMO, with and
without seizures, in comparison to a cohort of infants referred
for ECMO but treated with CMT [141]. Similar rates of CP,

language impairment, and performance on Stanford–Binet
were found in the CMT and ECMO survivors. ECMO-treated
infants who had the additional complication of seizures in
the neonatal period had a significantly higher rate of CP and
lower performance on developmental testing. The authors
concluded that seizures associated with neonatal ECMO were
a primary risk factor for later neurologic and neurodevelop-
mental sequelae.

The UK Collaborative Randomized Trial of ECMO
included neurodevelopmental assessments at ages 1, 4, and
7 years. There was a higher rate of death before age 1 in
the conventionally treated group (59%) compared to the
ECMO-treated group (32%) [148]. Survivors demonstrated

Table 37.4. Outcome following ECMO when compared to conventional medical therapy

Study Description Age n Neurologic outcome n Cognitive outcome

Bayley MDI Bayley PDI

Walsh-Sukys et al. 1994 [144] CMT 20 months 17 Normal: 88%
Abnormal: 12%

12 95 83

ECMO 38 Normal: 82%
Abnormal: 18%

32 96 98

Bayley MDI Bayley PDI

Gratny et al. 1992 [145] CMT 18 months 10 Normal: 90%
Abnormal: 10%

7 97 101

ECMO 10 Normal: 80%
Abnormal: 20%

10 104 94

Bayley MDI Bayley PDI

Robertson et al. 1995 [146] CMT 2 years 26 Disabled: 4%
CP: 4%

26 100.5 96.4

ECMO 38 Disabled: 16%
CP: 5%

38 91.8 87.2

Bayley MDI Bayley PDI

Vaucher et al. 1996 [147] CMT 12–30 months 20 Normal: 68%
Major disability: 25%

92 92

ECMO 95 Normal: 74%
Major disability: 11%

100 99

Stanford-Binet IQ

Parish et al. 2004 [141] CMT 4–6 years 12 CP: 0% 12 100

ECMO 39 CP: 5.1% 39 96

ECMOþ seizure 25 CP: 36% 25 83

Griffiths Mental Development
Scale

UK ECMO 1998 [148] CMT 1 year 37 Normal: 73% Overall � 85: 92%
Motor � 85: 92%

ECMO 62 Normal: 73% Overall � 85: 92%
Motor � 85: 84%

British Ability Scales II-GCAS

UK ECMO 2001 [149] CMT 4 years 35 Normal: 37% 92

ECMO 60 Normal: 50% 93

UK ECMO 2006 [150] CMT 7 years 34 Normal: 50% 96

ECMO 56 Normal: 55% 95

Notes:
Unless otherwise noted, all scores are mean values. CMT, conventional medical therapy; CP, cerebral palsy; MDI, Mental Developmental Index;
PDI, Psychomotor Developmental Index; GCI, General Cognitive Index; GCAS, General Conceptual Ability Score.
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similar rates of impairment or disability at the 1-year follow-up.
Children receiving anticonvulsant therapy, tube feeding, or
supplemental oxygen were included in the disabled group.
At the 4-year follow-up, there was a higher proportion of
survivors without disability in the ECMO-treated group
(50%) compared to the CMT group (37%) [149]. At the 7-year
follow-up, the rate of survival without disability was similar
(55% ECMO vs. 50% CMT) [150]. Cognitive functioning
using British Ability Scales-II General Conceptual Ability
Score was similar between the groups at age 4 and age 7.
The authors concluded that ECMO therapy improves survival
in neonates with severe respiratory failure without an increase
in disability up to 7 years of age, and that the underlying
disease process, rather than the treatment, is the major influ-
ence on neurodevelopmental outcome.

Comparing the outcome of ECMO patients
with CDH to other diagnoses
Infants with CDH treated with ECMO have significantly
lower survival rates than infants with other diagnoses (CDH
51% vs. MAS 94%) [91]. Several authors have sought to
compare the outcome of CDH infants with those of other
diagnoses. These studies are reviewed and the results pre-
sented in Table 37.5.

Van Meurs et al. found that the 18 CDH survivors had a
longer time on ECMO, time to extubation, and length of
hospitalization when compared to other ECMO survivors
[151]. In addition, a higher percentage were discharged
home on oxygen. In this study, the neurodevelopmental out-
come was not different from that in other ECMO-treated
survivors.

Stolar et al. reported on the neurocognitive outcome of
25 CDH infants who were treated with ECMO and compared
them to 26 ECMO-treated infants with other diagnoses [152].
The age at follow-up ranged from 2 months to 7 years. The
neurologic outcomes did not differ significantly, but the cog-
nitive outcome was noted to be poorer in the CDH children.
Male sex and limited maternal education were found to be
additional risk factors for poor outcome. In this CDH cohort,
none was discharged home on oxygen or had SNHL, but
gastroesophageal reflux (GER) and nutritional problems were
common.

A study by Bernbaum et al. also found a longer ECMO
duration and more complicated hospital course for CDH
infants when compared to infants with meconium aspiration
syndrome [153]. At hospital discharge, there was a higher rate
of CLD, GER, and hypotonia. At 1 year, 79% of CDH infants
remained hypotonic compared with 8% of the comparison

Table 37.5. Comparison of outcome following ECMO therapy for CDH versus for other diagnoses

Study Description Age n Neurologic outcome n Cognitive outcome

Bayley or Stanford-Binet

Van Meurs et al.
1993 [151]

CDH 1–4 years 18 Not reported 15 MDI and PDI > 90: 47%
MDI or PDI < 90: 40%
MDI and PDI < 90: 13%
MDI and PDI < 70: 0%

Other
diagnoses

1 year 42 MDI and PDI > 90: 59%
MDI or PDI < 90: 19%
MDI and PDI < 90: 12%
MDI and PDI < 70: 10%

Normal Suspect Abnormal Normal Suspect Abnormal

Stolar et al. 1995 [152] CDH 2 months – 25 56% 24% 20% 25 60% 16% 24%

Other
diagnoses

7 years 26 50% 35% 15% 26 88% 4% 8%

Bayley MDI Bayley PDI

Bernbaum et al.
1995 [153]

CDH 1 year 14 Hypotonia: 79% 14 87 75

MAS 12 Hypotonia: 8% 12 98 99

Jaillard et al. 2000 [154] CDH 2 years 11 CP: 18% Not reported

Other
diagnoses

25 CP: 12%
Developmental delay:
4%

Peabody test score

Nield et al. 2000 [155] CDH 3.5 years 17 Not different 17 96

MAS 67 67 89

Sepsis 29 29 93

Notes:
Unless otherwise noted, all scores are mean values. CDH, congenital diaphragmatic hernia; MDI, Mental Developmental Index; PDI, Psychomotor
Developmental Index; MAS, meconium aspiration syndrome; CP, cerebral palsy.
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group. On Bayley scales at 1 year, CDH infants had lower MDI
and significantly lower PDI.

Jaillard et al. compared the 2-year outcome for 23 infants
with CDH compared to 34 non-CDH infants who required
ECMO for severe respiratory failure [154]. Infants with CDH
had a higher incidence of death prior to 2 years (47% CDH vs.
17% non-CDH). Although a higher rate of CP in survivors was
seen in the CDH group (18%) compared to the non-CDH
group (12%), this was not statistically significant. The authors
concluded that ECMO therapy resulted in increased survival
and decreased morbidity in non-CDH infants compared to
those with CDH.

Nield et al. analyzed the neurodevelopmental outcome at
3.5 years of age for 130 ECMO survivors with six different
diagnoses [155]. No significant differences were found between
diagnostic groups in functional status or neurologic sequelae.
Length of hospitalization was the only variable to have an
influence on neurodevelopmental testing, functional status, and
major neurologic sequelae. The authors noted that the neuro-
developmental test results in the CDH population done between
1 and 2 years were more worrisome than later testing, pos-
sibly due to the early medical conditions associated with
this group.

Comorbidities associated with PPHN
Hearing loss
NICU graduates are known to be at increased risk for hear-
ing loss. Several studies have specifically addressed the hearing
outcome of PPHN survivors. Sell et al. were the first to note
an increase in the incidence of hearing abnormalities (20%)
in the PPHN population compared to other high-risk
infants without PPHN [103]. Naulty et al. found three of 11
infants with progressive SNHL [156]. A subsequent study by
Hendricks-Munoz and Walton reported a 52.5% incidence of
hearing impairment in a study of 40 infants treated for PPHN
[157]. In this study, a longer duration of hyperventilation and
ventilation were highly associated with hearing loss. Leavitt
et al. corroborated the high incidence of SNHL (25%) in
PPHN survivors treated with hyperventilation [158]. Cheung
et al. reported that 62% of their CDH population had SNHL
on long-term follow-up, with similar rates between the
ECMO-treated group (65%) and the conventionally treated
group (59%) [159]. An unexpected finding in this study was
that survivors with SNHL had a higher cumulative exposure
to pancuronium bromide. The cohort published by Marron
et al., which used conservative ventilatory management,
resulted in no SNHL [29]. The authors speculated that hyper-
ventilation or alkalosis might be the causative factor for the
high incidence of SNHL in other studies of PPHN survivors.
Animal studies have shown that one of the highest areas of
blood flow is the auditory nucleus [160]; decreased cerebral
blood flow with hyperventilation may cause injury to this area.
Alkalosis could also potentially induce hearing abnormalities
by affecting the sodium–potassium pump in the cochlea or the
chemical composition of the endolymph [161].

Because a high rate of SNHL was noted in the survivors
of PPHN treated with CMT, several outcome studies for the
iNO trials have reported audiologic outcomes. Using interview
techniques, Ellington et al. found an overall incidence of
hearing loss or speech difficulties of 18.3%, with no difference
between iNO and control groups [106]. The CINRGI trial
reported an overall rate of hearing loss of 2% at 1 year of
age, though the methods of interview technique and relatively
early follow-up may have resulted in under-reporting [108].
Formal audiologic testing was performed at 1 year in the
I-NO/PPHN Study and found 19% of infants with hearing
loss, with no differences between treatment and control
groups [107]. The NINOS trial followed infants to 18–24
months and reported an overall incidence of abnormal hear-
ing of 30%, with rates up to 59% in the subgroup of infants
with CDH [162]. Only 8.9% of infants required the use of
hearing aids. Robertson et al. reported on the Canadian cohort
enrolled in the NINOS trial and performed audiologic testing at
4 years of age [163]. Forty-three of the 81 infants tested (53%)
demonstrated hearing loss, despite only three infants failing
the audiologic screen prior to discharge from the NICU.
The authors examined the age of onset of hearing loss and
found that 13 (30%) infants were diagnosed with hearing loss
after age 2. A subsequent retrospective analysis of this cohort
was performed to further elucidate clinical factors that may
contribute to hearing loss, including neuromuscular blockers
and ototoxic medications [164]. Multivariate analysis revealed
that prolonged use of loop diuretics (> 14 days) and neuro-
muscular blockers were significantly associated with the devel-
opment of hearing loss. The authors speculated that inhibition
of the protective acoustic stapedius reflex through prolonged
neuromuscular blockade in the setting of a noisy NICU envir-
onment could explain this correlation. None of the 15 infants
reported by Ichiba et al. using iNO and gentle ventilation had
hearing loss when evaluated at 18 months [109]. The overall
incidence of hearing loss in the Early iNO trial was 24%, with
no difference between treatment groups [110].

Bilateral SNHL has been reported in 3–21% (average 7.5%)
of infants treated with neonatal ECMO [134,135,138,165].
Robertson et al. reported on the audiologic status of infants
with CDH treated with ECMO and medical therapy [166].
A similar but very high rate of SNHL was detected in both
groups (60% ECMO vs. 59% CMT). All infants diagnosed with
SNHL who had been tested in the neonatal period passed
initial audiologic screening tests. Fligor et al. reported on
111 survivors of ECMO who underwent audiologic testing at
follow-up evaluation [167]. Twenty-six percent of children
tested had SNHL, with the median age of onset at 19 months
(range 4 months to 8 years). In this study, factors significantly
associated with the development of SNHL included a primary
diagnosis of CDH, length of ECMO therapy, and the number
of days children received aminoglycoside antibiotics.

These studies highlight the increased risk of hearing loss
in infants with PPHN, regardless of therapy utilized. An
important aspect of the hearing loss seen in PPHN survivors
is the delayed onset and progressive nature of the problem,
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making diagnosis problematic. Hearing loss in PPHN sur-
vivors often occurs in children who had normal hearing docu-
mented in the newborn period [168,169]. Although the most
recent position statement from the Joint Committee on Infant
Hearing does not recognize PPHN as a specific risk indicator
for delayed SNHL, all infants who received assisted ventilation
or ECMO therapy are recommended to undergo early and
more frequent audiologic testing, because of the risk of
delayed-onset hearing loss [170].

Respiratory morbidities
Survivors of PPHN are at increased risk of long-term respira-
tory difficulties including CLD, asthma, and susceptibility to
respiratory tract infections. Sell et al. cited a 30% rate of CLD
in PPHN survivors treated with a hyperventilation strategy
[103]. Bernbaum et al. also utilized hyperventilation, and
reported 18% of survivors had wheezing and required daily
bronchodilators [100]. In contrast, the gentle ventilation tech-
niques employed by Marron et al. resulted in a CLD rate of 7%
[29]. Ichiba et al. also used a gentle ventilation strategy in their
iNO cohort; five infants (33%) had reactive airways disease
at the 18-month follow-up, and two continued to report
wheezing at the 3-year follow-up [109]. The authors noted
that the risk of wheezing was correlated with the duration of
mechanical ventilation.

A protective effect of ECMO treatment compared to CMT
on respiratory outcomes could be hypothesized, owing to the
nature of cardiopulmonary bypass permitting a period of lung
rest during an acute respiratory insult. Walsh-Sukys et al.
reported a CLD incidence of 35% in infants treated with
CMT, compared to 16% in infants treated with ECMO [144].
Vaucher et al. reported an overall incidence of CLD of 15%
in their cohort; ECMO-treated infants were less likely to have
CLD than infants treated with CMT (12% ECMO vs. 25%
CMT) [147]. The UK ECMO Collaborative Trial followed
the respiratory outcomes of its survivors. At the 4-year
follow-up, 77% of CMT infants were noted to wheeze, com-
pared to 42% of infants treated with ECMO [149]. Wheezing
improved at the 7-year follow-up but continued to be more
prevalent in the CMT group (32% CMT vs. 11% ECMO) [150].

Majaesic et al. examined the 8-year respiratory outcome
of 54 survivors of neonatal respiratory failure of various
etiologies, including MAS, sepsis, CDH, RDS, and other diag-
noses [171]. Fifty-seven percent of this cohort had required
ECMO therapy. Using spirometry measurements, the authors
found that ECMO-treated infants had significantly worse
pulmonary outcomes than non-ECMO infants, but there
was no difference in the requirement for supplemental
oxygen.

Rehospitalization is common in survivors of PPHN. In a
study of PPHN survivors treated with CMT, Bernbaum et al.
reported that 36% of their cohort had required rehospitaliza-
tion for pulmonary illness [100]. Ellington et al. reported an
overall rehospitalization rate of 27% for the infants enrolled
in their RCT of iNO [106]. Twenty-two percent of infants in
the I-NO/PPHN study required rehospitalization; of these,

67% were hospitalized for respiratory indications [107]. In
the NINOS and Early iNO trials, 36% of infants required
rehospitalization [110,162].

Infants with CDH are at particular risk for respiratory
difficulties outside the newborn period. In reports of infants
with CDH who required ECMO therapy, D’Agostino et al.
found that 54% of survivors had CLD at 1-year follow-up
[172], and Jaillard et al. reported a CLD rate of 22% in their
CDH subgroup [154]. Bernbaum et al. reported a higher
percentage of CDH infants had CLD compared to infants
treated with ECMO for other reasons (50% vs. 17%) [153].
In a small series, Kamata et al. reported recurrent pneumonia
as the most prevalent morbidity among CDH survivors [173].
Because infants with CDH are at increased risk for bronchiol-
itis, prophylaxis against respiratory syncytial virus may be
warranted [174].

Growth and nutritional difficulties
Growth and feeding difficulties are commonly reported in
follow-up studies of survivors of PPHN, and outcomes are
often linked to the degree of residual pulmonary disease. In
the cohort reported by Walsh-Sukys et al., 36% of the PPHN
survivors treated with CMT had weight percentiles less than
2 SD below the mean at the 8-month follow-up, compared to
17% of infants treated with ECMO [144]. By the 20-month
follow-up, however, the majority of the CMT group had
demonstrated catch-up growth (only 6% less than 5th percent-
ile), whereas the ECMO-treated group had failed to demon-
strate the same degree of growth (16% less than 5th
percentile). Vaucher et al. noted similar growth rates between
ECMO- and CMT-treated infants, but infants with CLD had
consistently lower weight percentiles through 18 months
[147]. Survivors of PPHN may also require gavage feeding to
maintain adequate nutrition. At the 18- to 24-month follow-up
of infants enrolled in the NINOS trial, 8.7% continued to
require gavage feedings [162], and 6% of the infants in
the Early iNO trial required gavage feedings at the 2-year
follow-up [110].

Infants with CDH are at particular risk for growth failure,
and GER is a major comorbidity of CDH. The precise correl-
ation between GER and CDH is unproven, though speculation
exists that anatomical derangements caused by CDH during
fetal life predispose these infants to GER [175]. Van Meurs
et al. noted an extremely high rate of GER and failure to thrive
(FTT) in CDH infants treated with ECMO. At both 1 and
2 years, 50% were less than the 5th percentile weight-to-length
ratio. Eighty-nine percent had clinical evidence of GER, and
44% were discharged home on nasogastric feedings. The
authors suggested that more aggressive nutritional interven-
tion was needed for CDH survivors [151]. D’Agostino et al.
reported that 81% of CDH survivors had symptoms of GER
following repair, and 50% remained symptomatic at 1 year of
age [172]. All 11 infants with CDH reported by Jaillard et al.
demonstrated GER, compared to none of the 25 infants
treated with ECMO for other diagnoses; 90% of the CDH
infants demonstrated growth retardation at the 2-year
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follow-up [154]. Muratore et al. reported that 56% of CDH
survivors were below the 25th percentile for weight at 1 year of
age, and 24% demonstrated severe oral aversion [176]. Infants
treated with ECMO or those requiring oxygen at discharge were
more likely to demonstrate growth difficulties. Furthermore,
CDH requiring a patch repair was highly associated with a
diagnosis of FTT, the need for a gastrostomy tube (GT), and
the need for a Nissen fundoplication. Cortes et al. reported
growth failure rates (weight < 2 SD below mean) in CDH
survivors of 69% and 29% at the 1- and 2-year follow-up,
respectively [177]. Chiu et al. examined the impact of ventila-
tion technique in 143 CDH survivors [178]. Although gentle
ventilation resulted in improved survival (51% CMT vs. 80%
gentle ventilation), infants treated with gentle ventilation were
more likely to require GT placement at the 3-year follow-up.

Conclusions
In the era prior to the use of ECMO, HFV, and iNO, the
mortality rate for infants with PPHN was as high as 50%, but
it is currently less than 20% [55,56,179]. A wide variety of pre-
existing perinatal conditions, such as low Apgar scores or fetal
distress, place these infants at increased risk for abnormal
neurodevelopmental outcomes. Furthermore, treatment of
PPHN may include use of aggressive therapies that also have
the potential to affect outcome adversely, either directly or
because of iatrogenic complications. Because PPHN occurs in
as many as 1/1000 live births, infants with this condition
have the potential to contribute substantially to the prevalence
of neurodevelopmental disorders. Recent improvements in
treatment have resulted in significant reduction in mortality
rates, but there is concern that this may have been achieved

at the expense of increasing the number of survivors with
neurodevelopmental impairment.

Analysis of the outcome studies performed in PPHN sur-
vivors treated with CMT, iNO, and ECMO yield grossly
equivalent morbidities and outcomes. These findings suggest
that the neurodevelopmental outcome is more closely related
to the severity of the underlying illness than to the therapeutic
intervention utilized. Overall, the majority of PPHN survivors
have good outcomes, but approximately one-third of survivors
have some neurodevelopmental impairment. Significant
comorbidities which place survivors at higher risk for devel-
opmental delay include CLD, hearing loss, or a primary diag-
nosis of CDH.

Limitations imposed by some follow-up studies are the
types of neurodevelopmental examinations performed, small
sample sizes, the absence of an appropriate control popula-
tion, and the length of follow-up. The most frequently per-
formed neurodevelopmental assessment was the Bayley Scales
of Infant Development, which is known not to be predictive of
long-term outcome [180]. In addition, many studies have been
small, with no control populations, and limited conclusions
can be drawn from these cohorts. Some of the more recent
randomized controlled studies have had large sample sizes
with appropriate control groups and have significantly
improved our information. The continuation of these out-
come studies into school age is critical, yet few of the outcome
studies have included the school-age child. Infants with PPHN
due to CDH represent a population at particular risk for
adverse outcomes. Further research is needed to understand
the full impact of the varying therapies for PPHN so that
developmental and educational services can be developed to
serve the needs of PPHN survivors.

References
1. Levin DL, Heymann MA, Kitterman JA,

et al. Persistent pulmonary hypertension
of the newborn infant. J Pediatr
1976; 89: 626–30.

2. Drummond WH, Peckham GJ, Fox WW.
The clinical profile of the newborn with
persistent pulmonary hypertension:
observations in 19 affected neonates. Clin
Pediatr 1977; 16: 335–41.

3. Benitz WE, Stevenson DK. Refractory
neonatal hypoxemia: diagnostic
evaluation and pharmacologic
management. Resuscitation 1988;
16: 49–64.

4. Gersony W. Neonatal pulmonary
hypertension: pathophysiology,
classification, and etiology. Clin Perinatol
1984; 11: 517–24.

5. Long WA. Structural cardiovascular
abnormalities presenting as
persistent pulmonary hypertension of the
newborn. Clin Perinatol 1984; 11: 601–26.

6. Geggel R, Reid L. The structural basis of
PPHN. Clin Perinatol 1981; 11: 525–49.

7. Peckham GJ, Fox WW. Physiologic
factors affecting pulmonary artery
pressure in infants with persistent
pulmonary hypertension. J Pediatr
1978; 93: 1005–10.

8. Morin FC, Stenmark KR. Persistent
pulmonary hypertension of the
newborn. Am J Respir Crit Care
Med 1995; 151: 2010–32.

9. Murphy JD, Rabinovitch M, Goldstein
JD, et al. The structural basis of
persistent pulmonary hypertension
of the newborn infant. J Pediatr
1981; 98: 962–67.

10. Kinsella JP, Abman SH. Recent
developments in the pathophysiology
and treatment of persistent pulmonary
hypertension of the newborn. J Pediatr
1995; 126: 853–64.

11. Fox WW, Duara S. Persistent
pulmonary hypertension in the neonate:

diagnosis and management. J Pediatr
1983; 103: 505–14.

12. Gersony WM, Morishima HO, Daniel
SS, et al. The hemodynamic effects of
intrauterine hypoxia: an experimental
model in newborn lambs. J Pediatr
1976; 89: 631–5.

13. Drummond WH, Bissonnette JM.
Persistent pulmonary hypertension in
the neonate: development of an animal
model. Am J Obstet Gynecol
1978; 131: 761–3.

14. Soifer SJ, Kaslow D, Roman C, et al.
Umbilical cord compression produces
pulmonary hypertension in newborn
lambs: a model to study the
pathophysiology of persistent
pulmonary hypertension in the
newborn. J Dev Physiol 1987; 9: 239–52.

15. Morin FC. Ligating the ductus arteriosus
before birth causes persistent pulmonary
hypertension in the newborn lamb.
Pediatr Res 1989; 25: 245–50.

Chapter 37: Persistent pulmonary hypertension of the newborn

437



16. Wild LM, Nickerson PA, Morin FC.
Ligating the ductus arteriosus before
birth remodels the pulmonary
vasculature of the lamb. Pediatr Res
1989; 25: 245–50.

17. Morin FC, Egan EA. The effect of
closing the ductus arteriosus on the
pulmonary circulation of the fetal sheep.
J Dev Physiol 1989; 11: 283–7.

18. Abman SH, Shanley PF, Accurso FJ.
Failure of postnatal adaptation of the
pulmonary circulation after chronic
intrauterine pulmonary hypertension
in fetal lambs. J Clin Invest 1989;
83: 1849–58.

19. Walsh-Sukys MC, Cornell DJ, Houston
LN, et al. Treatment of persistent
pulmonary hypertension of the newborn
without hyperventilation: an assessment
of diffusion of innovation. Pediatrics
1994; 94: 303–6.

20. Walsh-Sukys MC. Persistent pulmonary
hypertension of the newborn: the
black box revisited. Clin Perinatol
1993; 20: 127–43.

21. Roberts JD, Shaul PW. Advances in
the treatment of persistent pulmonary
hypertension of the newborn. Pediatr
Clin North Am 1993; 40: 983–1004.

22. Walsh-Sukys MC, Tyson JE, Wright LL,
et al. Persistent pulmonary hypertension
of the newborn in the era before nitric
oxide: practice variation and outcomes.
Pediatrics 2000; 105: 14–20.

23. Cohen RS, Stevenson DK, Malachowski
N, et al. Late morbidity among survivors
of respiratory failure treated with
tolazoline. J Pediatr 1980; 97: 644–7.

24. Fineman JR, Wong J, Soifer SJ.
Hyperoxia and alkalosis produce
pulmonary vasodilation independent
of endothelium-derived nitric oxide
in newborn lambs. Pediatr Res 1993;
33: 341–6.

25. Lou HC, Skov H and Pedersen H. Low
cerebral blood flow: a risk factor in the
neonate. J Pediatr 1979; 95: 606–9.

26. Kusuda S, Shishida N, Miyagi N,
et al. Cerebral blood flow during
treatment for pulmonary hypertension.
Arch Dis Child Fetal Neonatal Ed
1999; 80: F30–3.

27. Wung JT, James LS, Kilchevsky E,
et al. Management of infants with severe
respiratory failure and persistence
of the fetal circulation, without
hyperventilation. Pediatrics 1985;
76: 488–94.

28. Dworetz AR, Moya FR, Sabo B, et al.
Survival of infants with persistent

pulmonary hypertension without
extracorporeal membrane oxygenation.
Pediatrics 1989; 84: 1–6.

29. Marron MJ, Crisafi MA, Driscoll JM,
et al. Hearing and neurodevelopmental
outcome in survivors of persistent
pulmonary hypertension of the
newborn. Pediatrics 1992; 90: 392–6.

30. Ng GY, Derry C, Marston L, et al.
Reduction in ventilator-induced lung
injury improves outcome in congenital
diaphragmatic hernia? Pediatr Surg Int
2008; 24: 145–50.

31. Migliazza L, Bellan C, Alberti D, et al.
Retrospective study of 111 cases of
congenital diaphragmatic hernia treated
with early high-frequency oscillatory
ventilation and presurgical stabilization.
J Pediatr Surg 2007; 42: 1526–32.

32. Greenough A. High frequency
oscillation and liquid ventilation.
Paediatr Respir Rev 2006; 7: S186–88.

33. Wolfson MR, Shaffer TH. Pulmonary
applications of perfluorochemical
liquids: ventilation and beyond. Paediatr
Respir Rev 2005; 6: 117–27.

34. Hirschl RB. Current experience with
liquid ventilation. Paediatr Respir Rev
2004; 5: S339–45.

35. Martin LD. New approaches to
ventilation in infants and children.
Curr Opin Pediatr 1995; 7: 250–61.

36. Ring JC, Stidham GL. Novel therapies
for acute respiratory failure. Pediatr Clin
North Am 1994; 41: 1325–63.

37. Clark RH. High-frequency ventilation.
J Pediatr 1994; 124: 661–70.

38. Frantz ID. High-frequency ventilation.
Crit Care Med 1993; 21: S370.

39. deLemos R, Yoder B, McCurnin D, et al.
The use of high-frequency oscillatory
ventilation (HFOV) and extracorporeal
membrane oxygenation (ECMO) in the
management of the term/near term
infant with respiratory failure. Early
Hum Dev 1992; 29: 299–303.

40. Ito Y, Kawano T, Miyasaka K, et al.
Alternative treatment may lower the
need for use of extracorporeal
membrane oxygenation. Acta Paediatr
Jpn 1994; 36: 673–7.

41. Varnholt V, Lasch P, Suske G, et al.High
frequency oscillatory ventilation and
extracorporeal membrane oxygenation
in severe persistent pulmonary
hypertension of the newborn. Eur
J Pediatr 1992; 151: 769–74.

42. Waffarn F, Turbo R, Yang L, et al.
Treatment of PPHN: a randomized trial

comparing intermittent mandatory
ventilation and HFOV for delivering
NO. Pediatr Res 1995; 37: 243A.

43. Lampland AL, Mammel MC. The role of
high-frequency ventilation in neonates:
evidence-based recommendations. Clin
Perinatol 2007; 34: 129–44, viii.

44. Lotze A, Stroud CY, Soldin SJ. Serial
lecithin/sphingomyelin ratios and
surfactant/albumin ratios in tracheal
aspirates from term infants with
respiratory failure receiving
extracorporeal membrane oxygenation.
Clin Chem 1995; 41: 1182–8.

45. Lotze A, Knight GR, Anderson KD, et al.
Surfactant (beractant) therapy for
infants with congenital diaphragmatic
hernia on ECMO: evidence of persistent
surfactant deficiency. J Pediatr Surg
1994; 29: 407–12.

46. Karamanoukian HL, Glick PL, Wilcox
DT, et al. Pathophysiology of congenital
diaphragmatic hernia. VIII: Inhaled
nitric oxide requires exogenous
surfactant therapy in the lamb model
of congenital diaphragmatic hernia.
J Pediatr Surg 1995; 30: 1–4.

47. Lotze A, Knight GR, Martin GR, et al.
Improved pulmonary outcome after
exogenous surfactant therapy for
respiratory failure in term infants
requiring extracorporeal membrane
oxygenation. J Pediatr 1993; 122: 261–8.

48. Lotze A, Mitchell BR, Bulas DI, et al.
Multicenter study of surfactant
(beractant) use in the treatment of term
infants with severe respiratory failure.
Survanta in Term Infants Study Group.
J Pediatr 1998; 132: 40–7.

49. El Shahed AI, Dargaville P, Ohlsson A,
et al. Surfactant for meconium
aspiration syndrome in full term/near
term infants. Cochrane Database Syst
Rev 2007; (3): CD002054.

50. Johns RA. EDRF/nitric oxide: the
endogenous nitrovasodilator and a
new cellular messenger. Anesthesiology
1991; 75: 927–31.

51. Fratacci MD, Frostell CG, Chen TY,
et al. Inhaled nitric oxide: a selective
pulmonary vasodilator of heparin-
protamine vasoconstriction in sheep.
Anesthesiology 1991; 75: 990–9.

52. Pepke-Zaba J, Higenbottam T, Dinh-
Xuan A, et al. Inhaled nitric oxide
as a cause of selective pulmonary
vasodilatation in pulmonary
hypertension. Lancet 1991; 338: 1173–4.

53. Kinsella JP, Abman SH. Efficacy of
inhalational nitric oxide therapy in the

Section 4: Specific conditions associated with fetal and neonatal brain injury

438



clinical management of persistent
pulmonary hypertension of the
newborn. Chest 1994; 105: 92S–94S.

54. Finer NN, Etches PC, Kamstra B, et al.
Inhaled nitric oxide in infants referred
for extracorporeal membrane
oxygenation: dose response. J Pediatr
1994; 124: 302–8.

55. The Neonatal Inhaled Nitric Oxide
Study Group (NINOS). Inhaled nitric
oxide in term and nearly full-term
infants with hypoxic respiratory failure.
N Engl J Med 1997; 336: 597–604.

56. Clark RH, Kueser TJ, Walker MW, et al.
Low-dose nitric oxide therapy for
persistent pulmonary hypertension of
the newborn. Clinical Inhaled Nitric
Oxide Research Group. N Engl J Med
2000; 342: 469–74.

57. Finer NN, Barrington KJ. Nitric oxide
for respiratory failure in infants born at
or near term. Cochrane Database Syst
Rev 2006; (4): CD000399.

58. Barrington KJ, Finer NN. Inhaled nitric
oxide for respiratory failure in preterm
infants. Cochrane Database Syst Rev
2007; (3): CD000509.

59. Högman M, Frostell C, Arnberg H, et al.
Bleeding time prolongation and NO
inhalation. Lancet 1993; 341: 1664–5.

60. Samama CM, Diaby M, Fellahi JL,
et al. Inhibition of platelet aggregation
by inhaled nitric oxide in patients
with acute respiratory distress
syndrome. Anesthesiology 1995;
83: 56–65.

61. The Neonatal Inhaled Nitric Oxide
Study Group (NINOS). Inhaled nitric
oxide in term and near-term infants:
neurodevelopmental follow-up of the
neonatal inhaled nitric oxide study
group (NINOS). J Pediatr
2000; 136: 611–17.

62. Thébaud B, Saizou C, Farnoux C,
et al. Dipyridamole, a cGMP
phosphodiesterase inhibitor, transiently
improves the response to inhaled nitric
oxide in two newborns with congenital
diaphragmatic hernia. Intensive Care
Med 1999; 25: 300–3.

63. Dukarm RC, Russell JA, Morin FC, et al.
The cGMP-specific phosphodiesterase
inhibitor E4021 dilates the pulmonary
circulation. Am J Respir Crit Care Med
1999; 160: 858–65.

64. Nagamine J, Hill LL, Pearl RG.
Combined therapy with zaprinast and
inhaled nitric oxide abolishes hypoxic
pulmonary hypertension. Crit Care Med
2000; 28: 2420–4.

65. Steinhorn RH, Gordon JB, Todd ML.
Site-specific effect of guanosine
3',5-cyclic monophosphate
phosphodiesterase inhibition in
isolated lamb lungs. Crit Care Med
2000; 28: 490–5.

66. Ryhammer PK, Shekerdemian LS, Penny
DJ, et al. Effect of intravenous sildenafil
on pulmonary hemodynamics and gas
exchange in the presence and absence of
acute lung injury in piglets. Pediatr Res
2006; 59: 762–6.

67. Binns-Lovemann KM, Kaplowitz MR,
Fike CD. Sildenafil and an early stage of
chronic hypoxia-induced pulmonary
hypertension in newborn piglets. Pediatr
Pulmonol 2005; 40: 72–80.

68. Shah PS, Ohlsson A. Sildenafil for
pulmonary hypertension in neonates.
Cochrane Database Syst Rev 2007;
(3): CD005494.

69. Baquero H, Soliz A, Neira F, et al. Oral
sildenafil in infants with persistent
pulmonary hypertension of the
newborn: a pilot randomized blinded
study. Pediatrics 2006; 117: 1077–83.

70. Herrea J, Castillo R, Conch E,
et al. Oral sildenafil treatment as
an alternative to inhaled NO
therapy for persistent pulmonary
hypertension of the newborn. E-PAS
2006; 59: 3724.3.

71. Stocker C, Penny DJ, Brizard CP, et al.
Intravenous sildenafil and inhaled nitric
oxide: a randomised trial in infants after
cardiac surgery. Intensive Care Med
2003; 29: 1996–2003.

72. Namachivayam P, Theilen U, Butt WW,
et al. Sildenafil prevents rebound
pulmonary hypertension after
withdrawal of nitric oxide in children.
Am J Respir Crit Care Med
2006; 174: 1042–7.

73. Noori S, Friedlich P, Wong P, et al.
Cardiovascular effects of sildenafil in
neonates and infants with congenital
diaphragmatic hernia and pulmonary
hypertension. Neonatology
2007; 91: 92–100.

74. Keller RL, Moore P, Teitel D, et al.
Abnormal vascular tone in infants and
children with lung hypoplasia: findings
from cardiac catheterization and the
response to chronic therapy. Pediatr Crit
Care Med 2006; 7: 589–94.

75. McNamara PJ, Laique F, Muang-In S,
et al.Milrinone improves oxygenation in
neonates with severe persistent
pulmonary hypertension of the
newborn. J Crit Care 2006; 21: 217–22.

76. Bassler D, Choong K, McNamara P,
et al. Neonatal persistent pulmonary
hypertension treated with milrinone:
four case reports. Biol Neonate
2006; 89: 1–5.

77. Ho JJ, Rasa G. Magnesium sulfate for
persistent pulmonary hypertension of
the newborn. Cochrane Database Syst
Rev 2007; (3): CD005588.

78. Raimondi F, Migliaro F, Capasso L,
et al. Intravenous magnesium sulphate
vs. inhaled nitric oxide for moderate,
persistent pulmonary hypertension
of the newborn: a multicentre,
retrospective study. J Trop Pediatr
2008; 54: 196–9.

79. Curtis J, O'Neill JT, Pettett G.
Endotracheal administration of
tolazoline in hypoxia-induced
pulmonary hypertension. Pediatrics
1993; 92: 403–8.

80. Welch JC, Bridson JM, Gibbs JL.
Endotracheal tolazoline for severe
persistent pulmonary hypertension
of the newborn. Br Heart J 1995;
73: 99–100.

81. Parida SK, Baker S, Kuhn R, et al.
Endotracheal tolazoline administration
in neonates with persistent pulmonary
hypertension. J Perinatol 1997; 17: 461–4.

82. Palhares DB, Figueiredo CS, Moura AJ.
Endotracheal inhalatory sodium
nitroprusside in severely hypoxic
newborns. J Perinat Med
1998; 26: 219–24.

83. Crowley MR. Oxygen-induced
pulmonary vasodilation is mediated by
adenosine triphosphate in newborn
lambs. J Cardiovasc Pharmacol
1997; 30: 102–9.

84. Patole S, Lee J, Buettner P, et al.
Improved oxygenation following
adenosine infusion in persistent
pulmonary hypertension of the
newborn. Biol Neonate 1998; 74: 345–50.

85. Aranda M, Bradford KK, Pearl RG.
Combined therapy with inhaled nitric
oxide and intravenous vasodilators
during acute and chronic experimental
pulmonary hypertension. Anesth Analg
1999; 89: 152–8.

86. Gessler T, Seeger W, Schmehl T.
Inhaled prostanoids in the therapy of
pulmonary hypertension. J Aerosol Med
2008; 21: 1–12.

87. Kelly LK, Porta NF, Goodman DM, et al.
Inhaled prostacyclin for term infants
with persistent pulmonary hypertension
refractory to inhaled nitric oxide.
J Pediatr 2002; 141: 830–2.

Chapter 37: Persistent pulmonary hypertension of the newborn

439



88. Lakshminrusimha S, Russell JA,
Wedgwood S, et al. Superoxide
dismutase improves oxygenation
and reduces oxidation in neonatal
pulmonary hypertension. Am J Respir
Crit Care Med 2006; 174: 1370–7.

89. Davis JM, Rosenfeld WN, Richter SE,
et al. Safety and pharmacokinetics
of multiple doses of recombinant
human CuZn superoxide dismutase
administered intratracheally to
premature neonates with respiratory
distress syndrome. Pediatrics
1997; 100: 24–30.

90. Davis JM, Richter SE, Biswas S, et al.
Long-term follow-up of premature
infants treated with prophylactic,
intratracheal recombinant human CuZn
superoxide dismutase. J Perinatol
2000; 20: 213–16.

91. Extracorporeal Life Support
Organization (ELSO). Neonatal ECMO
Registry. Ann Arbor, MI: ELSO, 2008.

92. Radack DM, Baumgart S, Gross GW.
Subependymal (grade 1) intracranial
hemorrhage in neonates on
extracorporeal membrane oxygenation:
frequency and patterns. Clin Pediatr
1994; 33: 583–7.

93. Upp JR, Bush PE, Zwischenberger JB.
Complications of neonatal extracorporeal
membrane oxygenation. Perfusion 1994;
9: 241–56.

94. Wilson JM, Bower LK, Fackler JC, et al.
Aminocaproic acid decreases the
incidence of intracranial hemorrhage
and other hemorrhagic complications of
ECMO. J Pediatr Surg 1993; 28: 536–41.

95. O'Connor TA, Haney BM, Grist GE,
et al. Decreased incidence of intracranial
hemorrhage using cephalic jugular
venous drainage during neonatal
extracorporeal membrane oxygenation.
J Pediatr Surg 1993; 28: 1332–5.

96. Bifano EM, Pfannenstiel A. Duration of
hyperventilation and outcome in infants
with persistent pulmonary hypertension.
Pediatrics 1988; 81: 657–61.

97. Landry SH, Chapieski L, Fletcher JM,
et al. Three year outcomes for low
birthweight infants: differential effects of
early medical complications. J Pediatr
Psychol 1988; 13: 317–27.

98. Gleason CA, Short BL, Jones MD.
Cerebral blood flow and metabolism
during and after prolonged hypocapnia
in newborn lambs. J Pediatr
1989; 115: 309–14.

99. Brett C, Dekle M, Leonard CH, et al.
Developmental follow-up of

hyperventilated neonates: preliminary
observations. Pediatrics 1981; 68: 588–91.

100. Bernbaum JC, Russell P, Sheridan PH,
et al. Long-term follow-up of
newborns with persistent pulmonary
hypertension. Crit Care Med 1984;
12: 579–83.

101. Ballard RA, Leonard CH.
Developmental follow-up of
infants with persistent pulmonary
hypertension of the newborn. Clin
Perinatol 1984; 11: 737–44.

102. Ferrara B, Johnson D, Chang PN, et al.
Efficacy and neurologic outcome of
profound hypocapneic alkalosis for the
treatment of persistent pulmonary
hypertension in infancy. J Pediatr
1984; 105: 457–61.

103. Sell EJ, Gaines JA, Gluckman C,
et al. Persistent fetal circulation:
neurodevelopmental outcome.
Am J Dis Child 1985; 139: 25–8.

104. Hageman JR, Dusik J, Keuler H, et al.
Outcome of persistent pulmonary
hypertension in relation to severity
of presentation. Am J Dis Child 1988;
142: 293–6.

105. Rosenberg AA, Hennaugh JM,
Moreland SG, et al. Longitudinal
follow-up of a cohort of newborn
infants treated with inhaled nitric oxide
for persistent pulmonary hypertension.
J Pediatr 1997; 131: 70–5.

106. Ellington MJ, O'Reilly D, Allred E,
et al. Child health status,
neurodevelopmental outcome, and
parental satisfaction in a randomized,
controlled trial of nitric oxide for
persistent pulmonary hypertension
of the newborn. Pediatrics 2001;
107: 1351–6.

107. Lipkin PH, Davidson D, Spivak L, et al.
Neurodevelopmental and medical
outcomes of persistent pulmonary
hypertension in term newborns treated
with nitric oxide. J Pediatr 2002;
140: 306–10.

108. Clark RH, Huckaby JL, Kueser TJ, et al.
Low-dose inhaled nitric-oxide therapy
for persistent pulmonary hypertension:
1-year follow-up. J Perinatol
2003; 23: 300–3.

109. Ichiba H, Matsunami S, Itoh F, et al.
Three-year follow up of term and near-
term infants treated with inhaled nitric
oxide. Pediatr Int 2003; 45: 290–3.

110. Konduri GG, Vohr B, Robertson C,
et al. Early inhaled nitric oxide therapy
for term and near-term newborn
infants with hypoxic respiratory failure:

neurodevelopmental follow-up.
J Pediatr 2007; 150: 235–40.

111. Hintz SR, Suttner DM, Sheehan AM,
et al. Decreased use of neonatal
extracorporeal membrane oxygenation
(ECMO): how new treatment
modalities have affected ECMO
utilization. Pediatrics 2000; 106:
1339–43.

112. Taylor GA, Glass P, Fitz CR, et al.
Neurologic status in infants treated
with extracorporeal membrane
oxygenation: correlation of imaging
findings with developmental outcome.
Radiology 1987; 165: 679–82.

113. Taylor GA, Fitz CR, Glass P, et al. CT
of cerebrovascular injury after neonatal
extracorporeal membrane oxygenation:
implications for neurodevelopmental
outcome. AJR Am J Roentgenol 1989;
153: 121–6.

114. Taylor GA, Short BL, Fitz CR. Imaging
of cerebrovascular injury in infants
treated with extracorporeal membrane
oxygenation. J Pediatr 1989; 114:
635–9.

115. Wiznitzer M, Masaryk TJ, Lewin J,
et al. Parenchymal and vascular
magnetic resonance imaging of the
brain after extracorporeal membrane
oxygenation. Am J Dis Child 1990;
144: 1323–6.

116. Raju TN, Kim SY, Meller JL, et al.
Circle of Willis blood velocity and flow
direction after common carotid artery
ligation for neonatal extracorporeal
membrane oxygenation. Pediatrics
1989; 83: 343–7.

117. Schumacher RE, Barks JD, Johnston
MV, et al. Right-sided brain lesions in
infants following extracorporeal
membrane oxygenation. Pediatrics
1988; 82: 155–61.

118. Schumacher RE, Spak C, Kileny PR.
Asymmetric brain stem auditory
evoked responses in infants treated
with extracorporeal membrane
oxygenation. Ear Hear 1990; 11:
359–62.

119. Campbell L, Bunyapen C, Holmes GL,
et al. Right common carotid artery
ligation in extracorporeal membrane
oxygenation. J Pediatr
1988; 113: 110–13.

120. Mendoza JC, Shearer LL, Cook LN.
Lateralization of brain lesions following
extracorporeal membrane oxygenation.
Pediatrics 1991; 88: 1004–9.

121. Van Meurs KP, Nguyen HT, Rhine
WD, et al. Intracranial abnormalities

Section 4: Specific conditions associated with fetal and neonatal brain injury

440



and neurodevelopmental status after
venovenous extracorporeal membrane
oxygenation. J Pediatr 1994; 125:
304–7.

122. Campbell LR, Bunyapen C, Gangarosa
ME, et al. Significance of seizures
associated with extracorporeal
membrane oxygenation. Pediatrics
1991; 119: 789–92.

123. Bulas D, Glass P. Neonatal ECMO:
neuroimaging and neurodevelopmental
outcome. Semin Perinatol 2005;
29: 58–65.

124. Streletz LJ, Bej MD, Graziani LJ, et al.
Utility of serial EEGs in neonates
during extracorporeal membrane
oxygenation. Pediatr Neurol
1992; 8: 190–6.

125. Hahn JS, Vaucher Y, Bejar R, et al.
Electroencephalographic and
neuroimaging findings in neonates
undergoing extracorporeal membrane
oxygenation. Neuropediatrics
1993; 24: 19–24.

126. Pappas A, Shankaran S, Stockmann PT,
et al. Amplitude-integrated
electroencephalography in neonates
treated with extracorporeal membrane
oxygenation: a pilot study. J Pediatr
2006; 148: 125–7.

127. van Heijst A, Liem D, Hopman J, et al.
Oxygenation and hemodynamics in left
and right cerebral hemispheres during
induction of veno-arterial
extracorporeal membrane oxygenation.
J Pediatr 2004; 144: 223–8.

128. Ejike JC, Schenkman KA, Seidel K,
et al. Cerebral oxygenation in neonatal
and pediatrics patients during veno-
arterial extracorporeal life support.
Pediatr Crit Care Med 2006; 7: 154–8.

129. Krummel TM, Greenfield LJ,
Kirkpatrick BV, et al. The early
evaluation of survivors after
extracorporeal membrane oxygenation
for neonatal pulmonary failure.
J Pediatr Surg 1984; 19: 585–90.

130. Towne BH, Lott IT, Hicks DA, et al.
Long-term follow-up of infants and
children treated with extracorporeal
membrane oxygenation (ECMO): a
preliminary report. J Pediatr Surg
1985; 20: 410–14.

131. Andrews AF, Nixon CA, Cilley RE,
et al. One- to three-year outcome for 14
survivors of extracorporeal membrane
oxygenation. Pediatrics 1986; 78:
692–8.

132. Glass P, Miller M, Short B. Morbidity
for survivors of extracorporeal

membrane oxygenation:
neurodevelopmental outcome at 1 year
of age. Pediatrics 1989; 83: 72–8.

133. Adolph V, Ekelund C, Smith C, et al.
Developmental outcome of neonates
treated with extracorporeal membrane
oxygenation. J Pediatr Surg
1990; 25: 43–6.

134. Schumacher RE, Palmer TW, LaClaire
PA, et al. Follow-up of infants treated
with extracorporeal membrane
oxygenation for newborn respiratory
failure. Pediatrics 1991; 87: 451–7.

135. Hofkosh D, Thompson AE, Nozza RJ,
et al. Ten years of extracorporeal
membrane oxygenation:
neurodevelopmental outcome.
Pediatrics 1991; 87: 549–55.

136. Flusser H, Dodge NN, Engle WE, et al.
Neurodevelopmental outcome and
respiratory morbidity for
extracorporeal membrane oxygenation
survivors at 1 year of age. J Perinatol
1993; 13: 266–71.

137. Wildin SR, Landry SH, Zwischenberger
JB. Prospective, controlled study of
developmental outcome in survivors of
extracorporeal membrane oxygenation:
the first 24 months. Pediatrics
1994; 93: 404–8.

138. Glass P, Wagner AE, Papero PH, et al.
Neurodevelopmental status at age five
years of neonates treated with
extracorporeal membrane oxygenation.
J Pediatr 1995; 127: 447–57.

139. Kornhauser MS, Baumgart S, Desai SA,
et al. Adverse neurodevelopmental
outcome after extracorporeal
membrane oxygenation among
neonates with bronchopulmonary
dysplasia. J Pediatr 1998; 132: 307–11.

140. Desai SA, Stanley C, Gringlas M, et al.
Five-year follow-up of neonates with
reconstructed right common carotid
arteries after extracorporeal membrane
oxygenation. J Pediatr
1999; 134: 428–33.

141. Parish AP, Bunyapen C, Cohen MJ,
et al. Seizures as a predictor on long-
term neurodevelopmental outcome in
survivors of neonatal extracorporeal
membrane oxygenations (ECMO).
J Child Neurol 2004; 19: 930–4.

142. Khambekar K, Nichani S, Luyt DK,
et al. Developmental outcome in
newborn infants treated for acute
respiratory failure with extracorporeal
membrane oxygenation: present
experience. Arch Dis Child Fetal
Neonatal Ed 2006; 91: F21–5.

143. Taylor AK, Cousins R and Butt WW.
The long-term outcome of children
managed with extracorporeal life
support: an institutional experience.
Crit Care Resusc 2007; 9: 172–7.

144. Walsh-Sukys M, Bauer RE, Cornell DJ,
et al. Severe respiratory failure in
neonates: mortality and morbidity rates
and neurodevelopmental outcomes.
J Pediatr 1994; 125: 104–10.

145. Gratny L, Haney B, Hustead V, et al.
Morbidity and developmental outcome
of ECMO survivors compared to
concurrent control group. Soc Pediatr
Res 1992; 31: 248A.

146. Robertson C, Finer N, Suave R, et al.
Neurodevelopmental outcome after
neonatal extracorporeal membrane
oxygenation. CMAJ 1995; 152:
1981–8.

147. Vaucher YE, Dudell GG, Bejar R, et al.
Predictors of early childhood outcome
in candidates for extracorporeal
membrane oxygenation. J Pediatr
1996; 128: 109–17.

148. UK Collaborative ECMO Group.
The Collaborative UK ECMO Trial:
follow-up to 1 year of age. Pediatrics
1998; 101: e1.

149. Bennett CC, Johnson A, Field DJ, et al.
UK collaborative randomized trial of
neonatal extracorporeal membrane
oxygenation: follow-up to age 4 years.
Lancet 2001; 357: 1094–6.

150. McNally H, Bennett CC, Elbourne D,
et al. United Kingdom collaborative
randomized trial of neonatal
extracorporeal membrane oxygenation:
follow-up to age 7 years. Pediatrics
2006; 117: e845–54.

151. Van Meurs KP, Robbins ST, Reed VL,
et al. Congenital diaphragmatic hernia:
long-term outcome in neonates treated
with extracorporeal membrane
oxygenation. J Pediatr 1993;
122: 893–9.

152. Stolar CJ, Crisafi MA, Driscoll YT.
Neurocognitive outcome for neonates
treated with extracorporeal membrane
oxygenation: are infants with
congenital diaphragmatic hernia
different? J Pediatr Surg 1995;
30: 355–71.

153. Bernbaum J, Schwartz I, Gerdes M,
et al. Survivors of extracorporeal
membrane oxygenation at 1 year
of age: the relationship of primary
diagnosis with health and
neurodevelopmental sequelae.
Pediatrics 1995; 96: 907–13.

Chapter 37: Persistent pulmonary hypertension of the newborn

441



154. Jaillard S, Pierrat V, Truffert P, et al.
Two years' follow-up of newborn
infants after extracorporeal membrane
oxygenation (ECMO). Eur
J Cardiothorac Surg 2000; 18: 328–33.

155. Nield TA, Langenbacher D, Pulsen
MK, et al. Neurodevelopmental
outcome at 3.5 years of age in children
treated with extracorporeal life support:
relationship to primary diagnosis.
J Pediatr 2000; 136: 338–44.

156. Naulty CM, Weiss IP, Herer GR.
Progressive sensorineural hearing
loss in survivors of persistent fetal
circulation. Ear Hear 1986; 7: 74–7.

157. Hendricks-Munoz KD, Walton JP.
Hearing loss in infants with persistent
fetal circulation. Pediatrics 1988;
81: 650–6.

158. Leavitt AM, Watchko JF, Bennett FC,
et al. Neurodevelopmental outcome
following persistent pulmonary
hypertension of the neonate. J Perinatol
1987; 7: 288–91.

159. Cheung P, Tyebkhan J, Peliowski A,
et al. Prolonged use of pancuronium
bromide and sensorineural hearing loss
in childhood survivors of congenital
diaphragmatic hernia. J Pediatr 1999;
135: 233–9.

160. Kennedy C, Sakurada O, Shinohara M,
et al. Local cerebral glucose utilization
in the newborn macaque monkey. Ann
Neurol 1982; 12: 333–40.

161. Pickles J. An Introduction to the
Physiology of Hearing. New York, NY:
Academic Press, 1982.

162. TheNeonatal InhaledNitricOxide Study
Group. Inhaled nitric oxide in term and
near-term infants: neurodevelopmental
follow-up of the Neonatal Inhaled Nitric
Oxide Study Group (NINOS). J Pediatr
2002; 136: 611–17.

163. Robertson C, Tyebhkan J, Hagler M,
et al. Late-onset, progressive
sensorineural hearing loss after severe

neonatal respiratory failure. Otol
Neurotol 2002; 23: 353–6.

164. Robertson C, Tyebhkan J, Peliowski A,
et al. Ototoxic drugs and sensorineural
hearing loss following severe neonatal
respiratory failure. Acta Paediatr 2006;
95: 214–33.

165. Cheung PY, Robertson CMT.
Sensorineural hearing loss in survivors
of neonatal extracorporeal membrane
oxygenation. Pediatr Rehabil 1997;
1: 127–30.

166. Robertson CMT, Cheung PY,
Haluschak MM, et al. High prevalence
of sensorineural hearing loss among
survivors of neonatal congenital
diaphragmatic hernia. Western
Canadian ECMO Follow-up Group.
Am J Otol 1998; 19: 730–6.

167. Fligor BJ, Neault MW, Mullen CH,
et al. Factors associated with
sensorineural hearing loss among
survivors of extracorporeal membrane
oxygenation therapy. Pediatrics
2005; 115: 1519–28.

168. Desai S, Kollros PR, Graziani LJ, et al.
Sensitivity and specificity of the
neonatal brain-stem auditory evoked
potential for hearing and language
deficits in survivors of extracorporeal
membrane oxygenation. J Pediatr 1997;
131: 233–9.

169. Hutchin ME, Gilmer C, Yarbrough
WG. Delayed-onset sensorineural
hearing loss in a 3-year-old survivor of
persistent pulmonary hypertension of
the newborn. Arch Otolargyngol Head
Neck Surg 2000; 126: 1014–17.

170. Joint Committee on Infant Hearing.
Year 2007 position statement: principles
and guidelines for early hearing
detection and intervention programs.
Pediatrics 2007; 120: 898–921.

171. Majaesic CM, Jones R, Dinu IA, et al.
Clinical correlations and pulmonary
function at 8 years of age after severe

neonatal respiratory failure. Pediatr
Pulmonol 2007; 42: 829–37.

172. D'Agostino JA, Bernbaum JC, Gerdes
M, et al. Outcome for infants with
congenital diaphragmatic hernia
requiring extracorporeal membrane
oxygenation: the first year. J Pediatr
Surg 1995; 30: 10–15.

173. Kamata S, Usui N, Kamiyama M, et al.
Long-term follow-up of patients with
high-risk congenital diaphragmatic
hernia. J Pediatr Surg 2005; 40: 1833–8.

174. Muratore CS, Kharash V, Lund DP,
et al. Pulmonary morbidity in 100
survivors of congenital diaphragmatic
hernia monitored in a multidisciplinary
clinic. J Pediatr Surg 2001; 36: 133–40.

175. Bagolan P, Morini F. Long-term follow
up of infants with congenital
diaphragmatic hernia. Semin Pediatr
Surg 2007; 16: 134–44.

176. Muratore C, Utter S, Jaksic T, et al.
Nutritional morbidity in survivors of
congenital diaphragmatic hernia.
J Pediatr Surg 2001; 36: 1171–6.

177. Cortes RA, Keller RL, Townsend T,
et al. Survival of severe congenital
diaphragmatic hernia has morbid
consequences. J Pediatr Surg 2005;
40: 36–46.

178. Chiu PL, Sauer C, Mihailovic A, et al.
The price of success in the management
of congenital diaphragmatic hernia:
is improved survival accompanied by
an increase in long-term morbidity?
J Pediatr Surg 2006; 41: 888–92.

179. Hageman JR, Adams MA, Gardner TH.
Persistent pulmonary hypertension
of the newborn: trends in incidence,
diagnosis, and management. Am J Dis
Child 1984; 138: 592–5.

180. Hack M, Taylor HG, Drotar D, et al.
Poor predictive validity of the Bayley
Scales of Infant Development for
cognitive function of extremely low
birth weight children at school age.
Pediatrics 2005; 116: 333–41.

Section 4: Specific conditions associated with fetal and neonatal brain injury

442



Chapter

38 Pediatric cardiac surgery:
relevance to fetal and neonatal brain injury
Giles J. Peek and Susan R. Hintz

Introduction
In this chapter the impact of congenital heart disease and its
surgical treatment on the neonatal brain will be discussed.
Babies may have congenital cardiac disease as an isolated
malformation or may have a heart defect as part of a larger
spectrum of abnormalities, which may in turn be associated
with a syndrome. In addition, these babies are often pro-
foundly ill, presenting to medical attention on the verge
of cardiac arrest with severe hypoxia, hypotension, or both.
The treatment of the condition usually involves a trip to the
catheterization laboratory or operating room (or both). We
therefore have great potential for neurological morbidity, with
a combination of possible underlying abnormality of the
brain, preoperative, perioperative, and postoperative insults
all conspiring to injure the cardiac surgery patient's brain.
Despite these problems, the majority of babies do extre-
mely well following heart surgery in the newborn period,
although it is important to recognize that many of them will
have a subtle neurological deficit if they are compared to the
normal population. These are evidenced as cognitive and
intellectual impairment, behavioral difficulties, speech de-
lays, etc. [1,2,3]. The incidence of major neurological insult
postoperatively as manifest by seizures, stroke, coma, or
choreo-athetoid movements has fallen to around 2–11% in
the current era [4,5].

Congenital heart disease and common
genetic associations
Fortunately, congenital heart disease (CHD) is rare, affecting
2.8/1000 live births [6]. It does not have a clear solely genetic
causation, as the risk of ostium secundum atrial septal defect
(ASD) in sisters of patients with secundum ASD is 1/3, and the
chances of a mother of a child with secundum ASD having the
same defect is only 22.5% [7]. The incidence of CHD in
dizygotic twins is only 13.6%, but in one series they all had
the same type of defect, pointing to a shared environmental
risk during pregnancy [8]. Nevertheless there are clearly famil-
ial clusters of congenital heart defects [9], especially in con-
sanguineous families, so there are definite genetic components

involved [10]. Approximately one-third of children with CHD
have an associated non-cardiac abnormality [11]. There are
also certain genetic syndromes which are associated with
specific cardiac defects.

DiGeorge syndrome/velocardiofacial
syndrome (VCFS)
This is caused by microdeletion of chromosome 22q11.
It occurs in 1/4000 live births. This entity is now more
appropriately referred to as 22q11.2 deletion, as the presenta-
tion encompasses a broad phenotypic spectrum including
thymic aplasia, hypocalcemia, facial dysmorphism, velophar-
yngeal dysfunction, impairment in neurodevelopmental out-
come, and cono-truncal abnormalities such as interrupted
aortic arch and truncus arteriosus. The deletion can be
inherited in an autosomal dominant fashion, but the majority
are thought to be new deletions. It has been estimated that
77% of these babies have a deficit of cell-mediated immunity
[12]. All blood for transfusion to these patients must be
irradiated blood to prevent graft versus host disease from live
leucocytes in the transfused blood, although this procedure is
standard practice in many institutions. Although clinical vari-
ability is marked, 40–50% of patients with 22q11.2 deletion
have cognitive or learning difficulties. The neurodevelopmen-
tal prognosis for children with 22q11.2 deletion and CHD
requiring surgery in the neonatal period appears to be even
more guarded (see Neurodevelopmental outcomes, below).
These children also have been reported to be at significantly
higher risk for schizophrenia and other behavioral disorders
than the general population [13].

Down syndrome
Caused by trisomy 21, this well-known syndrome is the
most common chromosomal anomaly, affecting approxi-
mately 1/700 to 1/1000 live births. It is associated with con-
genital heart disease in 40% of cases, nearly half of which are
atrioventricular septal defects (AVSD) [14]. Indeed, 40–60%
of children with AVSD have a chromosomal abnormality,
usually Down syndrome [15]. It is unusual for a newborn with
Down and AVSD to require surgery, most patients being
operated on electively at around the age of 6 months. If there
is severe left AV valve regurgitation and heart failure in the
newborn period requiring surgery the prognosis is usually
guarded.
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Other syndromes
Polymorphism for apolipoprotein E, which is involved in
neuronal repair, can cause susceptibility to neurological injury
following heart surgery [16]. Williams syndrome, a micro-
deletion of chromosome 7q11.23 (elastin gene) affecting
1/20 000 live births, is associated with valvar and supra-valvar
aortic stenosis, pulmonary artery stenosis, developmental
impairments, and elfin facies. There is also a clear association
between congenital heart disease and congenital malformation
of the brain [3].

Presurgical neurological injury
We have seen in the last section how some babies have
congenital anomalies which can contribute to their ultimate
neurological outcome. However, even children who have
anatomically normal brains can suffer injury from hyp-
oxia and ischemia as a result of their cardiac malformation,
and this can occur in 15–30% of patients preoperatively
[17,18]. Congenital heart disease often presents in the first
few days of life when the ductus arteriosus closes. Patients
can then be largely divided into cyanotic lesions, where the
duct had been supplying the pulmonary blood flow (i.e.,
pulmonary atresia with intact ventricular septum, PAIVS),
and obstructive lesions, where the duct had been supplying
the systemic blood flow (i.e., coarctation of the aorta). Babies
with transposition of the great arteries (TGA) do not fit neatly
into this categorization, because their duct acts to increase
mixing of oxygenated blood between the pulmonary and sys-
temic circulations, neither do children with obstructed total
anomalous pulmonary venous connections (TAPVC), but
since both may present with cyanosis and collapse in the
first few days of life this is largely an academic issue. Patients
may present with profound desaturation, collapse, cardiogenic
shock, or cardiac failure. Obviously any condition that reduces
oxygen delivery to the brain by reducing the oxygen content of
the blood and the cardiac output can cause neurological
injury. Thus, as in preterm infants, the white matter of term
infants with CHD is exquisitely vulnerable to injury [19].
Hypoxic–ischemic insults as well as proinflammatory medi-
ators may injure the developing oligodendrocytes in the term
infant with CHD, causing periventricular leukomalacia (PVL),
which is detectable by MRI in as many as 50% of neonates
following cardiac surgery [20,21]. Yet it is important to recog-
nize that many studies do not include MRI prior to cardiac
surgery. Therefore, although peri- and postoperative hypoten-
sion or hypoxemia may play a role, PVL or white-matter
injury detected after surgery may actually have been present
in some cases before. Oligodendrocytes may also be damaged
by inflammatory cytokines and therefore can be injured by
cardiopulmonary bypass (CPB) itself, as well as by other
inflammatory states such as meningitis [22].

Recognition of the possibility of duct-dependent cong-
enital heart disease in a collapsed newborn and early resusci-
tation with prostaglandin infusion to re-open the duct
restores oxygenation of the tissues and limits brain injury in

most cases. The exception to this is obstructed TAPVC:
these babies have severe consolidation of the lungs and
may present in the first few hours of life with apparent
respiratory failure which may be refractory to ventilation
and nitric oxide. Prostaglandin infusion does not help, and
may be detrimental, and many of these babies are referred for
ECMO as cases of persistent fetal circulation. Sometimes the
correct diagnosis is not made until after they have been can-
nulated for ECMO. Since ECMO is a good way to restore
oxygenation this is not actually a bad thing, and allows resusci-
tation before surgery.

Aside from presurgical brain injury, there is likely a high
rate of unrecognized structural brain abnormality in
children with CHD. For example, in a postmortem series of
41 babies with hypoplastic left heart syndrome (HLHS), 29%
had a major structural brain abnormality, including absent
corpus callosum, holoprosencephaly, and immature cortical
mantle [23]. Fetal brain growth may also be impaired in CHD,
potentially due to inappropriate fetal cerebral oxygen delivery,
particularly in those with single ventricle physiology and TGA
[23,24]. Carefully performed cranial ultrasound (CUS) may be
sufficient to reveal significant preoperative structural abnor-
malities. In a retrospective series, te Pas et al. reported that
42% of term and near-term infants with CHD had preopera-
tive brain abnormalities detected by CUS [25]. These included
ventriculomegaly, wide subarachnoid spaces, lenticulostriate
vasculopathy, and acute ischemic changes, and were most
likely to occur in those with HLHS. More recently, MRI and
diffusion tensor imaging (DTI) have been employed to delin-
eate both macro- and microstructural preoperative brain
abnormalities among term infants with HLHS and TGA com-
pared with control infants without CHD [26]. On preoperative
imaging, 41% of those with TGA and 17% of those with HLHS
had brain injury; none of the control infants had white-matter
injury on MRI. Using more advanced microstructural inter-
rogation with DTI, white-matter fractional anisotropy
(a measure of directionality of water movement, which should
increase with maturation) was significantly lower among those
with CHD compared with controls. Average diffusivity
(a measure of overall diffusion of water, which should decrease
with maturation) was significantly higher among infants with
CHD. These concerning findings indicate that the pattern of
brain microstructural development in term infants with HLHS
and TGA is similar to that of premature infants. Furthermore,
because observations were made soon after birth, the DTI
results suggest impaired fetal brain development is likely to
be associated with these congenital cardiac anomalies. In light
of these important findings, advanced neuroimaging prior
to surgical intervention may become increasingly important
to clinical management and decision making. Substantial
opportunities for further investigation into preoperative
neuroprotective strategies exist.

In some cases, the standard treatment for TGA is balloon
atrial septostomy (BAS) as a resuscitative measure to improve
mixing across the atrial septum and then a switch operation at
some point a week or more later. There has recently been
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demonstration of neurological morbidity associated with the
septostomy itself [27]. In a series of 29 patients with TGA
studied with brain MRI prior to definitive switch repair, 12 of
the 19 patients who required BAS as a resuscitative measure
had focal or multifocal stroke; none of the patients without
BAS had such injury. In a larger series of patients with a range
of congenital cardiac defects, 39% had preoperative brain
injury by MRI, most commonly stroke, and this was inde-
pendently associated with BAS [28]. On the basis of this
evidence, some centers appear to be moving towards immedi-
ate surgery in more TGA cases, as septostomy itself appears to
be a risk factor for neurological injury.

Preoperative injury: timing of surgery
All babies who have had a significant hypoxic or ischemic
neurological insult should undergo neuroimaging after resus-
citation. If intracranial hemorrhage (ICH) is detected surgery
should be deferred for as long as practicable to reduce the risk
of extension of the ICH when the patient undergoes cardio-
pulmonary bypass. It can take several weeks for an ICH to
organize sufficiently to make CPB “safe,” but a delay of as little
as 1 week can reduce the risk of ICH substantially.

Limitationofperioperativeneurological injury
Unfortunately the process of surgical correction of congenital
heart defects causes neurological injury, when surgical patients
are compared to the general population [29]. This is inherent
in the technology that is available and the diseases being
treated. Fortunately, however, modern surgical and anesthetic
techniques have evolved so that this damage is limited. It
requires a neurophysiologist armed with sophisticated psycho-
motor tests and an MRI scanner to detect. The majority of
children who undergo cardiac surgery will probably function
within the normal range during childhood and beyond. It is
likely that if these children had been born without a heart
defect they would have had higher IQs and better psycho-
motor function. However, comparing these children with the
ideal situation is futile; in the majority of cases, these infants
with CHD would not survive, or at the very least would have a
far more guarded neurologic prognosis, without surgical inter-
vention. Thus we must focus on optimizing operative and
perioperative management and techniques to ensure the best
possible outcomes.

Anesthesia
In a baby with duct-dependent congenital heart disease the
usual anesthetic technique of pre-oxygenation prior to intub-
ation causes pulmonary vasodilation resulting in steal from
the systemic circulation. This can paradoxically cause a massive
reduction in tissue oxygen delivery with systemic hypotension.
Ventilation is therefore tailored to avoid this. Animal studies
have shown neuroprotective effects of various different anesthetic
agents including the volatiles, which have calcium channel-
blocking effects, and the barbiturates [11,30,31], but these
have not been borne out in clinical practice and so the
anesthesiologist's focus is to maintain cardiovascular stability

and tissue oxygen delivery by use of a variety of techniques.
Barbiturates may have a protective effect against air embolism
in the warm brain, and are sometimes used following cata-
strophic air embolism [32]. Surface cooling in the anesthetic
room is a useful adjunct to cooling on CPB.

Cardiopulmonary bypass
CPB is what makes surgery possible, but it is an abnormal
non-pulsatile circulation and requires full anticoagulation
with heparin to the extent that the blood will not clot at all.
This is achieved with a heparin dose of 3mg/kg, and is neces-
sary to prevent the patient's blood clotting in the extracorpor-
eal circuit. CPB causes dilution and consumption of clotting
proteins and activation and consumption of platelets, resulting
in a typical coagulopathy [33]. There is also a pan-endothelial
injury caused by activation of inflammatory cytokines such as
complement factors, interleukins, and tumor necrosis factor
(TNF), although there is no clear correlation between the
degree of inflammation and the clinical outcome [34]. Blood
shed into the surgical field is aspirated back to the CPB
machine and re-infused into the patient. This blood can con-
tain particulate debris such as pieces of bone, bone wax, small
clots, fat, and also microbubbles. The addition of arterial line
filters and avoidance of embolism has reduced the neuro-
logical injury that was attendant on the re-infusion of these
particles into the aorta [35,36]. Children with cyanotic
heart disease often have many collateral vessels between the
systemic and pulmonary circulations; these may be anatomical
structures such as major aortopulmonary collateral arteries
(MAPCAs) or smaller vessels which open up as a result of
the chronic hypoxia. When CPB is established these vessels
can result in a huge amount of blood returning to the heart
despite the diversion of all the vena-caval blood to the
machine. This open-heart return can obscure the surgical field
and make repair impossible. The use of systemic hypothermia
reduces the metabolic rate by a factor of approximately 2.5 for
every 10 �C and thus allows lower CPB flows, which reduces
the collateral return and makes surgery possible [37]. Hypo-
thermia in turn causes increased viscosity in the blood, and
historically it was routine to hemodilute patients to offset this,
as it was thought that a lower viscosity would result in higher
tissue oxygen delivery. In addition, this reduced blood trans-
fusion requirements [38]. Modern practice has moved away
from this concept, as it has been shown that a relatively
normal hematocrit of 30% is preferable on bypass to optimize
tissue oxygen delivery and improve neurological outcome
[39,40,41]. During open-heart surgery air enters the heart
and great vessels, but this must not enter the cerebral circula-
tion and must be removed at the end of the procedure as it is a
potent cause of neurological injury; even if a blood vessel is
not blocked the mere passage of an air bubble can cause injury
[22]. In addition to these factors, the newborn brain appears
more susceptible to neurological injury following CPB, in
that MRI evidence of PVL can be seen in 50% of newborns
following CPB while in older babies only 5% are affected [19].
The clinician has little influence over most of these factors, as
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they are inherent in the use of the technology [22], but there
are some aspects that the clinician can influence to affect
the outcome and limit neurological injury. These factors are
discussed below.

Cooling strategy
Cooling is the main neuroprotective tool used during CPB.
It is important to ensure that the brain cools evenly. To this
end cooling (and warming) should be relatively slow, to allow
thorough equilibration of temperature throughout the tissues.
It is agreed that cooling prior to deep hypothermic circula-
tory arrest (DHCA) should take at least 20minutes [22].
Also barbiturates (if used) should not be given until the
desired temperature is reached, because they can cause cere-
bral vasoconstriction and prevent even cooling. The blood
gas management during cooling is also important. CPB
was run using an alpha-stat profile for many years, as this
was felt to provide the best perfusion conditions as well as
being easy to manage. During alpha-stat management the
blood gas machine is not adjusted for temperature; in other
words the pH is measured at 37 �C, even though the patient
may be at 25 �C. The upshot of this is that the patient beco-
mes more alkalotic during cooling, and this in turn leads to
cerebral vasoconstriction, reduced oxygen delivery to bound-
ary areas, and uneven cooling. The alternative method is
pH-stat, when the blood gas machine is adjusted for temp-
erature, and CO2 is added to the bypass oxygenator sweep
gas to offset the alkalosis. The relative acidosis keeps the
brain vasodilated and maintains cerebral blood flow, espe-
cially once cerebral autoregulation is abolished as the patient
becomes poikilothermic during cooling [11,42]. There is
substantial evidence that neurological outcomes are better
when pH-stat is used during cooling, and some to support
the use of alpha-stat during rewarming [43–46]. A typical
protocol employs pH-stat during cooling, switching to
alpha-stat prior to circulatory arrest and using alpha-stat
during warming. Most units also employ some form of topical
brain cooling.

DHCA versus low-flow CPB versus head perfusion
When the brain temperature is sufficiently low (around
15 �C), the circulation can be stopped for a period of time
and restarted with few sequelae, this is termed deep hypother-
mic circulatory arrest (DHCA). There is much discussion
about how long that period of time is, but less than 25 minutes
is indistinguishable from low-flow CPB and therefore rela-
tively safe [47,48]. All children in the Boston DHCA study
whose arrest time exceeded 35 minutes had postoperative
seizure activity [49], and there was an incremental decrease
in intellectual ability which correlated closely with duration of
DHCA beyond the very short “safe period” [48,50]. In addition,
the children in the Boston study whose DHCA time exceeded
41 minutes had worse late neurodevelopmental outcome than
the children in the low-flow continuous bypass group. DHCA is
useful because it allows the bypass cannulae to be removed and
provides excellent operative conditions with a bloodless field

[51]. It is therefore helpful for some operations in very small
patients, and for some parts of operations around the arch
of the aorta (e.g., Damus–Kaye–Stansell procedure). Some
surgeons use DHCA routinely, but most prefer to limit its
use [47]. There is currently much controversy regarding this
issue, as surgeons have realized that they can perform most of
the operation on CPB and that long periods of DHCA are no
longer mandatory [47]. The use of low-flow CPB at around
50 mL/kg/min, with a cerebral perfusion pressure of 13mmHg
[11] and isolated anterograde head perfusion at flows of
20–30mL/kg/min, has meant that periods of circulatory arrest
can often be reduced to just a few minutes [52]. In addition,
periods of reperfusion during DHCA may also reduce the
neurological insult [11]. Most surgeons adopt a combination
of techniques which they adapt to the individual patient's
condition.

NIRS intraoperative monitoring
of cerebral oxygen delivery
Near-infrared spectroscopy (NIRS) is now commercially avail-
able as transcutaneous devices which can continually monitor
cerebral oxygen delivery (Somanetics, Hamamatsu). It has
been shown in a retrospective study that their use during heart
surgery improves the general condition of the patient as well
as the neurological outcome, reducing length of stay [53]. This
is likely to be due to the ability of this device to identify
periods of occult cerebral hypoxia. These can occur when the
cerebral perfusion pressure decreases below 13 mmHg without
being noticed [11], which in turn can occur when a child
has bi-caval venous cannulation with a transiently obstructed
superior vena-caval cannula, causing intracranial venous
hypertension [54]. It can also occur when the perfusion pres-
sure decreases because of vasodilation, run-off via aortopul-
monary collaterals or a shunt, or when CPB flow is reduced to
allow improved visualization of the surgical field. By immedi-
ately identifying cerebral hypoxia and correcting it, brain
injury is limited and neurological outcome may be improved.
Most CPB circuits have a continuous display of the venous
line oxygen saturation, using devices like the CDI500 (Ter-
umo). Maintaining the SvO2> 65% ensures global tissue
oxygen delivery, but does not identify regional tissue hypoxia.
Since the brain has the fastest metabolic rate of any organ it
will be the first to suffer from a global decrease in oxygen
delivery during CPB, and using NIRS in addition to SvO2

monitoring acts to prevent cerebral hypoxia.

CO2 flooding
Open-heart surgery inevitably allows air to enter the heart,
and this must be removed at the end of the procedure before
the heart is allowed to beat. This is an imperfect process and
can result in air embolus to the brain, with disastrous conse-
quences. By flooding the surgical field with CO2 any gas left in
the heart at the end of the procedure will be soluble and
theoretically less dangerous if not completely removed [55].
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Corticosteroids
Intravenous steroids are used routinely in a number of centers
preoperatively (dexamethasone 1mg/kg ormethyl-prednisolone
30mg/kg) to reduce the inflammatory activation associated with
CPB, but there is little consensus on dosing protocols [56,57].
There is good evidence that this is effective in limiting post-
operative inflammatory markers and that this translates into
improved pulmonary, renal, and general clinical outcome, but
specific neurological outcome was not studied [56].

MUF
Modified ultra-filtration (MUF) can also act to remove inflam-
matory mediators, and can result in improved myocardial
function. MUF may reduce brain injury associated with
DHCA [22,58]. However, use of arteriovenous MUF can result
in hypotension, and this may contribute to reduced cerebral
oxygen delivery [59].

Postoperative management
Once patients have undergone successful surgery they are
taken to the pediatric intensive care unit (PICU), where their
organ functions are further optimized as they recover from the
operation. Hypotension and hypoxia are both predictive of
PVL postoperatively [20]. A full discussion of PICU manage-
ment is beyond the scope of this chapter, but three specific
treatments which could help to improve neurological outcome
are discussed.

NOMO-VAD
In some cases the cardiac output is marginal following a
successful corrective operation. Some of these patients will
deteriorate and die, and some will survive. It has been suggested
that early or even elective mechanical support of the cardiac
output can improve survival as well as improving the neuro-
logical outcome in these borderline cases [60]. NOMO-VAD
uses an ECMO circuit without an oxygenator (hence NOMO)
to provide ventricular assist (VAD) via venoarterial cannula-
tion to children with arteriopulmonary shunts. The flow in the
circuit is set at around 200mL/kg/min, approximately double
that used for VA ECMO. Pulmonary blood flow comes from
the shunt flow, augmented by the flow from the circuit.
Children with biventricular circulations and normal pulmon-
ary blood flow anatomy can be supported with VA ECMO in
the event of low cardiac output postoperatively [61]. Larger
children can be supported with ventricular assist devices such
as the Berlin Heart [62].

Cooling
Cooling has been used as a neuroprotective treatment in many
different arenas following cardiac arrest in adults and children,
birth asphyxia, and head trauma [63,64]. There are two poten-
tial mechanisms by which cooling could help improve neuro-
logical outcome following cardiac surgery. Firstly, by reducing
the metabolic rate of the brain the balance between oxygen
supply and usage can be restored in the presence of a limited

cardiac output, and further improvement of this equation
occurs because of a reduction in excitotoxic neurotransmitters
in the cooled brain [65]. Secondly, many children suffer
tachycardia after heart surgery, which can impair the cardiac
output, and many of these tachycardias (e.g., junctional
ectopic tachycardia, JET) respond well to cooling, which thus
boosts the cardiac output and improves cerebral oxygen
delivery.

Tight glycemic control
There is evidence that tight glycemic control with prevention
of hyperglycemia can improve outcome after head injury in
children [66,67]. Whether this is also true following cardiac
surgery in children is currently the subject of a national multi-
center randomized controlled trial in the UK (CHIP: Control of
Hyperglycaemia In Paediatric intensive care, ISRCTN61735247).
It is also important to avoid hypoglycemia, as this is associated
with seizures [68].

Neurodevelopmental outcomes
With substantial advances in intraoperative and perioperative
management, and remarkable improvements in surgical tech-
nique and approach allowing for better short-term outcomes,
the focus of attention both for families and for further
research turns to long-term neurodevelopmental outcomes
[69]. Studies reporting neurodevelopmental follow-up assess-
ments in children after complex congenital heart surgery have
been challenging to interpret for several reasons. Given the
rapidly changing and improving strategies for operative and
perioperative management, the outcomes of infants born years
ago may not be generalizable to the present. The morbidities
associated with approaches used in the past may be related to
adverse neurocognitive outcomes reported now; similarly, the
potential modifying effects of newer techniques may not be
fully understood for several years. Specific CHD lesions and
numerous other intrinsic and extrinsic patient variables may
be associated with differing outcomes. Thus, if a small but very
diverse cohort of CHD survivors is examined, such predictors
may be difficult to assess. In addition, most of these studies do
not include contemporaneous control groups.

Intrinsic genetic variables
As discussed previously, several genetic syndromes known to
be associated with CHD are also known to be associated with
increased risk for developmental impairment [69,70]. These
include trisomy 21, Williams syndrome, and CHARGE asso-
ciation. More subtle genetic variables have also been recog-
nized as potentially important determinant factors for adverse
outcomes after complex congenital heart surgery.

Polymorphisms of the apolipoprotein E (APOE) gene are
associated with impaired recovery after brain ischemic injury,
and with neurologic decline after surgery for CHD [16]. In a
recent neurodevelopmental follow-up study by Gaynor et al.,
188 patients who had undergone two-ventricle repair for
a range of CHD lesions were assessed at 1 year of age using
the Bayley Scales of Infant Development II (BSID) Mental
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Developmental Index (MDI) and Psychomotor Developmental
Index (PDI) (population normed mean¼ 100, standard devi-
ation¼ 15), as well as neurologic exam [71]. For the entire
cohort, mean scores were within or slight lower than those
expected for the general population (MDI 90.6� 14.9, PDI
81.6� 17.2). Although numerous potentially important pre-,
intra-, and postoperative variables were evaluated, only
preoperative factors were independently associated with worse
MDI scores on multivariate analyses. These intrinsic factors
included low birthweight, presence of a genetic syndrome, and
presence of the APOE e2 polymorphism.

The outcomes of children with CHD affected by 22q11.2
deletion spectrum have also recently been evaluated. The
Western Canadian Complex Pediatric Therapies Project
Follow-up Group reported on the 18-month outcomes of a
regional cohort of 85 patients who had undergone a range of
interventions including arterial switch, Norwood, TAPVC
repair, as well as other procedures [72]. For the entire cohort,
BSID scores were lower than would be expected for the
population (MDI 84� 17, PDI 80� 22). However, for the
subgroup with genetic abnormalities, the majority of whom
had 22q11.2 deletion, mean BSID scores were substantially
lower (mean MDI and PDI scores < 70). Another study from
this group compared 2-year outcomes of a small group of
CHD patients with 22q11.2 deletion to patients without dele-
tion [73], matched on cardiac lesion, socioeconomic status,
and hospital and year of operation. There were significant
differences between the groups. Of the group with 22q11.2
deletion, 61.5% had MDI< 70, 84.6% had PDI< 70, and
69% were in a developmental intervention program. Of the
group without deletion, only 13.8% had MDI< 70, 6.7%
had PDI< 70, and 20% were in developmental interven-
tion. Forbess et al. reported on the 5-year outcomes of chil-
dren who had had definitive repair or palliative surgery for a
range of CHD lesions in the neonatal period [74]. In this
analysis, the presence of 22q11.2 deletion was significantly
associated with lower full-scale IQ, performance IQ, and verbal
IQ, independent of numerous other variables. Taken together,
these data suggest the critical importance of making the
diagnosis of 22q11.2 deletion as soon as possible – preferably
in the prenatal period – to allow appropriate and better-
informed counseling as to long-term outcomes. The diagnosis
is now easy to make with the use of fluorescent in-situ hybrid-
ization (FISH).

Socioeconomic factors
The association of socioeconomic status (SES) with cognitive
and developmental outcomes has been demonstrated in
numerous neurodevelopmental follow-up studies of high-risk
neonatal groups, including extremely low-birthweight and
extremely preterm infants [75,76]. This association is also true
for children followed after congenital cardiac surgery [69].
Forbess and colleagues reported that lower SES was indepen-
dently correlated with lower full-scale IQ and verbal IQ at
5 years of age in a cohort with a range of CHD lesions [74].
After Fontan operation specifically, Wernovsky et al. found

that SES was also significantly independently associated with
cognitive outcome [77].

Congenital heart lesion type
Robust assessment of neurodevelopmental outcomes by CHD
lesion has been challenging, given the limitation of patient
numbers of any single diagnostic category in any single insti-
tution. However, special interest has been given to HLHS,
because of improved survival, the severity of the lesion and
the complexity of the intervention needed, early reports of
extremely poor neurodevelopmental outcomes, and recogni-
tion that cerebral blood flow is impaired among infants with
HLHS [3,69,70,78,79]. More recent investigations of early
development and school-age outcomes of patients with HLHS
after either staged palliation or transplant have reported low to
low-normal IQ [3,78,80,81]. In young children who had
undergone transplantation for HLHS, Ilke et al. found mean
full-scale IQ to be 88.5, verbal IQ 89.9, and performance IQ
90.5 [80]. Mahle and colleagues compared school-age out-
comes of patients who had undergone transplant (n¼ 21) to
those who had undergone Norwood (n¼ 26) for HLHS [78].
They found no significant differences between the groups in
IQ, expressive or receptive language, motor function, or
behavior. For the overall cohort, mean full-scale IQ was 86,
mean expressive and receptive language scores, and mean
math, reading, and spelling achievement scores were all
approximately one standard deviation below the population-
expected mean. In multivariate analyses, only prolonged
length of stay was associated with lower full-scale IQ.

The Western Canadian Complex Pediatric Therapies
Project Follow-up Group reported that, among patients who
had undergone Norwood procedures (n¼ 16), 18-month
mean BSID MDI was 84, and mean PDI was 68; 25% had
MDI< 70 and 56% had PDI< 70 [72]. However, very early
childhood BSID scores may not be predictive of later outcome
[82,83]. This group also reported on early childhood outcomes
after TAPVC repair in the neonatal period [84]. Mean BSID
scores were also in the low-normal range, with mean MDI 87
and mean PDI 89. Comparing developmental outcomes as a
function of single-ventricle or biventricular repairs, Forbess
and colleagues found significant differences between the
patients at 5 years of age [74]. Mean full-scale IQ was 89.9
and performance IQ was 88.4 in the single-ventricle group,
compared with 98.2 and 97.8 in the biventricular repair group.
Results of visual-motor tests were significantly worse for
single-ventricle patients, although mean scores were still
within the low-normal range.

Intraoperative factors
One of the most comprehensive trials of intraoperative inter-
ventions is the Boston Circulatory Arrest Study (BCAS), in
which infants with d-TGA were randomized to DHCA or
continuous low-flow CPB and received neurodevelopmental
follow-up at several points during childhood [1,29,51]. At
4 years of age, there were no differences between the DHCA
and CPB groups in terms of IQ, although the DHCA group
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were more likely to have gross and fine motor impairment and
speech and language delay. The mean full-scale IQ (92.6) and
performance (91.6) scores for the cohort as a whole were in
the low-normal range. Assessment at 8 years of age revealed
impaired outcomes for the overall cohort in areas including
cognitive and executive function, fine motor skills, and speech
and language. Although there were no differences between the
DHCA and CPB groups in full-scale, verbal, or performance
IQ, the length of time under DHCA was significantly corre-
lated with lower full-scale and performance IQ. Of note, at
1-year follow-up, significantly lower BSID PDI scores and a
trend toward lower MDI scores were observed in the DHCA
group; this disparity between 1-year and 8-year findings
underscores the poor predictive validity of very early neuro-
developmental testing, and the importance of long-term
follow-up [82,83]. Forbess et al. also found an independent
correlation of length of time under DHCA with lower per-
formance IQ scores at 5 years of age, and this correlation
approached significance in other IQ domains [73].

Hematocrit strategy during CPB has also been investigated
[39,85]. Combined results at 1 year of age from two trials
(n¼ 271) suggest that hematocrit at the initiation of CPB is
linearly associated with increasing BSID PDI score to a thresh-
old hematocrit level of 23.5%; beyond this point, the effect
plateaus and no apparent improvement is achieved. There was
no significant association between pre-CPB hematocrit level
and BSID MDI scores at 1 year. These are very early childhood
results; extended follow-up to school age will be valuable.

Length of hospital stay
In the BCAS, in which infants with TGA were randomized to
DHCA or continuous low-flow CPB, follow-up at 8 years of
age revealed impaired outcomes for the overall study group in
areas including executive function, fine motor skills, and
speech and language [1,29,51]. Although treatment group
and other variables were associated with some outcomes,
longer postoperative stay in the intensive care unit was an
independent risk factor for lower IQ [86]. Others have also
found significant or nearly significant independent correlations
of length of stay with lower IQ in middle childhood [74,78].

This finding suggests that unmeasurable or unmeasured
variables may influence hospital course and are associated
with adverse long-term outcomes. Events and findings that
traditionally keep a child in the hospital longer, such as infec-
tion and significant feeding issues, may portend larger and
more complex issues. Data on variables such as these should
be collected and reported meticulously in future studies.
A continued search to define significant modifiable clinical
factors will be critical for the development of protective
strategies.

Conclusions
Congenital heart disease may be associated with intrinsic brain
malformations, especially when part of a dysgenetic syndrome.
Hypoxia and hypotension can then cause preoperative brain
injury which can be minimized by appropriate resuscitation.
Definitive or palliative repair is then performed, usually with
the aid of cardiopulmonary bypass using hypothermia as
neuroprotection and avoiding DHCA except where absolutely
necessary or minimizing the length of exposure to this man-
euver. A range of neurodevelopmental outcomes have been
reported for patients after surgery for CHD. Patients with
CHD requiring surgery in the neonatal period are at risk for
cognitive, academic, and neurologic impairment compared to
the general population. Meticulous attention to preoperative
and intraoperative management strategies that protect
the patient from ischemic or hemorrhagic injury is critical.
However, intrinsic factors such as socioeconomic status also
influence developmental progress. Genetic variables, such as
presence of 22q11.2 deletion, are extremely significant predic-
tors of adverse neurocognitive outcomes. Congenital heart
disease is more manageable and its treatment much safer
today than at any time in history, but there is still much more
to be learned and understood to improve the ultimate out-
come for these high-risk infants. Continued vigorous research
of the short- and long-term neurologic progress of patients
with CHD, and identification of factors linked with improved
outcomes, will allow us to better care for these vulnerable
patients and their families.
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Section 5
Chapter

39
Management of the depressed
or neurologically dysfunctional neonate
Neonatal resuscitation: immediate management
Louis P. Halamek and Julie M. R. Arafeh

Introduction
Despite the fact that recent studies suggest that postpartum
events account for only a fraction of untoward outcomes such
as cerebral palsy, mental retardation, and chronic seizure
disorders, management of the newborn during the immediate
postpartum period is often subject to rigorous scrutiny by
malpractice attorneys and their medical consultants. Because
the potential for cerebral injury during the intrapartum period
is real, it is critical that evidence-based principles of neonatal
resuscitation as described in the Neonatal Resuscitation Pro-
gram (NRP) of the American Academy of Pediatrics (AAP) be
applied in an effort to attenuate or even reverse pathologic
processes originating in utero.

Adequate maternal cardiac output and arterial oxygen
content, in addition to a functioning placenta, serve to support
the metabolic needs of the fetus. Disruption of oxygen supply
to the fetus may have consequences after birth depending on
the severity and duration of decreased oxygen delivery. Any-
thing that impacts the health of the pregnant woman may also
have adverse effects on the fetus. Fetal oxygen delivery may be
impaired by poor maternal cardiopulmonary function such as
that seen in cystic fibrosis and cardiomyopathy; altered uterine
blood flow as in maternal hemorrhage; chronically or acutely
diminished placental perfusion due to pregnancy-induced
hypertension and uterine hyperstimulation; or umbilical cord
dysfunction as in umbilical cord prolapse. Detection of fetal
stress during the intrapartum period relies mainly on moni-
toring of the fetal heart rate. When a non-reassuring fetal
heart rate is present, maneuvers to restore adequate oxygen
delivery to the fetus are indicated. These attempts at intrauter-
ine resuscitation include maternal repositioning, intravenous
fluid administration, and delivery of oxygen to the mother.
While these maneuvers are standard of care for fetal resusci-
tation during labor and delivery, there is little scientific evi-
dence to support their use. One randomized prospective trial
did find an increase in fetal oxygen saturation during labor in
term infants with a reassuring fetal heart tracing following
placement of the mother in the lateral recumbent position,
administration of a 1000 mL fluid bolus, and application of

oxygen with a tight fitting non-rebreather face mask at
10 liters/minute [1]. In cases where persistent severe variable
decelerations (attributed to umbilical cord compression) are
noted, infusion of fluid into the uterine cavity in a procedure
known as amnioinfusion should be considered, according to
the American College of Obstetricians and Gynecologists [2].
Replacement of the cushioning effect of amniotic fluid on areas
of the umbilical cord vulnerable to compression has been
shown to be successful in resolving variable decelerations [3].

When maternal conditions exist that have the potential to
negatively affect the fetus, or in fact fetal stress has been
detected, communication of this information to the neonatal
resuscitation team is mandatory. Of particular importance is
the transfer of information concerning events that clearly
impact the fetus, such as the presence of severe blood loss at
the time of delivery; because the source of the blood loss often
cannot be prospectively determined to be maternal or fetal in
origin, the team caring for the neonate must be prepared to
replace large amounts of volume rapidly in order to success-
fully resuscitate the potentially hypovolemic newborn. Lack of
clear communication and coordination of efforts between
obstetric and neonatal healthcare professionals places the
stressed newborn in a dangerous situation. In July of 2004,
the United States Joint Commission on Accreditation of
Healthcare Organizations (JCAHO) issued a Sentinel Event
Alert detailing 47 cases of neonatal mortality or severe neonatal
morbidity reported since 1996 [4]. This alert was updated at
the end of 2005 to include a total of 109 cases. Root cause
analyses performed in these cases revealed that inadequate
communication played a significant role in the outcome of
more than 70% of the cases. In response to these findings
JCAHO recommended that healthcare facilities where new-
borns are delivered conduct team training and debriefings
such as those pioneered at the Center for Advanced Pediatric
and Perinatal Education (CAPE, http://www.cape.lpch.org).

Cardiopulmonary resuscitation
of the newborn
Anticipation and planning
The majority of newborns will not require resuscitation in the
delivery room. Prenatal findings that are consistent with a
smooth transition to extrauterine life include full-term gesta-
tion, no history or evidence of fetal infection, clear amniotic

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.
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fluid, and no evidence of fetal stress on fetal heart-rate
monitoring. In circumstances where these conditions are
present, the newborn should be dried and stimulated, airway
cleared if necessary, heart rate and respiratory effort assessed,
and placed on the mother's chest to maintain euthermia if her
condition allows [5]. Because it is impossible to predict with
absolute certainty which fetuses will present as neonates in
distress, those responsible for caring for the newborn in the
delivery room must always be prepared to deliver whatever
level of care is required. Approximately 10% of newborns will
require support of breathing efforts in the delivery room, and
1% will require more extensive resuscitation [6]. Anticipation
of the infant who will require resuscitation will be facilitated
by clear communication with the obstetric team. Essential
information that needs to be obtained prior to or immediately
upon entry into the delivery room by the neonatal resusci-
tation team includes the gestational age of the fetus, whether
meconium is present in the amniotic fluid, and the number of
fetuses being delivered. This information allows the neonatal
team to begin preparations for resuscitation. Other informa-
tion specific to the condition of the mother or fetus(es),
including chronic conditions such as intrauterine growth
restriction and acute emergencies like uterine rupture, will
also prove helpful to the neonatal team.

Appropriately trained personnel
Professionals trained in neonatal resuscitation must be readily
available 24 hours a day in any hospital that offers obstetrical
services [7]. According to the NRP Provider Manual:

At every delivery, there should be at least 1 person who can be
immediately available to the baby as his or her only responsibility
and who is capable of initiating resuscitation. Either this person
or someone else who is immediately available should have the
skills required to perform a complete resuscitation, including
endotracheal intubation and administration of medications. It is
not sufficient to have someone “on-call” (either at home or in a
remote area of the hospital) for newborn resuscitation in the
delivery room.

[6, p. 1–16]

When delivery of a stressed infant is anticipated, responsibility
for various aspects of the resuscitation should be delegated to
each team member prior to delivery. These tasks depend on
the problems anticipated. One team member should attend to
the airway and assist breathing, if necessary. Another member
should palpate the umbilical cord or ausculate the chest to
assess the heart rate, provide this information to the team,
and initiate chest compressions if required. A third profes-
sional should assume responsibility for other procedures such
as umbilical venous cannulation or thoracentesis. If necessary,
other team members should prepare and administer drugs and
record the progress of the resuscitation. Ideally the teammember
directing the resuscitation should not be responsible for any
of these tasks in order that he or she can focus full attention on
the overall condition of the neonate and the performance of the
entire team. Also, in an ideal situation, documentation of the

techniques used, timing of interventions, the use and dosage of
medications, and the response of the newborn to these
procedures should be delegated to an individual who is not
directly involved in the resuscitation. Documentation of the
events of a resuscitation in a post-hoc manner via recall is
suboptimal at best and creates a situation that is ripe for
misrepresentation and misunderstanding, potentially leading
to serious legal consequences.

Equipment
In any situation where resuscitation may be needed, appropri-
ate equipment must be readily available (Table 39.1). A clearly
identified clean and warm environment in close proximity to
the location of birth where all potentially necessary resusci-
tation equipment is easily located must be available. This
equipment must be checked periodically to insure that all
items are readily accessible and are in working order. If the
newborn nursery is not adjacent to the delivery room, addi-
tional equipment may need to be located in the delivery room
to allow more thorough stabilization of the newborn prior to
transfer to the nursery. Ready access to equipment allowing
blood gas, hematocrit, and glucose determinations is also
important. Other equipment, supplies, and items may also
be required. For example, blood products (preferably cross-
matched against maternal blood) should be available for
infants with severe isoimmune hemolytic disease or blood loss
due to placenta abnormalities such as vasa previa; large-bore
intravenous catheters should be available to drain large pleural
or pericardial effusions; and other items may be mandated
by unique clinical situations. Finally, universal precautions
should be observed by all professionals in the delivery room.
Every team member should wear gloves and other protective
devices as necessary.

Rapid cardiopulmonary assessment
in the delivery room
Immediate assessment of the stressed infant by experienced
professionals is critically important. This should begin with
immediate assessment of the neonate's heart rate, respiratory
effort, color, tone, and response to stimulation in the first
10–20 seconds after birth. Re-evaluation of heart rate, respir-
ations, and color every 30 seconds during the resuscitation
provides an assessment of the efficacy of the resuscitative
measures and the need for continued or more aggressive
interventions. Apgar scores should be assigned and recorded
at 1 minute and every 5 minutes thereafter until a score of
seven or more is attained.

The algorithm for neonatal resuscitation described in the
NRP Provider Manual has been developed to guide healthcare
professionals in caring for the newborn regardless of the setting
or cause of stress (Figure 39.1) [6]. After the initial rapid cardio-
pulmonary assessment is complete, during which time drying,
wiping, and placing the infant on pre-warmed dry linens in
a warm environment is taking place, the ABCD (Airway,
Breathing, Circulation, Drugs) approach to resuscitation
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should be carried out. During this time the newborn should
be protected from heat loss in order to decrease oxygen
consumption [8]. Hypothermia and hyperthermia should
be avoided and, in the immediate minutes after birth, it is
recommended that the neonate be maintained in a neutral
thermal environment.

Airway
Several techniques may be utilized to clear the upper airway.
Secretions near the surface can be wiped away with a towel or
gauze pad. A bulb syringe can be used to clear the mouth and
nose after delivery. Suction catheters may be used to reach
deeper into the airway, but team members must be aware that
vigorous and aggressive suctioning of the pharyngeal region can
cause laryngeal spasm and vagally mediated bradycardia [9].
The approach to the newborn delivered through meconium-
stained amniotic fluid is discussed later in this chapter.

Breathing (ventilation)
Newborns should be placed supine with the head and neck in a
“sniffing” position to open the airway. Effective stimulation
may be all that is required to elicit an appropriate response
in an infant who is cyanotic and/or bradycardic. For those
requiring additional support, positive-pressure ventilation
(PPV) with a face mask may be used. The face mask should
have a cushioned rim and provide a seal around the mouth
and nose to prevent leakage of air. Creating and maintaining a
good seal on the newborn's face is a critical component of
ventilation with a face mask, and acquisition and maintenance
of this technical skill requires practice. A small dead space
of 5mL or less is desired. The pressure required to establish
effective ventilation varies with each patient, but the peak
inspiratory pressure (PIP) and duration of inspiration
(inspiratory time) should be sufficient to achieve chest excur-
sion, audible breath sounds, and improvement in heart rate.
PIPs up to 40 cm of H2O and inspiratory times of 1 second
may be required during the first few breaths in order to
establish a normal functional residual capacity (FRC), and
respiratory rates of 40–60 breaths per minute should be used.
As the patient begins to generate effective spontaneous respir-
ations, PIP and rate should be decreased. Gastric distension
is one of the side effects of PPV, but it can be treated by
insertion of either a 5- or an 8-French orogastric tube to achieve
decompression.

The types of resuscitation devices used to provide PPV
with a face mask include the self-inflating bag, the flow-inflating
bag, and the T-piece resuscitator. Bennett et al. compared
these three devices and found that while the T-piece increased
the PIP over a longer period of time, the maximum pressure
delivered decreased with each ventilation. The T-piece and
the flow-inflating bag were better able to maintain a more
sustained inflation pressure than the self-inflating bag. The
technical skill necessary to use the flow-inflating bag effect-
ively requires more practice than either the self-inflating bag
or the T-piece resuscitator [10].

Table 39.1. Equipment for neonatal resuscitation

Suction
equipment

Bulb syringe

Wall/mechanical suction and tubing

Catheters: 5–6F, 8F, 10F, 12–14F

Feeding tube 8F, syringe (20 mL)

Meconium aspirator

Bag/mask
equipment

Self-inflating or flow-inflating bag or T-piece
resuscitator

Face masks: cushioned or soft rims

Oxygen wall regulator or tank

Oxygen tubing

Intubation
equipment

Laryngoscope handle, batteries

Laryngoscope blades (#0, #1), bulbs

Endotracheal tubes: 2.5, 3.0, 3.5, 4.0

Scissors

Device to secure endotracheal tube or tape

Alcohol wipes

CO2 detector

Medications Epinephrine 1:10 000 (1.0 mg/mL)

100–250 mL isotonic crystalloid

Sodium bicarb 4.2% (5 mEq/10 mL)

Naloxone HCl (0.4 mg/mL)

Dextrose 10%, 250 mL

Normal saline flushes

Umbilical vessel catheterization kit

Syringes: 1, 3, 5, 10, 20, 50 mL

Needles: needleless or 25, 21, 18 g

Miscellaneous Personal protection gear

Radiant warmer or heat source

Resuscitation area: firm, padded

Apgar timer or timer with second hand

Warm blankets or towels

Stethescope (neonatal)

Tape

Oropharyngeal airways: 0, 00, 000

Optional
equipment

Stylet

Laryngeal mask airway

Cardiac monitor and pulse oximetry (optional
in delivery room)

Compressed air

Oxygen blender

Plastic wrap or gallon-size plastic bag

Warming pad (chemical activated)

Transport incubator

Note:
From Kattwinkel, Neonatal Resuscitation Textbook, 5th edn. [6].
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Failure to respond to PPV via face mask indicates that
intubation with an appropriately sized endotracheal tube
should be carried out by a professional experienced with this
technique. Other indications for endotracheal intubation
include the need to suction meconium from the trachea in a
non-vigorous infant, medication administration when other
routes are unavailable, conditions where gastrointestinal
obstruction complicates ventilation, and when chest compres-
sions are being conducted [5]. Endotracheal intubation pro-
vides control of the airway even during chest compressions.
Proper positioning of the endotracheal tube is best ascertained
by the auscultation of equal bilateral breath sounds in the
axillae and improvement in heart rate and color. Equal chest
wall excursion, absence of air entry into the stomach, and the
presence of mist in the endotracheal tube are other indirect
markers of proper placement. Devices that indicate the pres-
ence of CO2 in exhaled breaths by a change in color can also
be used to confirm proper endotracheal tube placement. How-
ever, caution must be exercised, as false-negative readings may

occur during poor pulmonary perfusion, cardiac arrest, con-
genital heart disease, incomplete exhalation, and excessive air
leak around the tube [11,12].

In circumstances where the infant cannot be adequately
ventilated with a face mask and intubation has not been
successful or is outside of the skill set of the resuscitation team
members, placement of a laryngeal mask airway (LMA) may
be considered in order to provide a temporary airway. Yao
et al. reported using an LMA successfully for several days in a
patient with Pierre-Robin syndrome [13]. Johr and colleagues
also reported successful management of a patient with a lar-
yngotracheoesophageal cleft using an LMA [14]. In a random-
ized concurrent control study of 40 term newborns who
received either endotracheal intubation or LMA following
delivery by cesarean, Esmail et al. compared insertion time,
attempts to successful insertion, duration of PPV and continu-
ous positive airway pressure (CPAP), hemoglobin oxygen
saturation, Apgar scores, and trauma related to insertion,
and concluded that the LMA is an easy and effective means
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of managing a neonatal airway [15]. In a review of the litera-
ture on LMA use, Udaeta and Weiner reported a lack of
studies comparing use of LMAs to the more traditional
methods of ventilation such as bag-mask and endotracheal
intubation [16]. They found a single study suggesting that
LMA insertion is comparable to endotracheal intubation
during neonatal resuscitation. Evidence supporting LMA use
with anatomically difficult airways is stronger, but limited to
case studies.

Continuous positive airway pressure (CPAP) has been
proposed as a way to support ventilation in newborns who
are spontaneously breathing but who continue to display
increased work of breathing or suboptimal oxygenation, as
in preterm infants with respiratory distress syndrome (RDS).
CPAP delivers oxygen to the lungs under sustained pressure
and has been found to be effective at establishing FRC, reducing
work of breathing, and facilitating exchange of oxygen and
carbon dioxide. Maintaining patency of the upper airway and
establishing FRC can be problematic for preterm infants due
to surfactant deficiency and inadequate inspiratory pressure
[17–20]. CPAP effectively expands the lung, establishes FRC,
and improves gas exchange [21–24]. Excessive CPAP, how-
ever, can increase pressure in the chest, reducing cardiac
output and increasing the work of breathing for the newborn;
it has also been associated with pneumothorax. Despite the
literature supporting the beneficial effects of CPAP in new-
borns with RDS, data are currently insufficient to definitively
support or refute its use during neonatal resuscitation, and
many questions remain to be answered regarding the optimal
methods and pressures to be used [25]. Thus an individualized
approach is recommended. Currently, CPAP has not been
adequately studied in the human neonate compared to PPV,
and therefore its use cannot be routinely recommended.

Management of the infant with
meconium staining of the amniotic fluid
The presence of meconium in the amniotic fluid places the
newborn at risk for meconium aspiration. Meconium aspir-
ation is a potentially life-threatening pulmonary disease and is
discussed at length in Chapter 36. Obstetric and neonatal
management of the infant with meconium-stained fluid at
delivery has changed dramatically in the past decade as more
evidence regarding the efficacy of traditional therapies has
been generated. A large prospective multicenter randomized
controlled international trial did not show a reduction in
meconium aspiration syndrome with perineal suctioning; thus
suctioning of the naso- and oropharynx while the fetal head is
on the perineum is no longer routinely recommended [26].
Another large prospective multicenter randomized controlled
international trial revealed that infants with meconium-
stained fluid who are vigorous at birth (i.e., demonstrating
adequate respirations, heart rate above 100 beats per minute,
and good muscle tone) do not benefit from endotracheal
intubation and suctioning immediately after birth, and this
once routine practice is no longer indicated [27,28]. If,

however, the newborn is depressed (bradycardic, bradypneic,
hypotonic) direct laryngoscopy and suctioning with an
appropriate-sized endotracheal tube and meconium aspirator
should be performed without delay. After suction is applied
and the endotracheal tube and meconium aspirator are
removed from the airway, PPV is indicated. Repeated
attempts at intubation and suctioning in an effort to remove
all of the particulate matter in the trachea are not indicated
in newborns with persistent low heart rate and poor respira-
tory effort.

Use of oxygen
Oxygen is a drug, and like all drugs it possesses potentially
toxic as well as therapeutic actions. Inappropriate use of
oxygen has been associated with the development of acute
lung injury (acute respiratory distress syndrome or ARDS),
chronic lung injury (bronchopulmonary dysplasia or BPD),
and retinopathy of prematurity (ROP). While historically
most centers in the USA have utilized 100% oxygen in
neonatal resuscitation, recent studies have indicated that
the use of concentrations as low as room air (21%) are equally
as or more effective than 100% oxygen [29–32]. Saugstad et al.
conducted a prospective, multicenter, international (both
developed and developing countries) controlled trial of 21%
versus 100% oxygen in 609 newborns weighing more than 999
g at birth. The study involved 288 neonates in the 21% oxygen
group and 321 in the 100% oxygen group. The incidence of
grade II/III hypoxic–ischemic encephalopathy (HIE) did not
differ between the groups, but the newborns resuscitated with
21% oxygen recovered more quickly than those resuscitated
with 100% oxygen. Neurologic follow-up of 213 infants at 18
and 24 months of age revealed no significant differences in the
incidence of neurodevelopmental handicap or rate of growth
between the two groups [30,32]. Vento et al. confirmed these
results in another study involving fewer patients and also
showed that oxidative stress (as measured by the ratio of
reduced to oxidized glutathione) was significantly higher in
those patients resuscitated with 100% oxygen [33]. In a follow-
up study, the same authors confirmed their earlier findings
of increased oxidative stress in 106 full-term asphyxiated
infants randomized to resuscitation with either 21% or 100%
oxygen [34].

The NRP Update, available online at the NRP website
(www.aap.org/nrp/nrpmain.html), states the following:

Current evidence is insufficient to resolve all questions regarding
supplemental oxygen use during neonatal resuscitation. For babies
born at term, the Guidelines recommend use of 100% supplemental
oxygen when a baby is cyanotic or when positive-pressure
ventilation is required during neonatal resuscitation. However,
research suggests that resuscitation with something less than 100%
may be just as successful. If resuscitation is started with less than
100% oxygen, supplemental oxygen up to 100% should be
administered if there is no appreciable improvement within 90
seconds following birth. If supplemental oxygen is unavailable,
use room air to deliver positive-pressure ventilation. To reduce
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excessive tissue oxygenation if a very preterm baby (less than
approximately 32 weeks) is being electively delivered at your facility:

� Use an oxygen blender and pulse oximeter during resuscitation.

� Begin PPVwith oxygen concentration between roomair and 100%
oxygen. No studies justify starting at any particular concentration.

� Adjust oxygen concentration up or down to achieve an
oxyhemoglobin concentration that gradually increases toward 90%.
Decrease the oxygen concentration as saturations rise over 95%.

� If the heart rate does not respond by increasing rapidly to > 100
beats per minute, correct any ventilation problem and use 100%
oxygen. If your facility does not have use of an oxygen blender
and pulse oximeter in the delivery room, and there is
insufficient time to transfer the mother to another facility, the
resources and oxygen management described for a term baby
are appropriate. There is no convincing evidence that a brief
period of 100% oxygen during resuscitation will be detrimental
to the preterm infant. [35]

Determination of optimal oxygen concentration during resus-
citation is an intense area of interest and research today.
As new data become available in the next few years the guide-
lines are sure to evolve and become more definitive in their
recommendations.

Cardiac output
If the heart rate remains less than 60 beats per minute despite
adequate PPV with 100% oxygen for at least 30 seconds,
cardiac compressions should be initiated [6]. Chest compres-
sions may be performed via two methods: two fingers placed
on the lower third of the sternum, or hands encircling the
thorax with the thumbs placed on the lower third of the
sternum. The compression depth varies depending upon
the size of the infant, but should be one-third to one-half of
the anterior–posterior diameter of the chest. Compressions
and breaths should be coordinated in a compression : breath
ratio of 3 : 1 with 90 compressions and 30 breaths occurring
each minute. Heart rate should be reassessed every 30–60
seconds and compressions continued until a heart rate greater
than 60 beats per minute is achieved.

In most situations ventilation and chest compressions will
be sufficient to stimulate an improvement in heart rate and
restore adequate cardiac output. Should the heart rate remain
less than 60 beats per minute even with chest compressions,
the use of inotropic and chronotropic medications and
volume is indicated. The endotracheal tube may serve as an
initial route of delivery for drugs, including epinephrine and
atropine, and delivery via this route typically requires a higher
dose than if given intravascularly. Endotracheal administra-
tion of medication should not delay securing intravascular
access via the umbilical vein. Vascular access is usually achiev-
able within minutes by cannulation of the umbilical vein, and
only the presence of an omphalocele, gastroschisis, or other
major anomaly in the abdominal area precludes access via
this route [36]. Under emergency conditions the catheter is
inserted to a depth of 2–4 cm below the skin surface until
blood can be withdrawn freely; once in this position medica-
tions and volume can be given just as through a central venous

line. The catheter should not be advanced beyond this point,
as in the absence of radiologic conformation of its position it
could cause injury to the liver, intestine, or heart. Any umbil-
ical venous catheter placed emergently should be removed
once the patient has been resuscitated, and a new catheter
placed under sterile conditions and confirmed by x-ray to be
in good position if central venous access continues to be
required. The umbilical artery is less than an ideal site for
the administration of vasoactive medications, due to risk of
vasospasm, and cannulation of the artery typically requires
more time than cannulation of the vein; thus the umbilical
vein is the recommended route for delivery of medications to
the newborn in distress in the delivery room. An umbilical
venous catheter also provides a portal for sampling of blood
gases; this is a useful adjunct to physical examination during
extended resuscitations.

When intravascular access is warranted but the healthcare
professionals in attendance in the delivery room lack sufficient
skill in umbilical venous catheter placement, the team should
consider placement of an intraosseous catheter. These cath-
eters should be readily available on IV access and code carts,
and can be quickly placed into the marrow space of the tibia
when emergent conditions dictate. Any medication or fluid that
can be delivered into a central venous catheter can be delivered
into the marrow. Physicians in hospital emergency departments
should be very familiar with the placement and use of these
devices, and should be called upon to assist with or perform the
procedure if needed [37–39]. This technique is not recom-
mended in small preterm neonates, who have fragile bones
and relatively small intraosseus spaces. Medications should
never be given directly into the heart, as the risk of coronary
artery laceration, myocardial infarction, and pneumo- or hemo-
pericardium with resultant cardiac tamponade is too great.

Epinephrine
Epinephrine has both a-adrenergic and b-adrenergic effects
and is the medication used during resuscitation when the
heart rate remains below 60 beats per minute despite adequate
PPV and chest compressions. It should be delivered intraven-
ously but can also be given via an endotracheal tube while
intravenous access is being secured. The intravenous dose is
0.1–0.3 mL/kg of the 1/10 000 solution, and this dose may be
repeated every 3–5 minutes until the heart rate improves to
above 60 beats per minute. When delivered by the endotra-
cheal tube a higher dose (0.3–1.0 mL/kg) is required [40]. The
efficacy of epinephrine is reduced when the systemic pH is
less than 7.1. Side effects include tachycardia, vasospasm, and
tissue necrosis should extravasation occur.

Volume resuscitation
Because the cardiac ventricles of the neonate are less compli-
ant than those of an adult, increased cardiac output does not
result from expansion of an already adequate vascular volume
[41]. Nonetheless, inadequate end-diastolic pressure due to
decreased intravascular volume is one of the most common
correctable causes of decreased cardiac output in the neonate,
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and hypovolemia should always be suspected in a newborn
who appears to be poorly perfused in spite of an adequate
heart rate and PPV. This condition should be expected in
several clinical conditions such as abruptio placentae, vasa
previa, and hydrops fetalis. Hypovolemia may manifest as
respiratory distress in the absence of readily apparent pulmon-
ary disease or refractory hypoxemia in a newborn who is easily
ventilated. If hypovolemia is suspected, the best diagnostic
procedure is also therapeutic: administration of 10mL/kg
of isotonic saline, repeated as necessary. In a delivery-room
resuscitation situation, clinical indicators of efficacy include
improved perfusion, better color, and correction of tachycar-
dia. When possible, invasive measurement of central venous
pressure is a useful guide to assess the adequacy of intravas-
cular volume and any need for replacement.

Crystalloid and colloid solutions
Isotonic saline and lactated Ringer's solutions should always
be readily available, as they have the advantages of being both
inexpensive and in general well tolerated when used empirically.
Isotonic crystalloid is effective in the treatment of hypotension,
as demonstrated in several randomized controlled trials
[42–44]. Colloid, in the form of cytomegalovirus-seronegative,
type-specific or type O, Rh-negative blood crossmatched
against the mother's blood, should be made available when
acute blood loss or anemia is anticipated. Uncrossmatched type
O, Rh-negative blood can also be used in emergencies, although
transfusion reactions may occur. The hematocrit level should
be measured approximately 4 hours after administration of
the blood to determine whether additional transfusions are
required.

Stabilization after cardiopulmonary
resuscitation
Glucose
The cessation of glucose delivery via the placenta at the time
of birth predisposes the neonate to hypoglycemia, yet under
normal circumstances the term neonate is able to initiate
gluconeogenesis and mobilize hepatic glycogen to maintain
blood glucose levels in the normal range (40–60mg/dL).
Blood glucose levels do fall after birth, often to less than
30mg/dL, typically achieving a nadir at about 1 hour of age;
this decrease in glucose level acts as a stimulus to glycogen
breakdown and gluconeogenesis, resulting in normal glucose
levels by 2 hours of age in healthy term newborns even
without feeding or other intervention [45]. Neonates who are
small for gestational age or premature are at much higher risk
of hypoglycemia secondary to diminished glycogen stores and
impaired gluconeogenesis. Infants of diabetic mothers are
another at-risk group, as they have increased glucose utiliza-
tion, impaired gluconeogenesis, and a relative inability to
mobilize hepatic glycogen stores. Fetal exposure to b-mimetic
drugs (such as tocolytics) results in increased insulin secretion
and exhaustion of hepatic glycogen. Hypoxia, hypothermia,
hyperthermia, and infection also predispose the newborn

to hypoglycemia. When hypoglycemia is suspected during
resuscitation appropriate therapy should be initiated even
in the absence of a documented low blood glucose level
from the laboratory. Intravenous administration of glucose
(100–200mg/kg or 1–2mL/kg of 10% dextrose solution in
water) should be followed by a continuous infusion of glucose
at 6–8mg/kg per minute. Management of hypoglycemia in the
neonate is discussed in more detail in Chapter 26.

Sodium bicarbonate
Oxidative metabolism is dependent on maintaining a balance
between oxygen delivery and oxygen consumption. As the
delivery-to-consumption ratio approaches 2 : 1, tissues begin
to shift to anaerobic metabolism and generate lactic acid. Meta-
bolic acidosis caused by the accumulation of lactic acid after a
short period of either decreased oxygen delivery or increased
oxygen consumption usually corrects spontaneously once oxi-
dative metabolism is re-established and the lactate is converted
to pyruvate. When the oxygen delivery-to-consumption ratio
remains unbalanced for a sustained period of time because
of inadequate oxygen content in the blood (anemia, hypoxia),
low oxygen delivery (bradycardia, hypotension), or increased
oxygen consumption (sepsis, hyperthermia), sodium bicarbon-
ate may be administered to ameliorate alterations in pH that
may impair cellular functions. Correction of acidemia can result
in improved cardiac output, tissue perfusion, and substrate
utilization by reversing diminished myocardial function,
increased systemic and pulmonary vascular resistance, impaired
response to catecholamines, and inhibition of oxidative glucose
metabolism. During cardiac arrest, or following severe asphyxia,
sodium bicarbonate may be given empirically at a dose of
1mEq/kg of a 4.2% solution; additional doses are ideally
guided by blood gas analysis. It is important to remember that:
� Sodium bicarbonate is eventually converted to CO2,

which must be exhaled from the lungs before it, too,
adds to the acid load in the body; therefore adequate
ventilation must be established prior to administering
sodium bicarbonate [46]. In fact, the blood pH does not
increase and the cerebrospinal fluid pH decreases after
bicarbonate administration unless adequate alveolar
ventilation insures excretion of the carbon dioxide
generated by the buffer reaction [47].

� Overcorrection of the pH early in resuscitation may
be detrimental, because significant metabolic alkalosis
impairs the dissociation of oxygen from hemoglobin
and may actually impede oxygen delivery.

� Rapid infusion of sodium bicarbonate should be avoided,
as hypertonic solutions have been associated with altered
blood flow and subsequent organ injury [48,49]. The drug
should be infused slowly over 5–10 minutes, and the
concentration should not exceed 0.5 mEq/ml.

� Sodium bicarbonate administration only “buys time” in
providing a temporary correction in pH, and ultimately
the underlying cause of the acidosis must be treated for
the patient to survive.
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Naloxone
Naloxone is a pure opiate antagonist that is useful for the
reversal of respiratory depression resulting from narcotic
administration. Two conditions must be present in order to
justify administration of naloxone to a newborn: (1) the new-
born must continue to have apnea or poor respiratory effort
after PPV has produced normal heart rate and color (there is
no apparent cardiopulmonary etiology for the respiratory
depression), and (2) the mother must have been given a
narcotic in the past 4 hours but have no prior history of
narcotic exposure (use or abuse) outside of labor. Adminis-
tration of naloxone to a neonate whose mother is a narcotic
abuser or who is enrolled in a methadone maintenance pro-
gram may precipitate seizures. Because the half-life of nalox-
one is shorter than that of all narcotics except for fentanyl and
its derivatives, any neonate receiving naloxone should be
monitored continuously by skilled personnel for a minimum
of 24 and preferably 48 hours to ensure that the respiratory
depression due to the narcotic does not recur once the naloxone
is metabolized. Naloxone is given in a dose of 0.1mg/kg of
a 1.0mg/mL solution via either the intravenous or intra-
muscular route. In general naloxone should not be given in
the delivery room. The most appropriate management of the
neonate with respiratory depression suspected to be secondary
to maternal narcotic administration usually is to support the
patient's respirations as needed and transfer him or her to the
nursery, where the patient can be monitored continuously and
more information can be obtained from the obstetrical team
and from ongoing examination of the newborn. Naloxone is no
longer included in the NRP as a delivery-room medication.
Naloxone has not been shown in human neonates to affect
respiratory depression due to asphyxia, and is not recom-
mended for use in that circumstance [50].

Cerebral resuscitation
While the focus during neonatal resuscitation has historically
been on restoring cardiac and pulmonary function, protecting
the brain is now receiving increasing attention as a burgeoning
body of evidence suggests that it is possible to ameliorate if not
reverse the cerebral dysfunction and injury caused by inad-
equate oxygen delivery. An evolving therapy that specifically
addresses cerebral injury is the use of hypothermia. In ran-
domized controlled trials, cooling of the head or the entire
body was accomplished in term infants with indicators of
hypoxic–ischemic injury including a need for resuscitation
beyond 10 minutes of age, an Apgar score of < 5 at 10 minutes,
pH < 7.0 or base deficit > 16 mmol/L on initial blood gas,
seizures, or laboratory tests consistent with a diagnosis of
hypoxic–ischemic encephalopathy (HIE).While the early results
of these trials are promising, the long-term effects of this treat-
ment remain unknown and it has not been evaluated in preterm
or small-for-gestational-age neonates. A registry has been estab-
lished for HIE to continue to collect data on this emerging
therapy [51]. A more thorough discussion of hypothermia for
HIE is found in Chapter 42 of this text.

Evidence-based resuscitation medicine
Over the past several decades a concerted effort has been made
to improve the care for the new born infant by basing all
treatment guidelines on the best evidence available in the
medical literature. Spearheading this effort is the International
Liaison Committee on Resuscitation (ILCOR). ILCOR is com-
posed of representatives from the American Heart Association
(AHA), the European Resuscitation Council, the Heart and
Stroke Foundation of Canada, the Resuscitation Council of
Southern Africa, the Australia and New Zealand Council on
Resuscitation, and the InterAmerican Heart Foundation, with
observers hailing from the Japan Resuscitation Council and
the Ministry of Health in China. The mission of ILCOR is to
provide a regular international forum for review and discus-
sion of resuscitation practices and the evidence (or lack
thereof) supporting them. Task forces composed of ILCOR
members are assigned to review the scientific literature on
specific issues in resuscitation, and to prepare both written
and verbal reports on their findings. The task forces meet with
other scientists and clinicians over a period of 5 years; their
work culminates in a meeting of the ILCOR group at large,
where consensus is reached as to the quality of the science
behind current clinical practices. This review of the science is
published as a document called the International Consensus
on Cardiopulmonary Resuscitation and Emergency Cardio-
vascular Care Science and Treatment Recommendations
(CoSTR) [52,53]. Once the review of the science is available,
each national or regional resuscitation council then uses this
review to determine its own treatment recommendations.

Delivery-room decision making
The delivery room is the scene of many emotionally laden and
ethically challenging situations that potentially carry lifelong
consequences for the newborn and parents alike. However, it
should not be a place where difficult and irrevocable decisions
are made without the availability of important objective data
and the knowledge of parental desires. Deciding whether to
initiate, forgo, or terminate resuscitation is often both intel-
lectually challenging and emotionally draining, and in situ-
ations where the presumed gestational age is at the borderline
of viability, or where the presence of malformations or other
conditions clouds potential long-term outcome, or where the
wishes of the parents are unknown, discordant, or at odds with
those of the healthcare professionals charged with caring for
the newborn, it becomes even more so [54,55]. An editorial
by Saigal on the limits of viability points out the fact that
predicting survival based on outcomes of groups of patients
is intrinsically inaccurate when applied to an individual
patient [56]. Furthermore, the likelihood of impairment in
individual patients is even less predictable [57–61]. The same
critical issues apply to all infants who have birth injuries and
uncertain prognoses. In all of these instances parental input
becomes of paramount importance [62–64].

Stevenson and Goldworth point out that the emotionally
exhausting decision to withhold or withdraw life support in
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the early transitional period after birth is common but should
never be routine [65]. The potential for development of func-
tional status in the fetus or newborn is the single most import-
ant factor affecting immediate intervention and long-term
outcome. The dilemma is that, although there is a threshold
of maturity or extent of brain injury beyond which survival, or
survival without devastating sequelae, is not possible, the exact
threshold for a particular individual is typically not known
prior to the attempt to assist the person to survive. Although
the proportion of individuals who must face an ultimate
threshold increases dramatically below 25 weeks' gestation,
there is considerable variation in performance by neonates
provided with appropriate technical assistance. Thus it is
usually impossible at the onset of resuscitative efforts to know
whether such efforts, if successful, will result in intact survival,
survival with devastating neurologic injury, or prolonged
dying with gradually worsening organ failure.

So what recommendations can be made to assist those
faced with this tremendous responsibility? While there are
no simple answers, the most important component of this
process is to establish and maintain effective communication.
Communication from the obstetrical team to the neonatal
team of the best available information regarding gestational
age, fetal condition, and other important factors is critical;
without this, the neonatal team will not be able to deliver
optimal care in the delivery room or in the NICU after deliv-
ery. Communication among neonatal members is necessary so
that the plan of care, regardless of degree of intervention, can
be carried out in a coordinated and professional manner.
Finally, all of the obstetric and neonatal healthcare profession-
als involved in the care of the pregnant woman and her
newborn must establish open lines of communication with
the mother and any significant other who is involved in the
decision-making process. Clear communication of medical
facts, likely clinical outcomes (ideally based on objective, rele-
vant, valid, institution-specific data), and medically acceptable
options for care is an integral component of any counseling
process and mandatory for establishing an atmosphere of trust
and mutual respect between family members and the health-
care team.

Many times in caring for sick full-term neonates who,
despite their current illness, have a high likelihood of recovery
and good outcome there is a clear consensus as to the medical
choices to be made on behalf of the patient. A similar circum-
stance exists at the other end of the spectrum of care when
death is determined to be inevitable and relief of pain and
discomfort coupled with emotional support of the patient and
family is of paramount importance. There are clinical situ-
ations where the medically acceptable choices include options
ranging from comfort care to initiation/continuation of
aggressive intensive care – this is where the decision making
is most complex and the consequences of the decisions made
arguably carry the most potential for serious long-term phys-
ical, emotional, psychological, and financial harm. It is in
these situations that the physician bears the greatest responsi-
bility in clearly spelling out the various options for care and

the potential or likely consequences of each of these; it is also
at these times that physicians must bear in mind that they
share the privilege of caring for the patient for what amounts
to a relatively brief period of time, and it is the parents who
bear the long-term responsibility, and potentially the burden,
of caring for their child. It is not the physician but the parents
who are the appropriate surrogates for the child, provided that
they are educated as to what is possible or not possible and
what is likely or not likely, and are informed of the societal
perspective represented by court precedents as pertinent to
their situation. Thus, while a reasonable legal argument might
be that, when there is any doubt as to outcome, initiation of
resuscitative measures should always be undertaken, the moral
imperative would be to defer to the parents when the outcome
is in question and the medical choices are unclear.

Summary
Management of difficult deliveries and the subsequent resusci-
tation of the newborn are among the most intensely scrutin-
ized and frequently criticized medical activities in medicolegal
litigation (Table 39.2). Those professionals charged with
caring for newborns immediately after birth are both obligated
and well advised to ensure that resuscitation of the neonate is
consistently performed skillfully and expeditiously according
to the guidelines issued by the NRP. Optimal resuscitation

Table 39.2. A partial listing of aspects of neonatal resuscitation creating
medicolegal risk

Failure to recognize a newborn in need of resuscitation

Failure to anticipate the need for extended resuscitation

Failure to assemble appropriately trained personnel in a timely fashion

Failure to follow hospital policies regarding treatment of the newborn

Ineffective communication between obstetric team and neonatal team

Ineffective communication among neonatal team members

Poorly performed cardiopulmonary resuscitation

Failure to recognize and treat an incorrectly placed endotracheal tube

Failure to achieve timely umbilical venous access for medication or volume
delivery

Incorrectly placed umbilical venous catheter

Over- or under-dosage of medication

Failure to recognize a pneumothorax, pneumomediastinum, or
pneumopericardium in a patient receiving positive-pressure ventilation

Failure to suction a depressed neonate with meconium

Failure to recognize the hypovolemic/anemic newborn

Delivery of peak inspiratory pressures that are too low or too high

Delivery of positive-pressure ventilations at too slow or too fast a rate

Delivery of medications through the endotracheal tube that should be
administered only via the intravascular route

Failure to effectively communicate with parents

Initiating/continuing/discontinuing resuscitation against parental wishes

Lack of accurate and comprehensive documentation

Conflicting or incorrect documentation
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requires anticipation and preparation, and demands intense
collaboration and effective communication between the
obstetric and neonatal team members. Resuscitation should
begin as soon as needed after delivery, and should follow the
evidence-based algorithm for assessment and intervention.
Conducting an effective resuscitation requires cognitive
(knowledge), technical (hands-on), and behavioral (working
effectively as a team under pressure) skills, and these skills
must be regularly practiced in order to maintain a high level of
performance. Skillful resuscitation is capable of preventing

postnatal organ injury and may also act to ameliorate the
severity of any prenatal injury. This will continue to be an
area of active research for the foreseeable future.
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Chapter

40 Improving performance, reducing error,
and minimizing risk in the delivery room
Louis P. Halamek

Introduction
In 1999 the Institute of Medicine (IOM) published To Err is
Human: Building a Safer Health System, a report on human
error and patient safety in the USA [1]. In this report the
authors estimate that between 44 000 and 98 000 Americans
die each year as a result of medical errors. Although this figure
has been highly debated, it is based on extrapolation of the
data contained in published studies out of Colorado, Utah,
and New York [2–4]. The 1999 report was followed in 2001 by
another from the IOM, Crossing the Quality Chasm: A New
Health System for the 21st Century, where the type of interven-
tions, including training methodologies, necessary to improve
patient safety were discussed [5]. Subsequently in 2004 the
Joint Commission for the Accreditation of Healthcare Organ-
izations (JCAHO) published a Sentinel Event Alert describing
ineffective communication as a major cause in almost three-
quarters of the cases of neonatal mortality or severe neonatal
morbidity (lifelong serious neurological compromise) reported
to that agency [6]. JCAHO recommended that hospitals
that deliver newborns establish a system of training that
incorporates behavioral skills such as teamwork and effective
communication, and that they conduct regular clinical drills in
delivery-room emergencies with these drills followed by con-
structive debriefings. Despite the recommendations by the
IOM and JCAHO, healthcare has yet to fully examine the
complex relationship among training, human performance,
and medical error, and development and implementation of
such training programs remains challenging.

While many factors influence the incidence of medical
error in the USA today, this chapter will focus on training
and education. Similarly, while medical errors occur across
every medical specialty and affect all patients, this chapter
will center on the newborn in the first minutes of life in the
delivery room. First, the history of medical training will be
reviewed. Next, new methodologies designed to improve the
performance of professionals working in dynamic environ-
ments will be highlighted. Finally, the impediments to future
enhancements of medical training and potential solutions to
these will be discussed.

Historical perspective
Traditional medical training is essentially a two-step process.
First, trainees read about the many different aspects of medical
practice. This begins in the first two years of medical school,
when much time is spent either studying and working from
textbooks or listening to lectures describing the basic science
underlying modern medical practice. Second, trainees then
begin to care for real human patients. Caring for patients
typically begins with trainees observing senior colleagues in
the practice of medicine, followed by trainees' efforts to mimic
the performance of their colleagues while under varying
degrees of supervision. This has historically been described
as “see one, do one, teach one;” while that phrase is an unfair
criticism of medical training in many respects, certain ele-
ments continue to ring true [7].

Several assumptions underlie the traditional two-step
model of medical training. First, this model assumes that
current methodologies in medical education are optimal for
all adult learners. Second, there exists an assumption that the
close of a training period implies that the trainee is competent
to practice all aspects of medicine in his or her specialty. Yet
the limitations to these assumptions are obvious. Adults learn
best via active participation; passive training exercises such as
reading or observing others tend to be less effective than active
immersion on the part of the trainee. Adults also have differ-
ent strengths and weaknesses. Training models that more
or less offer the same content in the same fashion to all adult
learners in essence demand that these learners accommodate
the training model. This failure to recognize the inherent
differences in trainees impairs their ability to succeed and
suppresses unique contributions from trainees with different
life experiences.

In a similar fashion, acquisition of skills occurs at different
rates for different trainees, and retention of skills is not
uniform across trainees. Training programs that assume that
exposure of the trainee to a particular environment for a
defined period of time is adequate preparation for the practice
of medicine fail to recognize that all training programs
are by definition limited in time and depth. As an example,
the Residency Review Committee for Residency Training Pro-
grams in General Pediatrics in the USA revised the require-
ments for residency training in 2001 by reducing the amount of
time that residents spend in intensive care environments [8].
Yet there are few objective data in the medical literature
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regarding the time required for skill acquisition and retention
in intensive care domains. Therefore it is not currently known
whether the decrease in time spent in intensive care units by
pediatric residents as directed by the Residency Review Com-
mittee goes too far or not far enough. In addition, there appear
to be no objective measures in place for monitoring the effects
of this change over time.

Other limitations to the traditional model include the
relative lack of a systematic approach to clinical training due
to the very random nature of patient care experiences. This
model of training, based upon whatever patients are admitted
to the hospital or seen in the clinic, is accurately termed
“education by random opportunity” [9] (T. M. Krummel,
personal communication). Because common things are
common, such a model usually provides adequate training in
the management of common clinical situations. However, this
model is sorely deficient in preparing trainees to handle those
rare but potentially devastating events that eventually occur
during a professional career. Another weakness of the tradi-
tional training model is its focus on the individual trainee as
the one solely responsible for patient care. In reality many
medical domains are characterized by a need for communi-
cation among and coordination of multidisciplinary teams
of professionals. Individuals trained in different specialties,
typically in isolation from one another, are often forced in
emergencies to attempt to function as an integrated team
despite a lack of any real experience in doing so. Unfortu-
nately, teams of experts do not necessarily make an expert
team [10]. Because health care as a profession lacks a univer-
sally accepted theoretical model of effective team performance
it has proven difficult to develop appropriate training
programs and assessment tools [11]. The limitations listed
previously indicate that a re-examination of the very founda-
tions of education and training in health care is necessary in
order to optimize its impact on human performance and
patient safety.

First of all it must be recognized that there is a difference
between teaching and learning [12]. Teaching is something that
is done (passively) to trainees while learning is something that is
done (actively) by trainees. Thus not everything that is taught
is necessarily learned. Second, it is important to consider what
can be learned. Delivering safe and effective care to patients
requires mastery of three types of expertise or skill: cognitive
skills or content knowledge (what we know in our brains),
technical skills (what we do with our hands), and behavioral
skills (what we use to employ the first two skill sets while
caring for patients while working under realistic time pres-
sure). Knowledge of the normal and abnormal physiologies
manifested in the delivery room and how to treat them,
together with proficiency in the technical aspects of that treat-
ment, are prerequisites to delivering care to the pregnant
woman in labor and her newborn. Nevertheless, cognitive
and technical skills alone are insufficient for the modern
practice of medicine. Both the evidence currently available
in the literature (albeit limited) and rational conjecture indi-
cate that behavioral skills such as teamwork and effective

communication are also critically important to successful
outcomes for patients undergoing cardiopulmonary resusci-
tation [13]. Unfortunately behavioral skills have rarely been
addressed in conventional training programs for healthcare
professionals in the USA or elsewhere.

Newmethodologies
How can the limitations of the traditional medical training
model be overcome? In looking for answers to this question it
is useful to examine other dynamic domains where the risk to
human life is high and where similar limitations have been
successfully surmounted. Dynamic medical domains like the
delivery room are similar to other domains such as commer-
cial aviation and aerospace in that they are all characterized by
an inherent risk to human life, short-time constant action/
feedback loops, and intense time pressure. There is a direct
relationship between actions and outcomes. Communication
in these domains is primarily verbal and immediate, involves
multiple personnel, and is characterized by changes in pitch,
intensity, and word compression as well as non-verbal cues
including eye movement and body language. Effective human
interface with technology is critical both in flying air- and
spacecraft and in resuscitating neonates in the delivery room.
The tradition of the pilot as commander-in-chief is similar to
that of the physician bearing ultimate responsibility for the
care of the newborn. Thus medicine shares many characteris-
tics with aerospace and aviation, and stands to benefit from
adopting similar training methodologies.

Flying large aircraft has been described as “hours and
hours of boredom interspersed by moments of terror” (this
is also a reasonable description of working in a busy delivery
room!). The downing of a commercial aircraft is devastating,
in terms of both loss of human life and destruction of expen-
sive technology. Because of this, the commercial aviation
industry long ago recognized the need to develop a better
understanding of why planes crash, in an effort to reduce the
incidence of such events. One of the first steps in this effort
was to equip the cockpits of commercial aircraft with devices
that record the communications of the crew and the readings
of the plane's instruments. These devices provide an objective,
time-coded record of the events as they occur during flight.
Analysis of the data from these “black boxes” indicated that
approximately two-thirds of airline accidents occurred not
because of major mechanical failures or lack of technical
knowledge on the part of the crew but rather because of
suboptimal communication and teamwork by those respon-
sible for flying the plane [9]. This information was surprising
in that the pilots, copilots, and flight engineers flying these
large commercial aircraft were some of the most experienced
in the industry, having logged thousands of hours of flight
time in a variety of aircraft under a wide array of conditions,
yet were unable to utilize and integrate their collective skills
during in-flight crises.

In response to these findings the aerospace industry
developed a training program known as Crew (or Cockpit)
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Resource Management (CRM) [14]. In CRM crews are taught
the appropriate technical responses to in-flight crises. In addi-
tion, heavy emphasis is placed upon the necessary behavioral
responses (effective teamwork and communication) vital to
optimal crew performance. The key to effective CRM training
is creating a “suspension of disbelief” in those participating in
the exercise; this is greatly enhanced by creating a training
environment that simulates a cockpit with high fidelity. Flight
simulators are designed to be identical to the physical layout
of a real cockpit and provide realistic visual, auditory, tactile,
and kinesthetic cues to those training within the simulator.
The simulator contains working controls, alarms, and other
devices; these must be operated as in real life or the desired
responses by the simulated aircraft will not occur. It is not
possible simply to talk one's way out of a problem, nor pick
the correct solution from a list of multiple-choice options, in a
flight simulator. If the crew does not exhibit the correct
technical and behavioral responses to the events in the simu-
lator exactly as would be necessary in the real cockpit during
actual flight, the scenario cannot be successfully completed
and the simulator “crashes.”

The aerospace industry has succeeded in overcoming
many of the barriers to effective error detection, analysis,
and prevention. Error detection is enhanced by a system that
encourages crews to report near-miss and adverse events to a
national agency, the Federal Aviation Administration (FAA),
without risk of liability. The FAA database serves as a valuable
resource to flight crews and the industry in general, and allows
for early recognition of systematic problems. The industry's
experience with error analysis is unsurpassed; this experience
includes recognition of good decisions on the part of crews
in addition to detailed analysis of suboptimal aspects of per-
formance. The FAA and other agencies, such as the National
Aeronautics and Space Administration (NASA), provide
ongoing support for human performance research, including
efforts to study optimal modes of communication, effects of
sleep deprivation, and other human factors. Ultimately,
the goal of these efforts is to prevent errors and improve the
safety of passengers and crew. Evaluation of the effects of
simulation-based flight training indicates that the experience
gained in realistic simulators improves crew performance;
although confounded by concomitant advances in technology,
passenger safety has improved since the initiation of mandatory
annual CRM training by all flight crews of major commercial
airlines.

Given the similarities between these high-risk domains,
what has been done in medicine to mimic the successes in
training (as in CRM) experienced by commercial aviation?
Videotape has been used to record the actions and words of
physicians and nurses in emergency rooms and trauma
centers [15–18]. This video record of events augments the
written record and memories of team members and is used
in debriefing the teams after major events. Anesthesiologists
have combined videotape with human patient simulators
in creating the medical equivalent of a flight simulator.
Their course, anesthesia crisis resource management (ACRM),

was one of the first simulation-based medical training
programs [19].

The delivery room possesses many similarities to the
operating room. It is characterized by high risk, intense time
pressure, and reliance upon technical skills and verbal com-
munication. Unlike the operating room, there are at least two
(and occasionally three or more) patients present, demanding
coordinated team action between groups of physicians and
nurses who in many institutions spend most of their time
working in isolation from one another on separate adult and
pediatric units. The use of videotape to record the actions of
delivery-room resuscitation teams as a quality assurance
instrument has been reported [20]. This study found that the
videotape record provides a useful quality assurance tool
for monitoring the conduct of newborn resuscitation and
providing constructive feedback.

These innovations in the real delivery room have been
augmented by highly realistic training experiences carried
out in a simulated delivery room where everything is real
except for the patients. NeoSim™ is a simulation-based
training program based upon the CRM program in com-
mercial aviation and focused on the individuals responsible
for resuscitation of the neonate [21]. It is one of a number
of programs developed and conducted at the Center for
Advanced Pediatric and Perinatal Education at Packard Chil-
dren's Hospital at Stanford, or CAPE (www.cape.lpch.org).
The objectives of NeoSim are to: recognize the collective
responsibility of delivery-room personnel for the health of
mothers and babies; identify the cognitive, technical, and
behavioral skills necessary for optimal human performance;
and practice these skills in a realistic and safe environment.
Each program begins with a general introduction to the
principles of simulation-based training, followed by review
of videotapes depicting simulation-based training in aviation/
aerospace and medicine. Review of these videotapes is meant
to stimulate the trainees to think about the technical and
behavioral skills (or lack thereof) exhibited by those cap-
tured on these “trigger” videos. Trainees are then oriented
to the equipment, supplies (including medications and
fluids), patients, and colleagues in the simulated delivery
room. Once this familiarization is complete, trainees are
immersed in multiple realistic, challenging clinical scenarios
involving problems with patients, devices, colleagues, and
multisystem failures. The details of these scenarios are
captured on time-coded videotape used during debriefings
facilitated by the simulator faculty that are conducted imme-
diately after each scenario. Typically a thorough debriefing
requires at least twice the length of time required for the
conduct of the scenario itself.

OBSim™ is similar to NeoSim, but it addresses the needs
of the obstetric team in handling difficult deliveries and man-
aging maternal cardiorespiratory decompensation and arrest.
Sim DR™ is another training program developed at CAPE that
is directed at all of the individuals caring for both the mother
(obstetrician/perinatologist, anesthesiologist/obstetric anesthe-
siologist, scrub nurse, circulating nurse) and the newborn
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(pediatrician/neonatologist, neonatal nurse practitioner, nursery
nurse) in the delivery room. Even though these two groups of
professionals must work together on a regular basis in the
same physical space, joint training programs such as Sim DR
are a novel concept. The success of these programs demon-
strates that it is possible to overcome the difficulties inherent
in simultaneous training and debriefing of multiple groups of
medical professionals.

There are many aspects of simulation-based training that
intuitively appear to be significant advantages over traditional
training methodologies:
� The ability to create specific scenarios eliminates the

dependence on “education by random opportunity”
described earlier.

� The capacity for numerous scenarios during the conduct of
a single training program provides for a very intense
experience in a relatively short period of time, maximizing
time, money, and other resources.

� Scenarios can be scaled to challenge both the novice and
the experienced clinician.

� Use of videotape provides an unbiased, objective, detailed,
time-coded record of the actions of the trainees, reducing
dependence on more subjective records such as human
memory, as occurs in reviewing the events during a real
medical emergency.

� Debriefings conducted immediately after each scenario
provide detailed constructive feedback unparalleled in
quantity and quality.

� Finally, simulation-based medical training presents no risk
to patients and very minimal risk to trainees (a small risk
of injury to users is present whenever real working
medical equipment is used, as in the simulator).

Thus the use of simulation-based methodologies represents a
significant advance in healthcare training and has the potential
to revolutionize efforts to improve human performance and
patient safety.

The Neonatal Resuscitation Program (NRP) of the American
Academy of Pediatrics (AAP) sets the standard for neonatal
resuscitation in the USA and serves as the basis for similar
programs elsewhere in the world. Development of a career-long
learning program in neonatal resuscitation that is relevant to
professionals from multiple disciplines at all levels of experience,
and that is embedded with robust learning opportunities
and valid performance metrics, is the focus of the NRP [22].
Similar to what is happening in other healthcare domains, a
major shift in learning methodology is occurring within the
NRP. The NRP Instructor Development Task Force began
meeting in early 2007 to plan how to prepare NRP instructors
to shift from the role of an instructor in control of the learning
process for trainees to someone who facilitates acquisition of
knowledge and skills by trainees charged with responsibility
for their own education. The NRP is poised to transition from
a single learning opportunity experienced once every 2 years
to a career-long learning model where trainees are required to
regularly review different aspects of neonatal resuscitation

using an assortment of learning methodologies that are best
suited to their individual learning styles. This transition will
result in new learning materials accessible online from any-
where in the world, and will allow rapid updating of content to
reflect new evidence as it becomes available.

The body of evidence in support of the impact of simulation-
based training on patient safety is growing. One of the most
intriguing is a retrospective multicenter cohort observational
study of 19 460 infants by Draycott et al., who looked at the
effect of a training program on the management of difficult
deliveries on neonatal outcome [23]. The training program con-
sisted of review of interpretation of fetal heart-rate tracings
and hands-on drills in the management of shoulder dystocia,
postpartum hemorrhage, eclampsia, twin delivery, breech
presentation, and maternal and neonatal resuscitation.
After completion of the program the incidence of newborns with
5-minute Apgar scores � 6 decreased from 86.6 to 44.6/10 000
births (p< 0.001); in addition the incidence of hypoxic–ischemic
encephalopathy decreased from 27.3 to 13.6/10 000 births
(p¼ 0.032).

Virtual-reality-based learning opportunities represent
another technologic and methodologic innovation that puts
the learner in control of his or her learning opportunities.
Virtual reality refers to depictions of reality that exist
only in a computer. Learning programs such as VIDERO
(VIrtual DElivery ROom) and Virtual Worlds place the user
in a virtual clinical scenario and require interaction with
patients and other healthcare professionals in the context
of a multidisciplinary team [24–28]. Online interactive
virtual environments will continue to evolve in utility and
complexity, and are certain to become important learning
tools in the future.

The future
What is a safe delivery room from the perspective of training?
A safe delivery room is one that is staffed by professionals who
not only have mastered the appropriate body of content
knowledge specific to their domain and are highly trained in
the necessary technical skills but also have practiced and
demonstrated behavioral skills such as teamwork and effective
communication with their colleagues on a regular basis in the
context of multidisciplinary teams. These professionals are
supported by clinical information systems that use artificial
intelligence to assimilate, analyze, and display patient data in a
format that can be easily visualized and interpreted, in real
time, in the real environment. The delivery room itself is
highly sophisticated: patient monitors, infusion pumps and
other “smart” devices are not only servo-regulated but their
data streams are archived in a central repository from which
they can be recovered at any time. All of the activities that
occur in the delivery room are recorded on time-coded video,
also stored on secure servers. When it becomes necessary to
examine the recorded video and data streams they can be
played back in a simulator, allowing a high-fidelity re-creation
of those events of interest for detailed analysis by teams of
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healthcare professionals, human-factors experts, industrial
psychologists, risk managers, and hospital administrators.
How close are we to a truly safe delivery room?

While some technical barriers persist, all of the technolo-
gies described previously exist already in some form. Perhaps
the area in greatest need of innovation is the simulation of
birth. Human birth is a complex process, characterized by
numerous continuous changes in the physiology, anatomy,
and spatial relationships among various physical structures
in both mother and baby. While these technical barriers to
high-fidelity simulation of birth may seem daunting at first
glance, it is important to understand that highly effective
simulation can be achieved with far less than 100% fidelity
to actual biologic processes. Close collaboration among physi-
cians, computer scientists, biomedical engineers, medical
artists, and others will allow the remaining technical chal-
lenges to be overcome in a timely and cost-efficient manner.
Work also needs to continue in the area of methodology, as
useful metrics to assess human technical and behavioral per-
formance in the delivery room need to be developed and
validated.

Medicine is currently faced with tremendous financial
pressures to improve efficiency and lower cost, ostensibly to
deliver more care to more people. This means that it will not be
adequate simply to develop and implement new training meth-
odologies and technologies. Validation of new training pro-
grams and devices will be necessary to insure that the skills
learned in medical simulators can be effectively transferred
to the real medical domain and result in improved human
performance, reduced medical error rates, and better patient
outcomes. This will require appropriate evaluation of these
new methodologies. Any improvements over historically
accepted training models should be weighed against the costs
of these newer methodologies averaged over time. Financial
resources to conduct this research and development must be
made available, and the funds to conduct training must
be secured, either by finding “new” money (always a difficult
undertaking) or by re-allocating funds already dedicated to
training.

Most importantly, the culture of health care must change,
from one of silence about (and blame and punishment for)
mistakes to one where mistakes are acknowledged and pre-
ventive actions are widely disseminated. There is much about
the legal climate within the USA that discourages recognition
of, detailed open discussion about, and widespread dissemina-
tion of information regarding medical errors. The threat of
loss of reputation, current income, and long-term financial
security thwarts any substantive effort to examine systemati-
cally the issue of patient safety. There is no method by which
medical errors are logged and this database made universally
accessible to practicing physicians, nurses, and allied health-
care personnel. In the absence of this shared knowledge, the
same errors, many of which are preventable, continue to occur
repeatedly in the hospitals, clinics, and other healthcare deliv-
ery sites throughout this country. Whenever an adverse event

occurs, the question typically asked is “Who is responsible?” in
order to assign blame to an individual rather than closely
examine the system for the inherent flaws that set up these
individuals for failure. The burden of error prevention must
shift from the shoulders of individual practitioners to the
healthcare system as a whole. Strict patient confidentiality
must be insured, and healthcare professionals must be pro-
tected from any type of accusation or retribution if they are to
be willing participants in such a process as has been described.
Until a system that encourages responsible, blameless
reporting of “medical near-misses” and adverse patient out-
comes exists, medicine will never begin to approach the safety
record of high-risk industries such as commercial aviation.
Only then will the promise of new training methodologies and
technologies designed to enhance the safety of patients be
fulfilled.

Conclusions
Improvement in the safety of newborns and their mothers
will require a new paradigm of education and training. Faster
microprocessors, advanced algorithms, and sophisticated haptic
interfaces will lead to the development of sophisticated fetal,
neonatal, and maternal patient simulators based on realistic
physiologic models. Regional centers that utilize the tremen-
dous potential of these simulation- and virtual-reality-based
technologies in their curricula will be established to serve as
resources for the physicians and nurses seeking training and
accreditation. The traditional two-step model of medical edu-
cation will evolve. This new model will consist of four steps,
and will be more in line with the successful training models
found in aerospace and other industries like nuclear power
where the risk to human life is high:
(1) Read about health and disease in textbooks and journals.
(2) Interact with virtual patients (computer-generated

renderings).
(3) Practice on simulated patients (sophisticated physical

manikins).
(4) Care for real patients.
Rather than asking “Can we afford to do this?” the proper
question to be asked is “Can we afford not to do this?” The
Institute of Medicine, in its 1999 report, states: “The status quo
is not acceptable and cannot be tolerated any longer. Despite
the cost pressures, liability constraints, resistance to change
and other seemingly insurmountable barriers, it is simply not
acceptable for patients to be harmed by the same health care
system that is supposed to offer healing and comfort . . .
A comprehensive approach to improving patient safety is
needed” [1]. Adopting a new paradigm of training and educa-
tion in delivery-room medicine, one that incorporates the use
of simulation- and virtual-reality-based technologies, should
be a major component of this comprehensive approach
to improving the care and safety of newborns and their
mothers.
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Chapter

41 Extended management following
resuscitation
William E. Benitz, Susan R. Hintz, David K. Stevenson, Ronald J. Wong, and Philip Sunshine

Introduction
After the initial resuscitation of an encephalopathic infant, the
extended management of the patient becomes critical in order
to prevent as much secondary damage as possible. There are
many different management protocols that are acceptable, and
it is not the intent of this chapter to review all of them used for
the various conditions encountered in neonatal intensive care.
Rather, we focus on the early transitional period following
birth and resuscitation, during which the condition of the
depressed infant can be substantially improved by expert care.

As noted in Chapters 2 and 42, the encephalopathic period
involves a continuum of biologic events associated with sec-
ondary energy failure lasting up to 48–72 hours after the initial
insult. These include the reperfusion period with the elabor-
ation of oxygen free radicals and various cytokines as well as
necrosis and apoptosis that then ensue. It is imperative that
the extended management of these infants be carried out in
an optimal fashion at a center that can provide hypothermia
or other novel neuroprotective interventions that may be
developed.

Unfortunately, the windows of opportunity may be short
and variable depending upon the nature of the intervention,
and could change as further research informs practice. Thus
there is an obligation for the practitioner to be well informed
about progress in the standard of care and to stay current with
respect to neuroprotective strategies. Various neuroprotective
mechanisms after hypoxic–ischemic injury are discussed in
detail in Chapter 42.

The condition of the infant during this period may have
been determined by circumstances that occurred prior to or
during the delivery and initial resuscitation, many of which
are beyond the control of the obstetrician and neonatologist.
It is also important to recognize that significant neurologic
or physiologic compromise is not always evident during the
early evaluation; and an infant with good initial Apgar scores
may present with significant problems later after an apparently
successful resuscitation. Nonetheless, it is possible to identify
many infants who require continued intensive care, including
all those who require vigorous resuscitation and those who

remain depressed or dependent on cardiopulmonary support.
The roles of pharmacologic therapy in extended intensive care
and in the management of refractory neonatal hypoxemia
have been reviewed in detail [1]. In this chapter, we provide
an overview of the aspects of extended intensive care, which
addresses the maintenance of cerebral integrity in appropriate
facilities that can provide specialized therapy, and provides
recommendations for the implementation of these interven-
tions by the primary care practitioner [2]. These interventions
consist of sustaining ventilation, supporting cardiac output,
correcting anemia, and evaluating and initiating therapy for
hypoxemia.

Fluid management
Although there is little evidence to guide fluid administration
in infants with hypoxic–ischemic injury and encephalopathy,
the risk for exacerbating cerebral edema is real. Hyponatremia
may exist if excessive free water is administered or in the
context of the syndrome of inappropriate secretion of anti-
diuretic hormone (SIADH). In addition, capillary leak syn-
drome associated with asphyxia may lead to intravascular
volume depletion; with appropriate secretion of ADH and
any relative water load, this can set the stage for hyponatremia.
Thus, intravascular volume depletion should be treated with
crystalloid or colloid, while continuous intravenous (IV) fluid
administration should be restricted, limiting free water in the
context of low glomerular filtration rate (GFR) or oliguric
renal failure. On the other hand, it is paramount to avoid
dehydration and possible hypotension and to maintain good
cardiac output and perfusion. Enteral feeding is usually
avoided in the first several days of life in consideration of
damage to or impaired perfusion of the gastrointestinal tract,
particularly in the setting of continued need for inotropic
support. This is discussed in Chapter 44.

Supporting ventilation
Assisted ventilation should be provided for any infant who is
not able to maintain acceptable arterial blood gas levels with-
out such assistance, or who does so only with extreme effort.
The range of desired arterial oxygen tensions depends on the
clinical circumstances, as indicated in Chapter 39. In the
premature infant, a PaO2 of 50–60mmHg (6.7–8.0 kPa) is
usually adequate, but a PaO2 slightly higher than 100mmHg
(13.3 kPa) may be more desirable in an infant with persistent
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pulmonary hypertension of the newborn (PPHN). In some
situations, extreme vigorous support (with a concomitant risk
of adverse effects, such as pneumothorax, adult respiratory
distress syndrome [ARDS], or bronchopulmonary dysplasia
[BPD]) may be required to achieve optimal blood gas param-
eters. In such high-risk clinical scenarios, one may decide to
accept lower oxygen tensions (35–50mmHg or 4.7–6.7 kPa)
if this allows less vigorous utilization of positive-pressure
ventilation or greatly reduced inspired oxygen concentrations,
as long as both the oxygen-carrying capacity of the blood and
the cardiac output are maintained.

Similarly, higher than normal PaCO2 target ranges are
often accepted as long as the arterial pH level is not excessively
depressed, because these values may be achieved with less
aggressive mandatory ventilation. Hyperventilation to achieve
elevated pH values has been utilized in the treatment of
PPHN [3,4]. However, extreme hyperventilation results in
hypocapnia and alkalosis, and shifts the hemoglobin–oxygen
dissociation curve to the left, which is unfavorable to tissues.
The effects of hyperventilation on cerebral metabolism are
not fully understood, but cerebral blood flow may be com-
promised by this maneuver [5]. Cerebral vascular autoreg-
ulation may also be impaired in critically ill neonates and
blood flow patterns may change after hypocapnia [6–8].
Retrospective clinical studies have also suggested an asso-
ciation of hyperventilation, as part of a therapeutic approach
to PPHN, with later sensorineural hearing loss and poorer
neurodevelopmental outcome [9–11]. Moreover, significant
risks of pulmonary injury, including pneumothorax and
pulmonary interstitial emphysema (PIE), may be incurred
with excessively vigorous mechanical ventilation. Cognizant
of the potential short- and long-term complications associated
with hyperventilation, and with the assistance of improved
adjuvant therapies (see below), tertiary care centers now
employ more conservative ventilation strategies in the man-
agement of PPHN [12,13]. However, support for any specific
ventilatory regimen is limited by the paucity of randomized
controlled trials.

Recent evidence has suggested that changes in lung volume
rather than changes in applied proximal airway pressures may
be most important in the development of chronic lung disease
(CLD) in ventilated infants. This has led to the adoption of
high-frequency ventilation (HFV), including high-frequency
oscillatory ventilation (HFOV), high-frequency jet ventilation
(HFJV), high-frequency flow interruption (HFFI), and high-
frequency positive-pressure ventilation (HFPPV), as strategies
for supporting gas exchange while minimizing pulmonary
injury [14]. In general, the strategy for use of these devices
is to maintain the lung volume above functional residual
capacity using a constant distending pressure and delivering
small tidal volumes at 2–20 Hz. HFV appears to be at least as
effective as conventional positive-pressure ventilation for
management of premature infants with respiratory distress
syndrome (RDS), and may be the preferred mode of ventila-
tion in infants with PIE or other air-leak syndromes. Both
HFOV and HFJV have been studied as methods for rescue

of infants with severe respiratory failure who qualify for
extracorporeal membrane oxygenation (ECMO) while on
conventional ventilation [14–16]. Such HFV rescue has been
shown to be most likely to succeed in infants with severe RDS,
and less so for those with meconium aspiration or congenital
diaphragmatic hernia (CDH). However, there are very few
randomized controlled trials in this area [17], making estab-
lishment of clear recommendations difficult. Plans for further
trials of ventilatory strategies alone will be complicated by use
of other adjuvant interventions, as well as by dissimilar diag-
noses and responses among infants with pulmonary failure.
Increasing utilization of HFV in combination with other ther-
apies is likely responsible for a dramatic decrease in the need
for ECMO in neonates with PPHN [18].

To facilitate safe and effective ventilatory management, it
is occasionally necessary to provide pharmacologic neuromus-
cular blockade. The administration of pancuronium bromide
or vecuronium iodide allows for neuromuscular relaxation,
produces significant improvement in gas exchange, and
reduces the risk of barotrauma [19,20]. Vecuronium has weak
atropine-like and histamine-releasing effects, which may cause
hypotension, tachycardia, and an apparent increase in skin
perfusion. In contrast, pancuronium has been shown to
decrease blood histamine levels and is less likely to cause
hypotension because of direct effects on heart function. It is
also possible that these drugs may increase the risk of intra-
cranial hemorrhage. Provision of analgesia with morphine
sulfate or fentanyl and sedation with midazolam is recom-
mended during neuromuscular blockade.

A major advance in the management of respiratory insuffi-
ciency in preterm infants occurred with the introduction of
surfactant replacement therapy. Investigational use of surfac-
tants became widespread by 1989, and commercial products
were introduced in 1990 (Exosurf, an entirely synthetic
surfactant) and 1991 (Survanta, a bovine surfactant-based
product). Other exogenous surfactant preparations such as
Infasurf and Curosurf have since been marketed in the USA
and Europe. Use of exogenous surfactant in preterm infants
with RDS has been associated with reduced mortality, fewer
pneumothoraces, and lower oxygen requirements and ventila-
tory settings in these patients [21–23]. Weight-specific mor-
tality has been substantially reduced, especially in infants
of less than 28 weeks’ gestation. This single therapeutic innov-
ation reduced the total neonatal mortality rate in the USA
by 10% in the year it was introduced. Unfortunately, the
prevalence of BPD appears not to have changed significantly.
This is most likely explained by improved survival among
the sickest premature infants since the implementation of
surfactant therapy, and a concomitant change in the patho-
physiology of BPD [24]. However, a recent meta-analysis of
randomized controlled trials of synthetic surfactant treatment
in preterm infants does suggest a decrease in the risk of BPD
as well as neonatal mortality [23].

Term infants with severe respiratory failure have also been
shown to benefit from surfactant therapy.Meconium, blood, and
infection may inactivate or wash out endogenously produced
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surfactant; thus replacement with exogenous surfactant has
been added to the armamentarium of treatments for severe
respiratory failure in newborns [25]. A multicenter, random-
ized, double-blind, placebo-controlled trial demonstrated
that a four-dose regimen of beractant (Survanta) decreases
the need for ECMO without increasing complications in crit-
ically ill term and near-term infants with meconium aspir-
ation, sepsis, or PPHN, especially if the treatment was
administered early in the course [26]. In term infants, surfac-
tant treatment is most often utilized in combination with
other advanced ventilatory and therapeutic modalities.
Administration of surfactant occasionally results in desatura-
tion episodes, which could prove life-threatening for the
patient with severe pulmonary hypertension. Therefore,
prudence and safety dictate that surfactant treatment of critic-
ally ill and unstable neonates be initiated in a facility where
other therapies such as inhaled nitric oxide (iNO) and ECMO
may be offered.

Surfactant use has not been associated with significant
adverse effects. Neither the incidence of intraventricular hem-
orrhage (IVH) nor that of patency of the ductus arteriosus has
been consistently increased in clinical trials. Some trials have
suggested an increased frequency of pulmonary hemorrhage,
but this appears to result from increased recognition rather
than a true increase in the incidence of this complication. The
major hazards of surfactant use relate to hypoxic episodes if
the agent is given too rapidly and air-leak complications
if ventilatory support is not reduced appropriately as lung
mechanics improve after surfactant administration. Finally,
although the course of illness is much less severe in treated
infants, the time to recovery is not greatly reduced, and infants
with significant RDS can still be expected to require assisted
ventilation and careful monitoring. For these reasons, it is
important that all infants who are treated with exogenous
surfactant receive their care in nurseries that are appropriately
equipped and staffed to provide this ongoing care.

iNO has dramatically impacted the way in which term and
near-term infants with respiratory failure are managed. The
Neonatal Inhaled Nitric Oxide Study (NINOS) Group demon-
strated that iNO significantly reduced the need for ECMO in
term infants with hypoxic respiratory failure other than CDH,
but did not reduce mortality [27,28]. Food and Drug Adminis-
tration approval of iNO for specific use in term and near-term
newborns with hypoxic respiratory failure was obtained in
1999. Investigations of applications of iNO therapy for other
indications, such as severe respiratory failure in premature
infants, are ongoing. A multicenter randomized controlled
trial of early administration of iNO in term and near-term
infants with respiratory failure demonstrated that iNO can
decrease the need for ECMO, but had no apparent effect on
mortality [27]. Nonetheless, neurodevelopmental impairment
or hearing loss was not increased at follow-up. Many centers
have also now made iNO available for transport, allowing
stabilization of extremely critical neonates who may otherwise
not survive transfer to a higher level of care. Complacency as to
the reliable effectiveness of iNO therapy in avoiding ECMO

may be developing, however, and a temptation to use iNO
routinely at non-ECMO centers has followed. The potential
danger in this scenario should not be underestimated. The
appropriate and safe use of iNO requires an integrated team
comprised of respiratory therapists, nurses, and physicians,
and is best carried out at a center where ECMO is readily
available.

Sustaining cardiac output
If the cardiac output remains impaired after correction of
bradycardia (by assisted ventilation or the administration of
epinephrine, isoproterenol, or atropine), hypovolemia, and
metabolic disorders (acidemia, hypoglycemia, and hypocalce-
mia), as described in Chapter 39, inotropic or vasodilator drug
therapy may be required.

Inotropic drugs
Infants may be at risk for myocardial injury and dysfunction
because of sepsis or severe asphyxia. Less commonly, myocar-
dial edema, as with hydrops, may compromise myocardial
contractility. Administration of b-mimetic catecholamines
may increase the stroke volume and cardiac output under
such conditions with a structurally normal heart. Infants of
poorly controlled diabetic mothers may have a temporary
congenital defect characterized by hypertrophic cardiomyo-
pathy. These infants respond with a reduced cardiac output
when treated with such drugs because of narrowing of the
right ventricular infundibulum [29]; the use of such drugs
would be relatively contraindicated in such a scenario. Finally,
benefit with inotropes is unlikely if the heart rate or diastolic
ventricular volume is inadequate, the pH is below 7.1, or they
are inactivated by admixture with alkaline solutions for infu-
sion. In general, peripheral IV administration of the drug
should be avoided due to the potential for severe local ische-
mia following extravasation, but it can be tolerated for short
periods in larger term or near-term infants. Intra-arterial
infusions or catecholamines are contraindicated.

Dopamine
Dopamine is the cardiotonic drug most frequently used in the
level III nursery. Its effects are dose-dependent and similar
to those seen in adult patients. Measurable beneficial effects
may occur at doses as low as 0.8 µg/kg per minute. Typically,
however, the initial dose is 2 µg/kg per minute. At this rate of
administration the effect is predominantly dopaminergic
receptor-mediated dilation of renal and splanchnic vessels,
causing an increase in the GFR, urine output, and urinary
sodium excretion. b-Adrenergic effects result in improved
cardiac contractility, a moderate increase in the heart rate,
and mild peripheral vasodilation, all contributing to an
increased cardiac output [30,31]. Such effects can be observed
with doses over 5 µg/kg per minute, but a-adrenergic effects
dominate at doses over 15 µg/kg per minute. These effects may
result in increased systemic vascular resistance and arterial
blood pressures, with a reduction in cardiac output and renal
perfusion. The effects on the pulmonary vascular resistance
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and pulmonary artery pressure may be less pronounced under
some conditions, and the a-adrenergic effects of dopamine
may be useful in establishing a favorable ratio of systemic to
pulmonary vascular resistance, leading to decreased right-to-
left shunting in infants with hypoxemia refractory to mechan-
ical ventilation. This differential systemic vasoconstriction may
be observed at doses between 10 and 25 µg/kg per minute,
particularly when combined with vasodilator infusion.

Despite its frequent use in newborn intensive care, dopa-
mine is not a harmless medicine. It should only be used for
appropriate indications, and its use requires continued moni-
toring. Even when used properly, it can increase myocardial
oxygen demands and sometimes causes tachyarrhythmias. In
unusual infants, it can also cause intensive vasoconstriction and
hypertension at doses that would be considered dopaminergic.
This phenomenon is most common with excessive doses.

Dobutamine
This selective b-adrenergic drug can increase cardiac contract-
ility and cardiac output but has minimal effects on heart rate
and vascular tone [30]. It has been used primarily for cardiac
shock refractory to dopamine infusion and is often used
in conjunction with dopamine. It is administered at a dose
between 2.5 and 15 µg/kg per minute, titrated to achieve
the desired improvement in cardiac performance. It may be
the drug of choice in the initial management of the hypoten-
sive neonate with myocardial dysfunction who does not have
evidence of significant peripheral vasodilation [30].

Epinephrine (adrenaline)
For cardiogenic shock unresponsive to other catecholamines,
epinephrine infusion (50–250 ng/kg per minute) may have to
be used [30]. However, the benefits of increased contractility
are often balanced against the adverse effects of increased
vascular resistance.

Afterload reduction
Another strategy for the management of severely comprom-
ised myocardial function is to decrease the systemic vascular
resistance (afterload). This should be attempted only after
aggressive management of the heart rate, preload, and inotro-
pic therapy has been optimized to improve the cardiac output.
Administration of a vasodilator may improve the Frank–
Starling relationship between cardiac output and end-diastolic
ventricular volumes, moving the curve upward and to the left
[32], without affecting myocardial function itself. Dilation of
arterioles and precapillary sphincters may reduce the systemic
vascular resistance, resulting in increased cardiac output.
However, cardiac output may decrease because of reduced
preload, which is due to increased venous capacitance, or it
may be unchanged if these effects are balanced. Therefore, use
of these drugs requires meticulous monitoring and manage-
ment. This treatment is seldom used in neonatal intensive
care, and agents that have been used include nitroprusside
and milrinone. The use of bipyridine phosphodiesterase
inhibitors such as milrinone may provide an alternative to

nitroprusside for treating low cardiac output in neonates
without adversely affecting endogenous catecholamine levels.

Management of anemia
The oxygen-carrying capacity of the blood is especially
important for the newborn infant. Hemoglobin F interacts less
well with 2,3-diphosphoglycerate, thus limiting any compen-
satory response to hypoxia by a shift in the hemoglobin–
oxygen dissociation curve [33]. Practically, an oxygen-carrying
capacity of at least 16 ml of oxygen per deciliter may provide a
margin of safety for oxygenation in the asphyxiated infant
with a normal cardiac output. This translates to a hemoglobin
concentration of 12mg/dL, because 1 g of hemoglobin can
bind 1.34ml of oxygen. The minimal desirable hematocrit
level of approximately 40% for a distressed neonate is thus
derived. In infants for whom optimal oxygen tensions can not
be achieved, the increased oxygen-carrying capacity imparted
by elevation of the hematocrit level to 50% may ensure
adequate tissue oxygen delivery, allowing marginal oxygen
tensions to be better tolerated.

Evaluation and management
or refractory hypoxemia
The infant who remains hypoxemic in spite of ventilation with
100% oxygen is at risk for cerebral injury, depending on the
severity and duration of the hypoxemic episode. Although the
metabolic hallmark of severe hypoxemia is metabolic acidosis,
it is better to suspect hypoxemia and initiate a thorough
evaluation and appropriate therapy than to identify its late
consequences. The practitioner should recognize that hypox-
emia might be present despite a normal arterial oxygen
tension (PaO2 level > 50mmHg or 6.7 kPa) or hemoglobin
saturation (> 90%). In particular, severe anemia (or normo-
tonic hypoxemic infants) is a common and easily correctable
problem, which may have consequences as serious as those
created by a low oxygen tension. In fact, infants with severe
anemia may present with respiratory distress despite having
normal arterial oxygen tensions and oxygen saturations.
A normal PaO2 value with an arterial blood gas sample may
be falsely reassuring in the presence of pallor caused by
anemia or acidosis. Thus, one should remember that cyanosis
might not always be observed with clinically significant
hypoxemia. Conversely, a PaO2 1evel as low as 40mmHg
(5.3 kPa) may be associated with an oxygen saturation
exceeding 90% and adequate oxygen delivery to tissues, espe-
cially if hemoglobin F is the predominant hemoglobin and the
oxygen-carrying capacity (red cell mass) is normal. Conditions
in normotonic hypoxemic infants (methemoglobinemia,
hemoglobinopathies) are uncommon causes of hypoxemia in
the newborn. From a practical perspective most infants with
reduced arterial oxygen contents have arterial oxygen tensions
below 50mmHg (6.7 kPa) and present with respiratory diffi-
culties. The physiologic processes contributing to this syn-
drome include alveolar hypoventilation, impaired diffusion
of oxygen from alveoli into blood, ventilation–perfusion
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mismatching, and right-to-left shunting. Studies useful in
evaluation of the neonate with hypotonic hypoxemia (PaO2

< 50mmHg or 6.7 kPa), listed in Table 41.1, are discussed
below. In addition, the medical record should include a careful
history and physical examination, which may contribute to
the diagnosis suggested by those studies. Metabolic disorders
(acidosis, hypoglycemia, hypocalcemia) and rheologic abnor-
malities (hyperviscosity) should always be ruled out before
this evaluation is initiated.

It should be noted that many of the procedures that have
been used in the past to differentiate primary pulmonary
disease from cardiac abnormalities have been replaced by
the use of echocardiography. We continue to describe these
evaluations in case an echocardiogram is not available.

Hyperoxia test
By definition, infants with refractory hypoxemia have already
been subjected to the hyperoxia test, which consists simply of
determining the PaO2 level during the administration of 100%
oxygen. Most infants who have low arterial oxygen tensions
under these conditions have right-to-left shunting as a result
of congenital heart disease or pulmonary vascular disease.
However, some infants with severe pulmonary parenchymal
disease may have persistently low PaO2 levels owing to diffu-
sion block or ventilation–perfusion mismatching. Those with
the latter conditions often respond well to administration
of continuous positive airway pressure at 5–6 cm of water
(0.5–0.6 kPa), with a significant increment in the PaO2 value.
Contrarily, infants with pulmonary hypertension or congenital
heart disease usually do less well during such administration
and require additional evaluation.

Detection of ductal shunting
Simultaneous measurements of preductal (temporal or right
radial artery) and postductal (umbilical, dorsalis pedis, or

posterior tibial artery) oxygen tensions can be performed
at the crib side while the infant is breathing 100% oxygen.
If the postductal PaO2 level exceeds the preductal value,
transposition of the great arteries can be suspected clinically.
Right-to-left ductal shunting is present if the preductal PaO2

level exceeds the postductal value by more than 15–20mmHg
(2.0–2.7 kPa). If both the preductal and postductal PaO2 values
are low, the absence of such a difference does not exclude
ductal shunting. Shunting at other levels (foramen ovale,
intrapulmonary) cannot be either excluded or detected by this
test. Measurement of the systemic blood pressure and assess-
ment of the systemic cardiac output are essential in interpret-
ing this observation, because right-to-left shunting may result
from a decrease in the systemic arterial pressure or cardiac
output, as well as increased pulmonary arterial pressures.
These hemodynamic abnormalities must be corrected before
evaluation of the cause of refractory hypoxemia can be com-
pleted, using the studies described below.

In current practice, measurement of pre- and postductal
arterial oxygen tensions to detect right-to-left ductal shunting
is complemented by color Doppler echocardiography. This
technology permits detection of cardiac structural abnormal-
ities, as well as shunt flows at the foramen ovale or ductus
arteriosus, and should be readily available in all high-level or
regional intensive care nurseries.

Information obtained from these diagnostic maneuvers
must be combined with that obtained from other studies,
including chest radiography and echocardiography. These
data often do not correspond precisely to a description of a
typical infant with any of the conditions listed in Table 41.2,
and may appear to be contradictory or confusing. Thoughtful
synthesis of all available information, including that from
the history, physical examination, and laboratory studies, is
required. All diagnostic information must be re-evaluated
frequently if it becomes apparent that the infant's condition

Table 41.1. Evaluation of the neonate with hypotonic hypoxemia

Test Result Probable
diagnosis

Potential causes of error Additional studies

Hyperoxia PaO2> 150 mmHg
(20 kPa)

Pulmonary
parenchymal disease

Reactive pulmonary hypertension Consider pre- and postductal PaO2

or echocardiography

PaO2 100–150 mmHg
(13–20 kPa)

All diagnoses possible

PaO2< 100 mmHg
(13 kPa)

Right-to-left shunting Severe pulmonary parenchymal disease Compare pre- and postductal PaO2;
consider trial of continuous positive
airway pressure

Preductal and
postductal PaO2

Preductal<postductal Transposition of great
arteries

Venous preductal sample Echocardiogram

Preductal¼postductal Intracardiac or
intrapulmonary right-
to-left shunting

May result from cardiac disease, severe
parenchymal disease, or severe pulmonary
hypertension

Echocardiogram, electrocardiogram

Preductal>postductal Ductal right-to-left
shunting

Must distinguish pulmonary hypertension
from reduced left ventricular output

Assess systemic blood pressure and
cardiac output

Source: From Stevenson and Benitz [2].
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has changed or that the initial diagnostic impression was
incorrect or incomplete.

The physician should have a clear understanding of the prior-
ities in the management of neonatal hypoxemia. These priorities
are summarized in Table 41.3. The management of any infant
with the syndrome of refractory hypoxemia should be dis-
cussed with the neonatologist at the regional high-level inten-
sive care nursery while transport is being arranged. The details
of this management depend on the diagnosis, the facilities
available, and the input of the consulting neonatologist.
A comprehensive discussion of the management of conditions
that cause refractory hypoxemia is beyond the scope of this
work; a brief review of three common categories of disease is
given in the following sections.

Severe pulmonary parenchymal disease
Pulmonary parenchymal disease, such as bacterial pneumonia
or severe hyaline membrane disease, that is refractory to
surfactant therapy, administration of 100% oxygen, and
assisted ventilation at low to moderate pressures and rates is
most commonly treated by increasingly aggressive mechanical
ventilation. This can be achieved in a variety of ways, most
of which result in increasing mean airway pressure. These
maneuvers must be used with caution because of the risk
of air leaks. In addition, excessive distending pressures may

compromise pulmonary perfusion, resulting in increased
extrapulmonary right-to-left shunting and exacerbation of
hypoxemia. Sedation or neuromuscular blockade may be
useful.

Diuretic therapy may help improve pulmonary gas
exchange, if there is significant pulmonary edema. Diuretics
are most effective in patients with hypervolemia or pulmonary
overperfusion, but should be used with great caution in infants
with pulmonary edema due to increased capillary permeability
(e.g., in postasphyxial or septic infants), in whom intravascular
volumes may already be diminished. The effects of diuretics
result primarily from the decrease in vascular volume achieved
by diuresis, but furosemide also increases venous capacitance,
allowing translocation of pulmonary interstitial fluid into
the venous system. Prolonged use of furosemide may lead
to hypokalemia, hyponatremia, hypochloremia, and metabolic
alkalosis. Moreover, long-term furosemide use may be associ-
ated with renal calculi, related to hypercalciuria [34]. Thus
the use of other diuretics, such as chlorothiazide, may be
considered.

Persistent patency of the ductus arteriosus beyond the first
48 hours of life may be associated with the shunting of blood
from the aorta into the pulmonary artery, causing pulmonary
congestion, increased interstitial lung fluid, and congestive
heart failure. This can exacerbate pulmonary disease in pre-
mature infants, leading to a requirement for increased mech-
anical ventilatory support and consequent complications.
There is no uniform agreement regarding the optimal overall
approach to ductal closure (medical vs. surgical) or the proto-
col for medical management. In most centers active interven-
tion is reserved for selected infants with demonstrable
cardiovascular effects and respiratory compromise due to
left-to-right shunting. Initial management often consists of
fluid restriction and diuretic therapy, and may be successful.

If symptomatic ductal patency persists, attempted closure
of the ductus with indomethacin is appropriate, if there are no
contraindications to administration of the drug. Indomethacin

Table 41.2. Pathophysiologic categories of refractory hypoxemia

Category Characteristics

Reduced systemic
pressure

Ductal or intracardiac right-to-left shunting

Usually no improvement in PaO2 during
hyperventilation

Reduced systemic blood pressure or cardiac output

Pulmonary
hypertension

Ductal or intracardiac right-to-left shunting

Hyperventilation produces PaO2> I00 mmHg
(13 kPa) in those conditions associated with partially
reversible pulmonary arterial constriction

If the cause of pulmonary hypertension is not
associated with reversible arterial constriction of
the pulmonary vasculature, the diagnosis depends
upon recognition of prolonged right ventricular
systolic time intervals and exclusion of
intrapulmonary right-to-left shunting, cardiac
malformations, and systemic hypotension

Congenital heart
disease

Ductal or intracardiac right-to-left shunting

No improvement in PaO2 during hyperventilation

Echocardiogram usually diagnostic

Intrapulmonary
shunting

No demonstrable ductal shunt

Modest or no improvement in PaO2 during
hyperventilation

Usually no evidence for pulmonary hypertension

Source: From Stevenson and Benitz [2].

Table 41.3. Priorities in the management of neonatal hypoxemia

Promote oxygenation by administering appropriate oxygen and assisted
ventilation

Correct hypotension and/or anemia by correcting bradycardia and
administering plasma and/or blood

Correct metabolic acidosis

Correct hypoglycemia

Correct hypocalcemia

Maintain acid–base homeostasis

Avoid hyperthermia, hypoxia, hyperoxia, severe hypocarbia, and severe
hypercarbia

Correct polycythemia, if present

Obtain cultures and treat potential infection with antibiotics

Note:
Although these interventions are listed sequentially, it is imperative that
they are carried out as expeditiously as possible; it is not appropriate to
delay subsequent items while observing the response to initial measures.
Source: Adapted from Stevenson and Benitz [2].
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is most effective if given in the first few days of life. Closure is
achieved most consistently in premature infants with birth-
weight greater than 1000 g. A multicenter randomized trial
demonstrated that ibuprofen may be as effective as indo-
methacin in the pharmacological treatment of patent ductus
arteriosus in preterm infants [35]. Surgical ligation may be
required for infants who do not improve after treatment with
indomethacin. The effect of prophylactic treatment with indo-
methacin on short-term outcome in preterm infants has also
been studied by a number of groups, and is routinely used in
some institutions. Dosage regimens have varied enormously.
A meta-analysis of randomized controlled trials concluded
that prophylactic treatment with IV indomethacin results in
significant reductions in symptomatic patent ductus arteriosus
and severe IVH [36]. Available long-term follow-up studies
suggest that such therapy is not associated with adverse neu-
rodevelopmental outcome at 36 or 54 months’ corrected age
[37]. In a follow-up evaluation by Ment et al. it was found that
males who received prophylactic indomethacin had signifi-
cantly less intraventricular and parenchymal hemorrhage
and improved verbal scores at 3 and 8 years of age [38]. This
improvement was not noted in the girls who were given
prophylactic indomethacin. The incidence of clinically signifi-
cant ductus arteriosus, in fact, varies greatly among institu-
tions, also reflecting differences in fluid management and
ventilator management.

Glomerular filtration, urinary sodium excretion, and urine
output can be affected adversely after treatment with indo-
methacin, especially in infants who already have compromised
renal function because of large ductus arteriosus [39].
Indomethacin should not be given to an infant with impaired
renal function as evidenced by a creatinine level greater than
1.8mg/dl or oliguria (urine output < 0.5mL/kg per hour in
the preceding 8 hours). Because platelet function may also be
compromised, indomethacin should not be used in infants
with a bleeding diathesis or a platelet count less than 60 000
per microliter. Because necrotizing enterocolitis and focal
gastrointestinal perforation have been associated with oral
indomethacin use, the drug should not be used in infants
with clinical or radiographic evidence of gastrointestinal
dysfunction. Intracranial hemorrhage may also be a relative
contraindication to treatment with indomethacin.

Refractory hypoxemia secondary to severe RDS has
become much less common since the widespread introduction
of surfactant replacement therapy. This treatment significantly
reduces the incidence of RDS and markedly reduces its sever-
ity in infants who develop RDS in spite of surfactant therapy.
Numerous studies of differing design evaluating the potential
benefit of elective or rescue HFV in the management of RDS
have arrived at different conclusions. Reviews and meta-
analyses of available studies were unable to recommend con-
clusively any particular ventilatory strategy [40,41]. A recent
multicenter, randomized, double-blinded controlled clinical
trial of iNO for preterm infants with severe respiratory failure
sponsored by the National Institute of Child Health and
Human Development (NICHD) Neonatal Research Network

suggested in a post hoc analysis that the rates of death and
BPD are reduced for infants with birthweights over 1000 g and
up to 1500 g, in contrast to those 1000 g or less, who had more
severe IVH and death [42]. These data suggest the need for
further study.

Pulmonary arterial disease
Intrinsic disease of the pulmonary arteries is encountered
most frequently in cases of PPHN. Pulmonary vascular disease
is also a common correlate of disorders which produce an
imbalance between pulmonary blood flow and the ability of
the pulmonary vascular bed to accommodate flow in utero,
such as may occur with pulmonary hypoplasia (e.g., with
CDH), premature (intrauterine) closure of the ductus arterio-
sus, and cardiac malformations associated with increased pul-
monary blood flow or pulmonary venous obstruction. Infants
with these disorders have both structural and functional
abnormalities of the pulmonary arteries, typified by excessive
muscularity and hyperreactivity to a variety of stimuli, includ-
ing hypoxia and acidemia. These conditions are characterized
by increased pulmonary arterial and right heart pressures, and
right-to-left shunting via the ductus arteriosus and foramen
ovale. The diagnosis and management of these disorders are
addressed in greater detail in Chapter 37.

Cyanotic congenital heart disease
Maintaining patency of the ductus arteriosus may be life-
saving in a variety of congenital cardiac malformations,
including those in which pulmonary blood flow must be
derived from the aorta via the ductus arteriosus (because of
obstruction of the right heart), those in which systemic perfu-
sion is dependent on blood flow from the pulmonary artery
to the aorta via the ductus arteriosus (due to left-sided
heart obstruction), and those in which admixture of blood
from the systemic and pulmonary circulations is essential
for maintaining a reasonable systemic arterial oxygen
content (Table 41.4). This can be accomplished with the infu-
sion of 50–100 ng/kg per minute of prostaglandin E (PGE),
gradually decreasing to 10–30 ng/kg per minute in many
cases once patency is established [43]. Higher doses of PGE
can be associated with diarrhea, fever, tachyarrhythmias, and
systemic hypertension. Apnea can also be associated with use
of PGE.

Management of cerebral edema
The management of cerebral edema in infants with hypoxic–
ischemic encephalopathy (HIE) remains a controversial issue.
Although data in human adults and in intrauterinely asphyxi-
ated fetal monkeys demonstrated that cerebral edema is a
major complication of HIE and begins soon after the asphyxial
episode, extrapolation of these observations to the human
infant is speculative at best [44–46]. Studies in neonatal rats
and dogs suggest that the immature brain is relatively resistant
to the development and severity of the edema that is seen in
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the mature animal [47,48]. Based upon studies by Myers and
Brann & Myers in fetal monkeys [44–46], it has been postu-
lated that intrauterine asphyxia leads to intracellular edema,
followed by generalized cerebral edema and increased intra-
cranial pressure (ICP). This in turn leads to decreased cerebral
blood flow and necrosis of brain tissue. Excellent reviews by
Volpe, Lupton and coworkers, and Hill suggest an alternative
theory [49–51]. That is, following the asphyxial episode there
is loss of vascular autoregulation of cerebral blood flow.
This, coupled with systemic hypotension, leads to brain injury
and brain necrosis, which are then followed by the develop-
ment of cerebral edema.

Not only is there controversy regarding the mechanisms by
which cerebral edema occurs, but the incidence and severity of
the brain swelling following HIE have not been clearly eluci-
dated. Lupton and coworkers evaluated 32 asphyxiated term
infants during their first week of life with serial ICP measure-
ments, using the Ladd ICP monitor; and 26 of the 32 infants
had correlative CT scans performed as well [50]. They found
that 22% of the infants had increased ICP, and that the
pressure reached maximum levels between 36 and 72 hours
rather than within the first few hours of life. Levene and Evans,
using catheters placed in the subarachnoid space to measure
ICP, found that 70% of severely asphyxiated newborns had
a sustained increase in ICP of greater than 10mmHg, for
at least 60 minutes [52]. In 23 severely asphyxiated infants,
nine infants did not have increased ICP at any time, nine
had marked and sustained ICP that was resistant to medical
therapy consisting of hyperventilation and infusions of man-
nitol, and five infants had sustained but mild elevations of
ICP, which did not respond to infusions of mannitol. Of
these five infants, three died, but two infants survived and
were subsequently found to be normal. In this series, intra-
cranial monitoring of the 23 infants was of benefit to two
infants who responded to mannitol and survived (see further
discussion of mannitol, below). In later reviews, Levene noted
that “there is no evidence that routine monitoring of ICP
and appropriate management of the elevation of ICP makes

any improvement in outcome” in the severely asphyxiated
newborn [53,54].

Methods of decreasing cerebral edema
Since many infants with HIE have IADH, fluid restriction
and the avoidance of fluid overload are of primary concern.
Careful monitoring of fluid intake and output as well as serum
electrolytes is indicated in the asphyxiated infant. Other
methods of decreasing cerebral edema are listed in Table 41.5.

Hyperventilation
Infants have variable respiratory responses to HIE. Some will
hyperventilate, some will have normal respiratory rates, and
some will hypoventilate and be unresponsive to hypercarbia.
By hyperventilating to hypocarbic ranges, cerebral blood
flow can be reduced significantly. By decreasing the PaCO2

by 1 mmHg, the cerebral blood flow will be decreased by 3%
over the physiological PaCO2 range [6,55]. The response is
lessened when the PaCO2 is decreased to 20mmHg or less
[6]. Follow-up of infants with PPHN demonstrated that
infants with abnormal neurological findings in early childhood
had both longer periods of hypotension and of hypocarbia
(PaCO2 < 25mmHg) than did infants without neurological
sequelae [56].

Bifano and Pfannenstiel also demonstrated that the surviv-
ing infants with PPHN who had adverse neurological sequelae
had longer periods of hypocarbia than did survivors without
neurological impairment [9]. Similar to the data of Bernbaum
et al. [56], the infants who were treated with prolonged hyper-
ventilation were most likely those infants who were most
severely affected with PPHN.

Gleason and coworkers, studying paralyzed and sedated
newborn lambs, evaluated the effects of 6 hours of hypocarbia
with PaCO2 levels down to 15� 2mmHg on cerebral blood
flow. Although the cerebral blood flow was decreased by 35%
initially, it returned to baseline levels by 6 hours. Abrupt
termination of the hyperventilation resulted in a marked
increase in cerebral blood flow within 30 minutes [6]. These
authors cautioned that if hypocarbia occurs after hyperventi-
lation is stopped, it could possibly increase the incidence of
intracranial hemorrhage. Such situations occur clinically in
neonates who fail to respond to hyperventilation and then
require treatment with iNO or with ECMO.

Wiswell and coworkers studied a group of prematurely
born infants of 33 weeks’ gestation or less who were treated
with HFJV during the first 72 hours of life [57]. They found
that the incidence of cystic periventricular leukomalacia
(cPVL) was much greater in infants with greater cumulative
periods of hypocarbia during the first 24 hours of life. Other

Table 41.4. Patent ductus arteriosus-dependent cardiac malformations

Right-sided heart obstruction

Tricuspid atresia

Pulmonary atresia or severe stenosis

Truncus arteriosus with ductus-dependent pulmonary arteries

Tetralogy of Fallot

Left-sided heart obstruction

Coarctation of the aorta (preductal or juxtaductal)

Interruption of the aortic arch

Severe aortic stenosis

Mitral atresia/aortic atresia (HLHS Spectrum)

Mixing-dependent lesions

Transposition of the great arteries

Source: Modified from Benitz et al. [1].

Table 41.5. Methods of treatment for increased intracranial pressure

Fluid restriction

Hyperventilation

Corticosteroids

Mannitol
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factors, such as degree of hypertension, acidosis, or hypoxemia,
did not increase the incidence of cPVL.

A study of 790 infants of 28 weeks’ gestation or less who
had hypocarbia during their first day of life also reported an
increased risk for echo lucency on univariate analysis,
although the association was diminished in a multivariate
analysis [58]. Nevertheless, it is apparent that hypocarbia
should be avoided in the infant if at all possible.

Studies by Vannucci et al., using an asphyxiated neonatal
model, demonstrated a protective effect of mild to moderate
hypercarbia in animals with asphyxia [59]. Severe hypocarbia
did not offer this protective effect [60].

To date, there have been no reported clinical studies evalu-
ating hyperventilation and subsequent hypocarbia as an
adjunct in the therapy of infants with HIE. Recommendations
that hyperventilation be used to prevent or treat cerebral
edema must be viewed with caution. It is currently recom-
mended that normocarbic levels be maintained in these
infants, and that hyper- or hypocarbia be avoided.

Corticosteroids
Corticosteroids have been used effectively in reducing vaso-
genic cerebral edema, but they have had little, if any, effect in
edema secondary to HIE, meningitis, or edema following
trauma to the cranium [61,62]. Controlled studies in comatose
adults secondary to trauma failed to alleviate the increased ICP
or to mitigate neurological sequelae [61]. Similar results have
been reported using corticosteroids following strokes in
mature laboratory animals [63]. Svenningsen et al., in their
evaluation of the protective effect of phenobarbital in the
treatment of severe neurological asphyxia, used betametha-
sone and furosemide as adjuncts to their therapy, but did
not specifically study the effects of either of these two agents
[64]. Levene and Evans found no improvement of cerebral
perfusion pressure when using dexamethasone in the treat-
ment of infants with HIE [65].

Interestingly, Barks et al. and Tuor et al. have shown that
when neonatal rats were pretreated 24 hours or more with
dexamethasone, even at low doses, they were protected from
subsequent episodes of cerebral damage due to asphyxia [66,67].
Treatment with dexamethasone, even in large amounts, had no
protective effects if given less than 24 hours prior to or within
24 hours of the asphyxial event. These data are interesting in light
of the fact that preterm infants of mothers who had been pre-
treated with betamethasone and dexamethasone had a decreased
incidence and severity of IVH in the neonatal period [68]. Since
there are numerous side effects of steroids, including hyper-
tension, hyperglycemia, and electrolyte aberrations, the use of
these agents in an already fragile patient is not recommended.

Mannitol
Mannitol and other hyperosmolar agents have been used to
reduce the amount of cerebral edema following brain injury
[69]. Mujsce et al., studying brain injury due to HIE in imma-
ture rats, infused mannitol immediately after the event and
every 12 hours thereafter for a total of four infusions [47].

Although mannitol reduced the amount of edema and brain
water, it did not alter the severity of the brain damage when
compared to control animals.

Adhikari and coworkers treated 12 severely asphyxiated
infants with a single infusion of 1 g/kg of mannitol and
compared them with 13 similarly affected infants who were
not given mannitol [69]. No differences were found in the
mortality rate, the severity of cerebral edema as measured
ultrasonographically, or in short-term outcome.

In an uncontrolled study, Marchal and coworkers treated
over 200 asphyxiated infants with IV mannitol either before
or after 2 hours of age [70]. There were fewer deaths and
better neurological outcome in those infants who were treated
early than in those treated after 2 hours. Unfortunately the
types of infants treated and the variability in the severity
of disease processes make the interpretation of these data
difficult.

Although some investigators report that IV mannitol
reduces ICP in asphyxiated newborns with cerebral edema,
brain injury may not be altered, and most authorities currently
do not recommend its use as an adjunct in the treatment of
infants with HIE [49,60].

Other potential strategies as adjuncts
in the management of infants with
hypoxic–ischemic encephalopathy (Table 41.6)
Barbiturates
While barbiturates are readily used to control seizures that
often accompany severe HIE (see Chapter 43), their use to
prevent further brain damage after an asphyxial episode has
also been recommended. Since the early 1970s, investigators
have demonstrated that barbiturates decrease the rates of
cerebral metabolism, decrease ICP, and reduce cellular injury
due to the elaboration of free radicals.

Svenningsen et al. evaluated 35 term infants with neonatal
asphyxia in two separate time periods. During the first 3 years
of the study, 1973–76, affected infants received what was
considered conservative management. During the second
3-year period, infants were ventilated early and effectively,
had aggressive plasma and blood transfusions, and were given
10 mg/kg of phenobarbital within 60 minutes after birth and
then daily thereafter [64]. Betamethasone and furosemide
were also added to this regime. Both the mortality rates and
the incidence of neurodevelopmental handicaps were reduced
significantly during this latter aggressive period.

Goldberg et al. studied 32 consecutively admitted term
neonates with severe asphyxia, all of whom required support-
ive ventilation [71]. Half of the group was given thiopental
infusions beginning 1 and 3 hours after birth. Sustained eleva-
tion of ICP was encountered infrequently in all patients, and
the outcome was the same in the two groups. Those infants
receiving thiopental required pressor support more frequently
than did the control group (14/16 vs. 7/15). These authors
could not recommend thiopental for term asphyxiated

Section 5: Management of the depressed or neurologically dysfunctional neonate

478



neonates. Similar data were obtained in adult patients who
received thiopental following cardiac arrest [72].

Hall et al. studied the effects of phenobarbital given to term
infants with severe asphyxia in a randomized controlled pro-
spective trial [73]. After the infant's blood pressure, ventila-
tion, and acid–base status were stabilized, the infants were
given 40mg/kg of the drug. Seizures occurred in nine of
15 study infants and 14 of 16 infants in the control group.
A follow-up evaluation 3 years later revealed that 11 of
15 infants in the treatment group had a normal outcome,
but only three of 16 in the control group were normal [73].
There were a few drawbacks to the study, in that a placebo was
not used, after the babies were randomized the caretakers were
not blinded to the type of treatment, and five infants were lost
to follow-up, two in the treatment group and three in the
control group. Nevertheless, this was an important study in
that no adverse effects were encountered with a drug that is
often used in an intensive care nursery, and that it appeared
to result in a significant decrease in neurological damage. As
the authors note, more comprehensive studies using continu-
ous electroencephalographic monitoring, magnetic resonance
spectroscopy (MRS), and monitoring of cerebral blood flow
would enhance the study of a much larger group of patients in
a randomized, blinded, and prospectively carried-out trial.
A systematic review of anticonvulsant treatment of infants with
perinatal asphyxia has concluded that such therapy should be
reserved for treatment of clinical seizures. Prophylactic therapy
with barbiturates has not been shown to be effective, but
aggressive treatment of seizures should be initiated [74].

Excitatory amino acid (EAA) receptor inhibitors
EAAs, especially glutamate and aspartate, are the major
neurotransmitters found in mammalian brain. The EAAs also
have a trophic effect on differentiating neurons and are
involved in the regulation of neuroendocrine function as well
[75]. When hypoxic–ischemic insults occur, there is increased
release of these EAAs up to 100-fold in the brains of adult
animals, and to a much lesser extent in fetal and neonatal
brain tissues [75]. EAAs activate postsynaptic receptors which,
in turn, are coupled to channels that regulate the flow of
sodium and calcium ions into the cell. There are two major
types of receptors, metabotropic and ionotropic, the latter
of which has been extensively studied. The major subtypes
of the ionotropic receptors are N-methyl-D-aspartate (NMDA)

and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA). This latter receptor also mediates the effects of
kainic acid and is referred to as the AMPA/kainic acid (KA)
receptor [76].

Antagonists to these receptors have been studied and util-
ized, and have also been divided into the subtypes competitive
and non-competitive antagonists. The competitive antagonists
block the glutamate site directly, but because they are polar
substances they do not cross the blood–brain barrier readily.
The non-competitive antagonists to NMDA are utilized more
frequently as they do cross the blood–brain barrier readily.
These compounds include ketamine, phencyclidine (PCP or
“angel dust”), dizocilpine (MK-801), aptiganel hydrochloride
(CNS 112, Cerestat), and dextrorotary opioid derivatives, such
as dextrorphan and dextromethorphan [76,77].

MK-801, which has the highest affinity for the ion-channel
site, has demonstrated significant neuroprotective effects in
both adult and newborn animals. This agent is effective when
given prior to or following the asphyxial event in decreasing,
but not abolishing, the neuronal damage. However, the tox-
icity of the agent is profound, even when used in low dosage,
and neurobehavioral changes in the surviving animals have
been noted as well [77].

Dextromethorphan is another non-competitive NMDA
antagonist and has demonstrated neuroprotective effects in a
rabbit model of transient ischemia [78]. The use of this agent
as an adjunct to prophylactic therapy in patients undergoing
neurosurgical procedures has also demonstrated beneficial effects
with modest and reversible side effects [76]. Whether this agent
will prove to have neuroprotective effects remains to be seen.

A competitive NMDA receptor antagonist, selfotel, which
binds directly to the NMDA site of the glutamate receptor, had
been shown to limit neuronal damage in several animal stroke
studies. Unfortunately, in humans it was shown to be ineffect-
ive after acute ischemic stroke, and even exhibited neurotoxic
effects in brain ischemia patients [79].

The magnesium ion also acts as a non-competitive NMDA
antagonist [80], and has improved survival following myocar-
dial infarctions and has been associated with decreased neuro-
logical damage following traumatic brain injury and strokes
in adults [81]. Magnesium sulfate (MgSO4) has been used as
a tocolytic agent, as an antihypertensive agent, and as protec-
tion against the development of seizures in women with
pre-eclampsia [82].

MgSO4 has reduced the severity of asphyxial brain damage
in immature rats and mice, but when studied in near-term
fetal lambs and piglets, it did not reduce injury to the cerebral
cortex [83–86].

Levene et al. evaluated two different doses of MgSO4 in
a group of infants when 10-minute Apgar scores were less
than 6, or a 5-minute Apgar score was less than 6 with other
clinical and laboratory evidence of fetal distress [87]. The
infants received either 250 or 400 mg/kg IV. All of the infants
receiving 400 mg/kg had cessation of respiratory function
for 3–6 hours, but since the infants had already been
intubated and ventilated, no harm was encountered. The

Table 41.6. Potential strategies that have been used as adjuncts in the
management of infants with hypoxic–ischemic encephalopathy

Barbiturates

Excitatory amino acid receptor inhibitors

Oxygen free radical inhibitors

Monosialgangliosides

Lazaroids

Growth factors, including erythropoietin

Hypothermia
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electroencephalogram did not change, but muscle tone and
activity were diminished. The infants also had significant
lowering of blood pressure. The lower dose did not cause
hypotension but did cause some respiratory depression. These
authors have advised against using the higher dose of MgSO4,
and also cautioned that respiratory failure can occur even with
the lower dose. A multicenter randomized controlled trial was
designed to evaluate whether MgSO4 is neuroprotective after
birth asphyxia has been suspended [88]. In a recent review by
Marret et al. the results of four major randomized controlled
trials of antenatal MgSO4 therapy in fetuses of less than 34
weeks’ gestation were collated and analyzed [89]. Overall,
there were no significant differences in mortality or the devel-
opment of CP at follow-up. One of the studies did demon-
strate that significant motor dysfunction was found in fewer of
the MgSO4-treated infants when they were studied at 2 years
of age [90]. The Maternal-Fetal Medicine Unit Network of the
NICHD is currently conducting the BEAM (Beneficial Effects
of Antenatal Magnesium Sulfate) trial, which is investigating
the use of MgSO4 in preventing cerebral palsy.

Calcium-channel blockers
Because of the toxicity of increased intracellular calcium accu-
mulation that occurs when a cell is damaged, various drugs
have been developed to prevent the influx of the ion into
neurons. Investigators from New Zealand demonstrated a
neuroprotective effect of one of these blockers, flunarizine,
in immature rats [91], as well as in fetal sheep [92]. However,
when Levene et al. used nicardipine, another calcium-channel
blocker, in four severely asphyxiated neonates, they had severe
complications [93]. The mean arterial blood pressure
decreased in three infants and two developed sudden and
dramatic hypotension. They strongly cautioned against the
use of this drug in infants with HIE.

Oxygen free radical inhibitors
The mechanisms by which oxygen free radicals initiate and
perpetuate cellular damage are clearly elucidated in Chapter 3.
Although the body produces naturally occurring antioxidants
such as catalase, superoxide dismutase, endoperoxidases,
glutathione, and cholesterol, as well as using vitamins C and E
in such situations, the elaboration of the oxygen free radicals
following an asphyxial event may exceed the infant's ability to
generate adequate protection [94]. Drugs such as superoxide
dismutase, glutathione peroxidase, and catalase have been
used primarily in laboratory animals, but they have limitations
such as a prolonged period to traverse the blood–brain barrier
and a narrow therapeutic dosage range. They also have to be
given hours before the insult.

Vitamins C and E have also been proven ineffective in
these infants. Allopurinol, a xanthine oxidase inhibitor that
is converted to oxypurinol, has been shown by Palmer et al. to
be of benefit in rats during the reperfusion period [95]. Several
investigators have evaluated allopurinol in postasphyxial
infants. Van Bel et al. studied 22 infants of 35 weeks’ or more
gestation who had severe HIE [96], of whom 11 were given

40 mg/kg IV allopurinol and 11 served as controls. In
their report, as well as in a follow-up abstract, a beneficial
neurological outcome was observed. However, in a more
recent study from the same center, infants with severe enceph-
alopathy treated with allopurinol showed no differences in
mortality or short-term morbidity as compared to control
infants [97].

Lastly, Gunes et al. evaluated 60 infants with mild, moder-
ate, and severe encephalopathy. Half were treated with
40mg/kg of IV allopurinol daily for 3 days, while the other
half were given saline [98]. Those with mild encephalopathy
did well in both groups, but those with moderate or severe
encephalopathy who were treated with allopurinol had
decreased nitric oxide concentrations on their sera and cerebral
spinal fluid compared to controls, and also had better neuro-
logical and neurodevelopmental outcome at 12 months of age.

Obviously, there is still much to be learned regarding the
use of allopurinol, especially in the timing of the initiation
of therapy, the dosage, and the length of treatment required.

Monosialogangliosides
These glycosphingolipids, found throughout the body, are
found in high concentrations in the nervous system and are
important components of cell membranes. Monosialoganglio-
side (GMI) crosses the placenta and blood–brain barriers and
can be incorporated into neural cell membranes. Tan et al., in
elegant studies using a fetal sheep model, showed that GMI
given prior to and following repeated episodes of asphyxial
damage protected the animals from neurological sequelae that
would ordinarily have taken place [99]. They demonstrated
that “systemic treatment with GMI reduced morphologic,
biochemical, neurophysiological and behavioral manifestation
of hypoxic–ischemic brain damage” [99]. The agent did not
cause hypotension or metabolic disturbances in the animals.
To date, this form of therapy has not been reported in human
neonates.

Lazaroids (21-aminosteroids)
Methylprednisone has been used for many years to diminish
the severity of sequelae following brain and spinal cord injury
[100]. When given in high doses, some beneficial effect was
noted in a few patients. Subsequent studies demonstrated that
the therapeutic effect was not related to the glucocorticoid or
mineralocorticoid actions of the drug, but to its effect of
limiting lipid peroxidation [101]. Thus 21-aminosteroids were
developed as inhibitors of lipid peroxidation. These agents
have neither glucocorticoid nor mineralocorticoid activity
and are essentially non-toxic. The 21-aminosteroid that has
been selected for the acute treatment of brain and spinal
injury, ischemic stroke, and subarachnoid hemorrhage is tir-
ilazad mesylate, which is a potent inhibitor of oxygen-radical-
induced, ion-catalyzed lipid peroxidation. It appears to exert
its effect by a radical scavenging activity and by stabilization
of the cellular membrane. This agent also prevents the post-
traumatic permeability of the blood–brain barrier, reduces the
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extent of cerebral edema, and maintains and preserves
endogenous vitamin E levels in tissue [102].

The vast majority of studies with the lazaroids have been
accomplished in laboratory animals, including subhuman
primates, and phase I trials in humans showed that tirilazad
mesylate did not affect cardiovascular parameters, nor did it
have any adverse interaction with the calcium-channel blocker
nimodipine. In phase II studies of 245 patients with aneurys-
mal subarachnoid hemorrhage, symptomatic vasospasm
was reduced and the Glasgow outcome score was improved
in the lazaroid-treated patients compared to controls [102].
Kavanagh and Kam have reviewed studies evaluating the effi-
cacy of lazaroids in the treatment of trauma to the brain,
ischemic and subarachnoid hemorrhage, and noted that the
routine clinical use of these agents was not warranted [103].
Further studies utilizing this agent in acute head and spinal
injury, aneurysmal subarachnoid hemorrhage, and ischemic
stroke should be forthcoming; and if the drugs have beneficial
effects in these patients, use in neonates with HIE may prove
beneficial as well. To date, no reports of the use of lazaroids in
human neonates have been published.

Growth factors
The use of various growth factors in the treatment of neonatal
encephalopathy is described in Chapter 42. One of the additional
neuroprotective agents is erythropoietin. This endogenously
produced cytokine promotes red blood cell maturation.
McPherson and Juul have reviewed the neuroprotective effects
of the agent in the treatment of extremely premature infants and
those with neonatal encephalopathy [104]. Most of the studies
have been carried out in laboratory animals, and they have
demonstrated a remarkable benefit of erythropoietin as a neu-
roprotective agent. However, higher doses of the agent were
required as only a small fraction, less than 2%, crossed the
blood–brain barrier. Thus, even 10 times the dose used to treat
anemias has been required if neuroprotection is to be achieved.
In newborn rat studies, erythropoietin has been shown to sig-
nificantly protect brain tissues and improve functional recovery
2 weeks following stroke [105]. Certainly, more research is to be
required if this agent is to be used in neonatal encephalopathy.

Hypothermia
The use of hypothermia has been evaluated intensively over
the past 10 years and is described at length in Chapter 42.
Because an encephalopathic infant has a decreased ability to
regulate his/her temperature, it is at the mercy of the environ-
ment. Perinatal hyperthermia, due to maternal fever and/or
increased temperature levels in the delivery room, has been
shown to be associated with increased risks for developing
neonatal encephalopathy and cerebral palsy [106–108].

Conclusions
Following the resuscitation and stabilization of the encephalo-
pathic infant, it is imperative that the newborn continues to
receive intensive observation and care in order to obtain
optimal outcome. Knowledge of the factors involved in the
encephalopathic process, and the provision of meticulous and
intensive therapy are paramount if the infant is to survive with
as few handicaps as possible. The avoidance of over- and
under-ventilation, hypo- and hyperoxia, appropriate correc-
tion of chemical and metabolic abnormalities, judicious moni-
toring of blood pressure and adequacy of the circulation, and
avoidance of hyperthermia are key in enhancing improved
outcome. In addition, treatment of definite and suspected
bacterial, viral, and fungal infections, after appropriate cul-
tures have been obtained, is also extremely important in the
management of the obtunded child. Immediate referrals to
centers that can provide specialized therapy such as hypother-
mia within a small window of opportunity are critical as well.
As newer therapies are developed for these infants, it is hoped
that we can limit the severity of brain injury and thereby
improve neurodevelopmental outcomes. This is an exciting
time for our ability to provide these innovative therapies for
affected infants, and newer techniques including the use of
stem cell therapy are on the horizon. However, it is also
important to recognize that many of the encephalopathic
infants may have sustained injury days to weeks prior to
delivery; in such unfortunate situations, all of the technology
and therapeutic advantages that we currently have at our
disposal will be ineffective in altering the ultimate outcome.
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Chapter

42 Endogenous and exogenous neuroprotective
mechanisms after hypoxic–ischemic injury
Alistair J. Gunn, Robert D. Barrett, and Laura Bennet

Introduction
Nearly all infants are exposed to periods of compromised gas
exchange before and during labor (see Chapter 13), and yet
only a remarkably small minority of newborns develop hyp-
oxic–ischemic encephalopathy (HIE). Indeed, even severe
metabolic acidosis at birth is associated with HIE in less than
half of cases [1]. Similarly, experimental studies typically report
that cerebral injury occurs only in a very narrow temporal
window between survival with complete recovery and death
[2,3]. Partly this is a reflection of the efficiency of the fetal
adaptations that maintain perfusion to the essential organs.
Partly, an acute event activates a cascade not only of damaging
processes but also of protective endogenous processes that help
limit neural injury, as illustrated in Figure 42.1. These processes
may be modified, raising the possibility of treating acute
encephalopathy.

Biphasic cell death after hypoxic–ischemic injury
The seminal observation, both from experimental studies
in vivo and in vitro, and from clinical observations, is that
HIE is not a single “event” but rather an evolving process.
During actual hypoxia–ischemia (which may be termed the
“primary” phase of the insult) high-energy metabolites are
depleted, with progressive depolarization of cells, severe cyto-
toxic edema (cell swelling), and extracellular accumulation of
excitatory amino acids (EAAs) due to failure of reuptake by
astroglia and excessive depolarization-mediated release [4,5].
Although neurons may die during a sufficiently prolonged
period of ischemia or asphyxia, many neurons initially recover
at least partially from the insult in a so-called “latent” phase,
only to die many hours or even days later (secondary or
delayed cell death). Using magnetic resonance spectroscopy,
it was shown that many infants with evidence of moderate to
severe asphyxia show initial, transient recovery of cerebral
oxidative metabolism after birth, followed by secondary
deterioration with cerebral energy failure from 6 to 15 hours
after birth [6,7]. It is this delay which offers the tantalizing
possibility for therapeutic intervention. The severity of this
secondary deterioration is closely correlated with neurodevel-
opmental outcome at 1 and 4 years of age [8], and infants

with encephalopathy who do not show initial recovery of cere-
bral oxidative metabolism have extremely poor outcomes [6].
An identical pattern of initial recovery of cerebral oxidative
metabolism followed by delayed (secondary) energy failure is
also seen after hypoxia–ischemia in the piglet, rat, and fetal
sheep and is closely correlated to the severity of neuronal injury
[9–12]. The timing of energy failure after hypoxia–ischemia
is tightly coupled with histologic brain damage [13], implying
that it is primarily a function of evolving cell death.

Because oxidative synthesis of ATP is mediated through
the mitochondrial electron transport chain, loss of the ter-
minal electron acceptor, cytochrome oxidase (CytOx) [14], is
a close surrogate for loss of production of high-energy phos-
phates [15–17]. Continuous, non-invasive measurements with
near-infrared spectroscopy (NIRS) demonstrate that severe
asphyxia in fetal sheep leads to a consistent pattern of initial
recovery of CytOx values after the end of the asphyxic insult,
followed by a progressive fall, starting from approximately
3–4 hours, and continuing until approximately 48 hours
after asphyxia (Fig. 42.1) [12]. Delayed loss of mitochondrial
activity was associated with a marked increase in relative
intracerebral oxygenation, consistent with an impaired ability
to use oxygen [11,12].

Characteristic pathophysiological events may be distin-
guished during the early recovery (latent) phase compared
with the secondary phase (Fig. 42.2). After restoration of
circulation and oxygenation the initial hypoxia-induced
impairments of cerebral oxidative metabolism, cytotoxic
edema, and accumulation of EAAs resolve over approximately
30–60 minutes [4,5]. Despite normalization of oxidative
cerebral energy metabolism and mitochondrial activity [12],
mean electroencephalogram (EEG) activity remains depressed,
while cerebral blood flow (CBF) initially recovers, followed by
a transient secondary fall [4,12,18]. During the subsequent
secondary deterioration, starting many hours later (approxi-
mately 6–15 hours after the insult) and continuing over many
days, delayed seizures develop [4,12], accompanied by second-
ary cytotoxic edema (cell swelling) [4] and accumulation of
excitotoxins as well as failure of cerebral mitochondrial activ-
ity and, ultimately, cell death [5,9,12,19]. There is no second-
ary energy failure after lesser insults that do not produce brain
dysfunction [20].

The concepts that an acute, global insult can trigger evolving
injury and that characteristic events are seen at different times
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after the insult, are central to understanding the causes and
treatment of neonatal encephalopathy.

When is neuroprotection viable?
There is now overwhelming evidence that the “latent” phase in
the early recovery period, before the start of the secondary
deterioration, represents the effective window of opportunity
for intervention therapies. The largest body of evidence comes
from the lead therapeutic modality, induced hypothermia.
As reviewed, the efficacy of hypothermia is highly dependent
on a number of interdependent factors, including the timing of
initiation, and the duration and depth of cooling [21–23].

The timing of initiation of hypothermia
For example, in the near-term fetal sheep, moderate hypother-
mia induced 90 minutes after reperfusion from a severe
episode of cerebral ischemia, in the early latent phase, and
continued until 72 hours after ischemia, prevented secondary
cytotoxic edema, and improved electroencephalographic
recovery [4]. There was a concomitant substantial reduction
in cortical infarction and improvement in neuronal loss scores
in all regions (Fig. 42.3). When the start of hypothermia was
delayed until just before the onset of secondary seizures in this
paradigm (5.5 hours after reperfusion) partial neuroprotection
was seen [24].With further delay after seizures were established
(8.5 hours after reperfusion), there was no electrophysiological
or overall histological protection with cooling [25].

Similar results have been reported in a wide range of
species and paradigms. For example, in unanesthetized infant
rats subjected to moderate hypoxia–ischemia mild hypother-
mia (2–3 �C decrease in brain temperature) for 72 hours from
the end of hypoxia prevented cortical infarction, whereas
cooling delayed until 6 hours after the insult had an intermedi-
ate, non-significant effect [26]. In anesthetized piglets exposed
either to hypoxia with bilateral carotid ligation or to hypoxia
with hypotension, either 12 hours of mild whole-body hypo-
thermia (35 �C) or 24 hours of head cooling with mild
systemic hypothermia started immediately after hypoxia pre-
vented delayed energy failure [27], reduced neuronal loss, and
suppressed post-hypoxic seizures [28,29].

Longer is better
Relatively extended periods of cooling, of between 12 and
72 hours, have been associated with the most consistent evi-
dence of neuroprotection [26,27,30,31]. Critically for clinical
practice, the more that initiation of hypothermia is delayed or
the more severe the insult, the greater the duration of cooling
required for protection [19]. For example, in the adult gerbil
when the delay before initiating a 24-hour period of cooling
was increased from 1 to 4 hours, neuroprotection in the CA1
region of the hippocampus after 6 months recovery fell from
70% to 12% [32]. Subsequent studies demonstrated that pro-
tection could be restored by extending the duration of moder-
ate (32–34 �C ) hypothermia to 48 hours or more, even when
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the start of cooling was delayed until 6 hours after reperfusion
[33,34]. Similarly, in the near-term fetal sheep, cooling started
after 5.5 hours and continued until 72 hours was still partially
protective (Fig. 42.3) [24].

If some is good, is more better?
Similarly to the effect of duration, the critical depth of hypo-
thermia required for protection seems to vary depending on
the delay before initiation and the severity and nature of the

insult. For example, in the infant rat, mild cooling of just 1–
2 �C was highly protective, provided it was started immedi-
ately after hypoxia [26]. In contrast, when cooling was delayed
until 6 hours, in both adult rodents and the fetal sheep greater
functional and histological neuroprotection was seen with a
5 �C reduction than with 3 �C [35].

Neuroprotection is maintained in the long term
There have been some reports that hypothermia only delayed,
rather than prevented, neuronal degeneration after global
ischemia in the adult rat [36–38], and severe hypoxia–ische-
mia in the 7-day-old rat [39]. However, subsequent studies
suggest that the duration of hypothermia in those studies was
inadequate. Seventy-two hours of very mild cooling in the
infant rat after carotid occlusion and hypoxia was assoc-
iated with long-term improvement, whereas 6 hours was
not [26]. Subsequent studies, both in the 7-day rat and in
adult animals of several species, have confirmed that pro-
longed cooling for 24–72 hours initiated within 6 hours of
injury is associated with persistent behavioral and histological
protection [31,33,35,40,41]. Nevertheless, it is important to
accept that at least some attenuation of effect over time has
been reported with virtually all therapies, such as early treat-
ment with endogenous growth factors [42,43]. Indeed, it is
strongly suggested that failure to consistently perform long-
term evaluation is one of the major factors underlying the
disappointing outcome of clinical trials of many putative
cytoprotectants [44].

Clinical evidence
This compelling experimental evidence in multiple paradigms
led to two major randomized controlled trials (RCTs) of
hypothermia for neonatal HIE and many smaller trials. Sys-
tematic meta-analysis of data from all published RCTs avail-
able in 2007 (n¼ 5) of either selective head cooling or whole-
body cooling initiated within 6 hours of birth in term neonates
with acute HIE (a combined total of 552 randomized infants)
reported a significant effect of therapeutic hypothermia on
the primary composite outcome of death or disability at
18–22 months of age (RR 0.78, 95% CI 0.66–0.92; NNT 8,
95% CI 5–20). Further, subgroup analysis suggested significant
effects on mortality (RR 0.75, 95% CI 0.59–0.96) and neuro-
developmental disability at 18–22 months (RR 0.72, 95% CI
0.53–0.98) [45]. Potentially, relatively greater improvements
may be able to be obtained if we can target therapy more
effectively, as suggested by the CoolCap trial [46]. The only
minor side effects overall were sinus bradycardia not requiring
treatment, mild thrombocytopenia, and a borderline increase
in use of inotrope support [47]. The CoolCap trial reported
scalp edema under the cap in many infants, which resolved
rapidly after removal of the cap, and a transient increase in
mean glucose levels during cooling [46]. Clearly there are many
practical questions about how hypothermia should be optimally
used in clinical practice [48], and the long-term effects, at
school age and later, are not yet known.
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Therapeutic targets for neuroprotection
These clinical and experimental data suggest that critical
events occur within the latent phase after hypoxia–ischemia
which materially contribute to further injury, and in turn that
the delay between the initial insult and secondary energy
failure reflects the time required for activation of cell death
processes during the latent phase. Major initial triggers of the
delayed death cascade during exposure to hypoxia–ischemia
include exposure to oxygen free radical toxicity, excessive
levels of EAAs (“excitotoxicity”), and intracellular calcium
accumulation, both passively down the concentration gradient
due to failure of energy-dependent pumps during hypoxia,
and actively through channels linked to excitatory neurotrans-
mitters [49]. However, these events rapidly resolve during
reperfusion from the insult and thus cannot readily be related
to the effects of post-insult interventions such as cooling. It is
striking that even in vitro neuronal degeneration can be pre-
vented by cooling initiated well after exposure to an insult
[50]. Thus, the critical effect of hypothermia must be on
secondary consequences, such as the intracellular progression
of programmed cell death (apoptosis), the inflammatory reac-
tion, and abnormal receptor activity.

Programmed cell death
There is good histological evidence that activation of
pre-existing programmed cell death is a significant contributor
to post-hypoxic cell death in the developing human brain. The
morphological appearances include a mixture of necrosis and
apoptosis. Necrosis is defined by loss of plasma membrane

integrity associated with a random pattern of DNA degradation.
Typically there is swelling of the cytoplasm and organelles, with
little change initially to the nucleus. This pattern has been
suggested to reflect biophysical damage to the cell (cell mem-
brane instability, ion shifts, etc.), particularly lysis in the pri-
mary phase [51]. Apoptosis is defined morphologically by the
development of “karyohexis”. Karyohexis is the classic micro-
scopic picture of condensation of chromatin (i.e., a dark
shrunken nucleus) with loss of the reticular formation in the
cytoplasm (leading to eosinophilia on light microscopy); ulti-
mately, the shrunken cell breaks into small fragments [52]. By
analogy with the active process of developmental loss of excess
cells (including neurons), it was suggested that an apoptotic
morphology reflected active or “programmed” cell death [53].
The intracytoplasmic stage of apoptosis involves alterations
in the ratio of various intracellular factors such as the proto-
oncogene Bcl-2, which inhibits apoptosis, and Bax, which pro-
motes apoptosis, release of cytochrome c from mitochondria,
and activation of cysteine proteases (caspases) [54,55]. The
final, irreversible execution phase of apoptosis is intranuclear,
involving endonuclease-mediated DNA fragmentation [56].

In practice, however, it has become clear that post-hypoxic
cell death includes elements of both apoptotic and necrotic
processes, with one or the other being most prominent
depending on factors such as maturity and the severity of
insult [57,58]. It is notable that apoptosis appears to be more
prominent in the developing brain; for example, expression of
caspase-3 after hypoxic–ischemic injury declines with matura-
tion [59]. In the 7-day-old rat most neuronal loss in the
first 24 hours after hypoxia–ischemia was associated with
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ultrastructural features of both apoptosis and necrosis [58].
Of critical importance, there was evidence of involvement of
apoptotic pathways, including activation of caspase-3, even in
neurons dying with a non-apoptotic morphology. Thus, despite
themixedmode of cell death, the concept remains an important
one, since if neuronal and glia cell death includes a substantial
element of active death (preprogrammed or triggered by sec-
ondary mechanisms such as cytotoxin exposure), then it should
logically be possible to interrupt these events.

Consistent with the hypothesis that apoptotic processes are
a key therapeutic target, post-insult hypothermia started after
severe hypoxia–ischemia was reported to reduce apoptotic cell
death, but not necrotic cell death, in the piglet [28]. Similarly,
protection with post-hypoxic–ischemic hypothermia in fetal
sheep has been closely linked with suppression of activated
caspase-3 [60,61]. Further evidence comes from studies of
endogenous antiapoptotic growth factors.

Other evidence for apoptosis: treatment
with insulin-like growth factors (IGFs)
While a large array of growth factors are involved in regulat-
ing brain growth, IGF-1 is known to be a key mediator, with
overexpression of the IGF-1 gene leading to brain overgrowth
and IGF-1 knockouts or excess expression of IGF binding
proteins leading to reduced growth [62–64]. IGF-1 is potently
antiapoptotic, aswell as promoting neural stem cell proliferation,
differentiation, maturation, myelination, neurite outgrowth,
and synaptogenesis [65]. There is marked upregulation of
endogenous IGF-1 in injured areas of the brain after injury,
which is suggested to contribute to cerebral repair and
functional recovery [65]. However, it is unlikely that this
response can be considered to be neuroprotective, because it
occurs days after the insult, well after the latent phase, and
is only beginning at a time when extensive cell death is
already present. Indeed, in the neonatal rat there is a global
reduction, not an increase, in all components of the IGF
system during the early phase of recovery from hypoxia–
ischemia [66].

Recent data have confirmed that post-ischemic adminis-
tration of exogenous IGF-1 can attenuate the severe delayed,
post-ischemic neuronal and oligodendrocyte cell loss and
associated demyelination after cerebral ischemia or hypoxia–
ischemia in the rat and in near-term fetal sheep (Fig. 42.4)
[67–69]. For example, in term-equivalent fetal sheep IGF-1
given as a 1-hour infusion intracerebroventricularly (i.c.v.) was
associated with dramatically reduced loss of oligodendrocytes
after severe ischemia in the intragyral white matter, reduced
demyelination, reduced tissue swelling, but upregulation of
astrocytes and microglia [69]. IGF-1 treatment was associated
with reduced caspase-3 activation and increased glial prolifera-
tion in a similar dose-dependent manner [70]. Caspase-3 was
only expressed in oligodendrocytes that showed apoptotic
morphology. Proliferating cell nuclear antigen co-localized
with oligodendrocytes, astrocytes, and microglia. Thus, increased
oligodendrocyte numbers after IGF-1 treatment are partly

due to suppression of apoptosis, and partly to increased
proliferation. In contrast, the increase in reactive glia was
related only to proliferation. These intriguing data raise the
possibility that protective effects by reactive glia may partly
mediate white-matter protection by IGF-1 [71], and thus,
speculatively, that chronic treatment with this or other growth
factors could help restore production of oligodendrocytes in
premature infants.

Inflammatory second messengers
Brain injury leads to induction of the inflammatory cascade,
with increased release of cytokines and interleukins (IL) [72].
These compounds are believed to exacerbate delayed injury,
whether by direct neurotoxicity and induction of apoptosis
or by promoting stimulation of leukocyte adhesion and
infiltration into the ischemic brain. Experimentally, cooling
can potently suppress this inflammatory reaction [19]. For
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example, in vitro, hypothermia inhibits proliferation, super-
oxide and NO production by cultured microglia, and in adult
rats hypothermia suppresses the post-traumatic release of
interleukin-1b and accumulation of polymorphonuclear
leukocytes. Similarly, neuroprotection with post-insult hypo-
thermia was associated with suppression of microglial acti-
vation in fetal sheep [60,61].

Other receptor- and non-receptor-mediated toxic factors
are likely to contribute to neural injury in the latent phase. For
example, there is now some evidence from the preterm fetal
sheep for delayed production of oxygen free radicals [73],
which may be of particular importance for oligodendroglial
survival. Further, post-hypoxic production of nitric oxide
may contribute to further neuroinflammation, and a transient
increase in neuronal nitric oxide synthase has been observed
in the brain during the first few hours of recovery from
hypoxia–ischemia in the rodent [74]. Against this, however,
in preterm fetal sheep there was no change in the ratio of
citrulline to arginine, an index of nitric oxide synthase activity,
in the latent phase after exposure to severe cerebral ischemia
that was associated with white-matter injury [75]. Further,
although 2-iminobiotin, a selective inhibitor of neuronal and
inducible nitric oxide synthase, reduced hypoxia–ischemia-
induced brain damage in neonatal rats, this protection was
selective to female rats only, and curiously was not associated
with any change in indices of nitric oxide activity [76]. Thus
2-iminobiotin may have been acting through non-NO-related
pathways.

Excitotoxicity after hypoxia–ischemia
Classically, cell death due to abnormal glutamate receptor
activation (excitotoxicity) is related to pathologically elevated
levels of extracellular glutamate, as occurs during hypoxia–
ischemia. Following reperfusion, we and others have shown
that glutamate levels rapidly return to control values [5,77],
and thus naively we might predict that excitotoxicity should
not be an important therapeutic target after reperfusion. More
recent data, however, show that pathological hyperexcitability
of glutamate receptors can continue for many hours following
hypoxia–ischemia [78], and that it promotes intracellular
neuronal calcium accumulation [79], which may help acceler-
ate or increase programmed cell death.

In vitro, a large increase in the amplitude and duration
of excitatory postsynaptic potentials was observed in hippo-
campal slice CA1 pyramidal neurons after exposure to 15–20
minutes of hypoxia in P10–11 rats (equivalent to term in
humans) [78]. This hyperexcitability was greatest in the imma-
ture brain, and could be inhibited by NMDA receptor block-
ade [80]. In adult rat hippocampal slices, transient episodes of
anoxia induced long-term potentiation of excitatory glutamin-
ergic postsynaptic transmission in CA1 pyramidal neurons,
the strength of which was related to the number of preceding
anoxic episodes [81]. Similarly, CA1 pyramidal neurons in
hippocampal slices from adult gerbils that were exposed to
5 minutes of ischemia demonstrated enhanced NMDA and
non-NMDA receptor excitatory postsynaptic currents 1–12

hours after ischemia, accompanied by increased intracellular
neuronal calcium accumulation [79]. Supporting these obser-
vations, following recovery from transient forebrain ischemia
in the adult rat, evoked excitatory postsynaptic potentials of
hippocampal CA1 pyramidal neurons in vivo were increased
by up to 150% for 24 hours [82]. This activity occurred before
the onset of histological signs of neuronal cell death and
was reduced by treatment with dizocilpine, suggesting that
enhanced synaptic NMDA receptor transmission was closely
linked with the evolution of delayed neuronal death.

Evolving epileptiform transient events have also been dem-
onstrated during the first few hours of recovery from severe
asphyxia in preterm fetal sheep (Fig. 42.5), at a maturational
stage equivalent to the 28–32-week human infant [83]. In this
model, overall EEG activity was profoundly suppressed for
many hours after hypoxia, regardless of whether injury subse-
quently developed or not [3]. In contrast, epileptiform EEG
transient activity was only seen in the early recovery phase
after a severe insult that was associated with severe injury.
Other studies have shown that there is a strong, linear within-
group correlation between the frequency of these events and
the severity of neuronal loss [84,85]. Further, the maximal
frequency of these events corresponded with a fall in cerebral
oxygenation on near-infrared spectroscopy [12], and occurred
well before secondary failure of mitochondrial oxidative activ-
ity on continuous near-infrared spectroscopic monitoring;
in contrast, overt seizures did not occur until after the onset
of the secondary fall [12]. There is considerable evidence
suggesting that delayed failure of mitochondrial function is
closely linked with the development of cell death [13], and
thus these data strongly imply that the epileptiform transients
precede the onset of cell death by a considerable margin.

Such epileptiform EEG transients are well described clini-
cally, and in preterm infants their frequency is strongly associated
overall with poor outcome [86–91]. However, there has been
no detailed evaluation of their role or time course in perinatal
brain injury, in part because typically clinical EEG record-
ings are not started until several days after birth, and in
part because most bedside monitoring involves amplitude-
integrated EEG (aEEG) cerebral function monitoring that
does not permit assessment of such fast low-amplitude dis-
crete events. Thus, their potential importance has not been
systematically studied in the crucial first hours after birth.

Clearly EEG transients recorded from the surface of
the brain could simply be a manifestation of injury rather
than a cause. A possible causal relationship is supported by
the observations that increased EEG transient activity during
blockade of inhibitory a2-adrenergic receptor activity was
associated with increased neuronal loss and, conversely, sup-
pression of EEG transients with NMDA glutamate receptor
blockade reduces cell loss in the striatum [85,92]. Further
supporting a potential causal role, moderate, delayed cerebral
hypothermia from 90 minutes to 70 hours after prolonged
umbilical cord occlusion in fetal sheep markedly suppressed
early-onset epileptiform EEG transients (Fig. 42.5), which cor-
related with reduced striatal damage. The effect of hypothermia
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on EEG transients is consistent with the well-established
effect of hypothermia to reduce the slope of excitatory post-
synaptic potentials in vitro and of glutamate release after
depolarization and following reperfusion from severe hyp-
oxia–ischemia in the piglet [93–95]. Focal cerebral cooling
can reduce epileptiform activity in animals and in patients
without changing the motor threshold for electrical stimula-
tion [96,97]. Nevertheless, it is likely that neuroprotection
with hypothermia was only partially related to suppression
of N-methyl-D-aspartate receptor activity, as improvement in
neuronal loss with hypothermia was markedly greater than

observed after an infusion of the highly selective antagonist
dizocilpine in this model [92].

There is a fascinating contrast between the apparent
importance of these brief, low-amplitude epileptiform transi-
ents, compared with the still unclear significance of the much
larger sustained seizures seen later on in the secondary phase of
recovery. NMDA receptor blockade delayed until the start
of overt seizures in the near-term fetal sheep was associated
only with modest protection, with no effect in the major para-
sagittal area of infarction [98]. Similarly, in the P7 rat, induced
seizures did not increase damage after hypoxia–ischemia when
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antagonist, idazoxan, was associated with a marked increase in numbers of transients [85]. Conversely, these EEG transients were almost completely suppressed
by N-methyl-D-aspartate blockade with dizocilpine [92], and were partially suppressed by cerebral hypothermia [84]. The time course of epileptiform
transients during the latent phase, and the effect of cerebral hypothermia, are shown in the bottom-right panel [84]. *p < 0.05 hypothermia-occlusion vs.
normothermia-occlusion.
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secondary hyperthermia was prevented [99]. It is unknown
whether these different outcomes reflect a true difference in
underlying mechanisms, or whether it is simply that the setting
of epileptiform events in a time of critical vulnerability, i.e., the
latent phase, is more important than their magnitude.

Spreading depression
Alternatively, hypothermia may protect the brain from sec-
ondary extension of ischemic injury by inhibition of spreading
depression [100]. Spreading depression is a rapid and nearly
complete depolarization of a sizable population of brain cells
with massive redistribution of ions between intracellular and
extracellular compartments, which propagates in a wave [101].
Spreading depression-like events have been associated with
epileptiform activity, and may further increase the excitability
in human brain tissue [102]. There is increasing evidence that
spreading depression-like events during ischemia increase the
extent of neural injury by altering ion gradients or increasing
glutamate release [103,104]. In contrast, the role of these
events after hypoxia–ischemia is not well defined. However,
there is in vitro evidence that the juvenile brain shows spon-
taneous spreading depression-like events during recovery
from hypoxia, and is more likely to do so than the adult brain
[105]. Further, whereas these events are not injurious to the
normoxic adult brain [101], in juvenile normoxic hippocam-
pal slice cultures repetitive spreading depression-like events
led to deterioration of evoked fast field potentials and cell
damage [106]. Mild hypothermia slowed the rate of propaga-
tion and frequency of spreading depression-like events in
adult rats both after direct induction and during focal ische-
mia [100,107–109]. Consistent with this, during focal ischemia
in adult rats mild hypothermia decreased the frequency of
spreading depression-like events and associated transient
reductions in apparent diffusion coefficient of water [108,109].
Thus, this is a plausible contributory mechanism of hypo-
thermic neuroprotection.

Endogenous neuroprotection
While hypoxia can trigger many cytotoxic pathways within the
brain, an important observation from experimental studies is
that these damaging events are often associated with endogen-
ous inhibitory neuroprotective responses that help to limit
the degree of injury. For example, it is well established that
the dramatic rise in extracellular glutamate during hypoxia–
ischemia in gray matter is accompanied by accumulation of
endogenous inhibitory neuromodulators such as g-aminobu-
tyric acid (GABA) and adenosine in near-term (0.8–0.9 of
gestation) fetal sheep [5,110–112]. Indeed, the relative rise in
GABA is reported to be greater than that of glutamate in the
near-term fetus [5], and there is compelling evidence that
intrahypoxic accumulation of adenosine mediates the initial
rapid depression of EEG activity, and that this reduces hippo-
campal, striatal, and parasagittal neuronal loss after 72 hours
recovery [112]. Conversely, in newborn adenosine A2A recep-
tor knockout mice, the degree of brain injury and behavioral

impairment after recovery from hypoxia–ischemia was signifi-
cantly increased at 3 months compared to controls, without
any differences in intra-insult cerebral blood flow [113]. This
actively regulated suppression of metabolic rate during hyp-
oxia or ischemia before energy stores are depleted has been
termed adaptive hypometabolism [114].

After hypoxia, extracellular levels of GABA and adenosine
quickly return to control values [5,110,115,116], suggesting
their protective role is largely limited to the acute phase of
insult. There is increasing evidence that other endogenous
neuroinhibitory systems may be activated after the insult.
These inhibitory systems may contribute, in part, to the
marked suppression of EEG activity and cerebral hypoperfu-
sion observed both clinically and experimentally during the
initial few hours of recovery from severe asphyxia [3,117].

Evidence for post-insult adaptive hypometabolism
Experimentally, a classical feature of the latent (i.e., early
recovery) phase after severe hypoxia in fetal, neonatal, and
adult life is secondary cerebral and peripheral hypoperfusion
despite normal or even elevated arterial blood pressure
[4,12,18,118–120]. Corresponding with this transient fall in
CBF, NIRS has confirmed that infants with HIE show a
reduction in cerebral blood volume during the first 12 hours
after birth [121]. The duration and speed of onset, and to a
lesser extent the degree of the hypoperfusion, are reported
to be broadly related to the severity of the insult, at least in
the brain, where the phenomenon has mostly been assessed
[122,123]. However, surprisingly, despite its near ubiquity, it
has been rather controversial whether secondary hypoperfu-
sion represents a period of true, deleterious secondary ische-
mia, leading to impaired cerebral oxygenation, or is merely a
reflection of reduced cerebral metabolism [124,125].

For example, during this early recovery period after expos-
ure to severe asphyxia, NIRS has shown a marked transient
reduction in oxygenated hemoglobin despite normal blood
pressure in fetal sheep and newborn infants [12,121,126].
However, a fall in HbO2 could merely reflect the fall in total
blood flow. However, the difference between oxygenated and
deoxygenated hemoglobin, which is a reliable measure of
changes in intracerebral oxygenation [127], showed only a
minimal fall for a few hours [12], suggesting little change in
tissue oxygenation. Supporting this conclusion, there was no
significant change in arteriovenous oxygen content differences
in either lambs or near-term fetal sheep after hypoxic–
ischemic injury [4,128], and delayed post-hypoxic cerebral
hypoperfusion after severe asphyxia in near-term fetal sheep
was associated with suppression of cerebral metabolism and
increased, not decreased, cortical tissue oxygenation [18].
Similarly, recent studies of infants with moderate to severe
HIE have confirmed that there is an increase in intracerebral
oxygenation and a fall in fractional oxygen extraction after
24 hours in the infants with an adverse outcome [129].

Thus, these data strongly suggest that post-asphyxial cere-
bral hypoperfusion occurs as part of an actively regulated
response to reduced cerebral metabolism, with intact coupling
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of cerebral blood flow and metabolism. The mechanisms and
the potential neuroprotective role for adaptive hypometabo-
lism after hypoxia are discussed below.

Evidence for endogenous sympathoinhibition
after hypoxia–ischemia
Extracellular noradrenalin levels increase dramatically during
hypoxia, similarly to adenosine and GABA, and are believed to
contribute to hypoxic-depression of synaptic activity through
the inhibitory a2-adrenergic receptor [130], as shown in vitro
[131]. Although there is little information on levels after
hypoxia, recent data in fetal sheep have shown that secondary
central and peripheral hypoperfusion during the first few hours
of recovery from severe asphyxia can be prevented by an
infusion of an a1/a2-adrenergic receptor antagonist, phentol-
amine [132]. Further, the onset of post-asphyxial seizures was
significantly earlier than in vehicle-treated animals, suggesting
a loss of neural inhibition with phentolamine infusion [132].
A subsequent study demonstrated that a short infusion of
the specific a2-adrenergic receptor antagonist idazoxan in
the early recovery phase, from 15 minutes until 4 hours after
occlusion, significantly increased overall neuronal cell death,
mainly in regions of the hippocampus, with a corresponding
reduction in numbers of surviving neurons in the CA3 region
[85]. This regional increase in neuronal loss was associated
with an increase in numbers of cleaved caspase-3-positive cells
and activated microglia. There was no effect of this infusion
on cerebral blood flow. These data are consistent with sympa-
thetic nervous system activation during the early recovery
phase, and indicate that a1-adrenergic activity mediates the
hypoperfusion, while a2-adrenergic activity in this critical
phase helps mitigate evolving neuronal damage.

Sympathoinhibition and epileptiform activity
Intriguingly, in preterm fetal sheep blockade of the a2-adrener-
gic receptor with idazoxan after asphyxia significantly increased
epileptiform EEG transient activity in the early recovery phase
from severe hypoxia (Fig. 42.5) [85], but did not significantly
affect numbers of subsequent post-hypoxic seizures, consis-
tent with the short duration of infusion. Moreover, there was
a significant positive correlation between numbers of these
events and severity of hippocampal neuronal loss, supporting
a potentially causal role [85]. These data are consistent with
postnatal data that implicate noradrenergic activity as an
important modulator of the threshold for “classic” delayed
stereotypic slow-wave seizures [133,134].

Other inhibitory neuromodulators
Other potential inhibitory neuromodulators are known to be
elevated after severe hypoxia in the term fetus, including the
GABAA receptor agonist allopregnanolone [135], which is
neuroprotective in adult models [136,137]. This elevation is
reported to resolve to pre-occlusion levels by 3–4 hours after
asphyxia [135], consistent with the time course of secondary
hypoperfusion. Thus it is likely that the full impact of

endogenous protective responses after severe hypoxia repre-
sents the summation, or even a synergistic effect, of multiple
systems.

Hypothesis
Based on these findings, we propose the hypothesis (Fig. 42.1)
that during the early or latent phase of recovery from hypoxia,
the long-term survival of vulnerable, injured neurons and
white-matter cells in the immature brain is determined by a
dynamic balance between damaging events (such as abnormal
glutamate receptor activity and secondary inflammation) and
active endogenous neural protection by neural systems (such
as activation of the inhibitory component of the sympathetic
nervous system). The limits and effectiveness of these systems
are not known. However, for injury to occur, any endogenous
neuroprotective system must only partly suppress damaging
factors; i.e., there is an imbalance between protective and
damaging processes. This concept, that the injured brain is
not simply a passive target for toxic factors, but rather is actively
defending itself, is an important insight into the resilience
of newborn infants to hypoxic–ischemic injury [138].

Implications
Can we identify the “latent” phase after hypoxia?
The issues discussed reinforce the overwhelming importance
of both targeting treatment to children who are at high risk of
injury, and to a time when treatment is likely to be beneficial.
At present, there is no easy way of identifying these patients in
a timely manner. The studies discussed in this chapter strongly
suggest that the latent phasemay be able to be identified by the
combination of post-hypoxic EEG transients with overall EEG
suppression. To date, no such systemic early electrophysio-
logical clinical monitoring data are available in newborn
infants that would allow us to evaluate the utility of this
EEG pattern. A major limitation of existing data is that,
typically, formal EEG recordings are started several days after
birth, so it is unknown whether these EEG transients are
present in the early hours of recovery from hypoxia–ischemia.
Further, the widely used method of aEEG cerebral function
monitoring does not permit assessment of the real-time EEG,
and so does not reveal or permit evaluation of these fast,
discrete events. It is perhaps unwise to place too much hope
on a single clinical parameter. Coupling early EEG monitoring
with other non-invasive bedside monitoring techniques such
as near-infrared spectroscopy, which has been used clinically
in asphyxiated term newborns as early as 2 hours [121] to
monitor changes in cerebral blood flow and oxygenation
[121,126,139], and mitochondrial redox state, would likely be
more effective than either alone [12].

Can we manipulate the window
of opportunity for therapy?
A number of studies in adult and newborn animals have
reported that short periods of active post-insult cerebral
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cooling can substantially delay the evolution of neuronal death
even if there is no significant effect on long-term outcome
[36,39,140]. This effect may be of some clinical utility in its
own right. The timely selection and enrollment of patients for
therapeutic trials of acute encephalopathy presents formidable
logistic difficulties [48]. Recent studies have confirmed that
such early but mild cooling can critically extend the window of
opportunity for neuronal rescue with IGF-1 from 2 hours after
hypoxia–ischemia, up to as long as 6 hours [141]. This
approach may increase the number of patients who can be
enrolled in therapeutic trials after hypoxia–ischemia [142].

Conclusions
Experimental studies of hypoxia–ischemia have shown that
neural injury is an evolving process, characterized by an early
“latent” phase, followed by the ultimate development of
delayed neuronal death. The latent phase appears to be the
foundation period during which the processes mediating
delayed cell death are active and potentially reversible, and is
thus the key period when treatment is most likely to be
successful. There is now compelling evidence from two large
well-conducted randomized controlled trials and a number of
smaller studies that therapeutic hypothermia is protective
[45]. It is the personal view of the authors that given the

remarkable safety profile under intensive care conditions, the
strong foundation in basic science, and supporting evidence
from related disease states such as encephalopathy after car-
diac arrest, practicing clinicians may now cautiously use this
first ever treatment for neonatal encephalopathy in consulta-
tion with the affected families, while they wait for the ques-
tions around its optimal use to be answered.

Because the trial sizes required to address the remaining
questions will be very large, ideally all patients should be
centrally registered with universal follow-up, and where pos-
sible treatment should be centralized to larger intensive care
units, helping to increase local expertise in the use of hypo-
thermia. These steps are critical to allow the first ever proven
treatment for neonatal encephalopathy to be made safely
available, while facilitating the ability of large consortia of
neonatal units to examine incremental modifications to the
treatment protocols such as the timing, mode, length, or
degree of cooling, and the effects of additional therapies.
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Chapter

43 Neonatal seizures: an expression
of fetal or neonatal brain disorders
Mark S. Scher

Introduction
Neonatal seizures are one of the few neonatal neurological
conditions that require immediate medical attention. While
prompt diagnostic and therapeutic plans are needed, multiple
challenges impede the physician's evaluation of the newborn
with suspected clinical and electroencephalographic (EEG)
manifestations of neonatal seizures, which vary dramatically
from those in older children. Recognition of the seizure state
remains the foremost challenge to overcome. This dilemma
is underscored by the brevity and subtlety of the clinical
repertoire of the neonatal neurological examination.

Basic issues still remain regarding the recognition and
treatment of neonatal seizures (Table 43.1). Which newborns
with seizures to treat, and how to treat them, continues to
occupy much discussion and controversy in written and oral
presentations. While clinical seizures remain a common
occurrence in neonatal intensive care settings, with an inci-
dence as high as 2.6/1000 live births for term infants and
30–130/1000 live preterm births, increasing use of bedside
EEG monitoring has resulted in the growing recognition that
the incidence of seizures may be even higher. Yet the “who”
question in the algorithm to diagnose and treat neonatal
seizures includes a heterogeneous cohort of newborns who
may present throughout the neonatal period (i.e., 30 days
post-term). The manner of clinical presentation will reflect
alternative diagnostic explanations for seizure recurrence
based on timing, etiology, or brain region of injury [1]. Pre-
sentation may imply part of a longer-standing encephalo-
pathic process prior to and/or during parturition in some
newborns. Other infants present with isolated seizures or ictal
events that herald the onset of new postnatal disease or an
otherwise silent antepartum process.

The identification of seizure occurrence relies on both
clinical sign recognition and coincident electrographic expres-
sion to define the exact onset and offset of seizure duration.
This is also essential to more accurately define status epilepti-
cus (SE). The issue of seizure recognition highlights the
controversy regarding the assessment of treatment efficacy,
linking to etiologic process, as well as location and timing of

injury. Unresolved questions also include the unknown duration
of treatment for a neonate who experienced seizures after
emergent treatment in the neonatal intensive care unit.
Long-term treatment may be required for the child who is at
an increased risk for childhood seizures and neurocognitive/
neurobehavioral sequelae at an older age. Medications with
antiepileptogenic properties rather than those used for anti-
ictal purposes need to be tested.

Finally, there remains a controversy concerning whether
electrical or clinical seizures are more detrimental to normal
brain structure and function. Based on current epilepsy
models in immature and older populations, epileptic-induced
brain damage can occur either as a direct result of the meta-
bolic consequences of the seizures themselves, and/or due to
the underlying etiologies in which seizures are imbedded.
Therefore the final section of this review will discuss the
current innovations which augment our understanding of
seizures in the immature brain. Current and proposed
research may lead to novel therapeutic approaches that are
relevant to the pathophysiologic mechanisms responsible for
both seizures and non-epileptic paroxysmal movement dis-
orders, in the context of the associated etiologies, location,
and timing of injury in the immature brain.

Recognition of neonatal seizures
There remains a fundamental controversy regarding seizure
recognition [2]. Many intensivists continue to rely primarily
on clinical criteria for the diagnosis of neonatal seizures,
while acknowledging that electrographic confirmation of
seizures may also be necessary. This controversy has been
fueled by the technological advances at the bedside using
synchronized video EEG monitoring. Simultaneous docu-
mentation of suspicious clinical behaviors with electro-
graphic seizures is considered the neurophysiologic gold
standard. With this technology, new classifications of neonatal
seizures can draw a clearer distinction between “epileptic” and
“non-epileptic” events. Failure to document electrographic
seizures by scalp recordings suggests the possibility that clin-
ical events may be either non-epileptic paroxysmal behaviors
or subcortical seizure events. While commonly diagnosed in
older childhood and adult populations, such explanations for
neonates are less frequently described. However, several
authors argue that traditionally described “subtle seizures”
have no coincidental electrographic seizure occurrence on

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
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scalp recordings, and this underscores the controversy. EEG
recordings are therefore helpful to avoid treatment choices
with traditional antiepileptic medications for paroxysmal
non-epileptic events. Treatment protocols are needed after rec-
ognizing neonatal movement disorders that require alternative
therapies.

The advocacy for electrographic confirmation may also
require the preliminary use of automated screening devices
in concert with traditional EEG studies. A prototype was
designed in the late 1960s using a one-channel EEG. Current
devices rely on either one or two channels, with a single
computerized algorithm to detect a “pattern” for neonatal
seizures. However, a limited number of channels and an
arbitrary computer algorithm for automated detection will
be suboptimal to document the electrographic expression of
seizures that may originate distant from the electrode site or
that are of such low intensity or duration as to avoid definitive
conclusions regarding the presence or duration of seizures [3].
There is as yet no consensus regarding the comparison of
screening recordings with conventional EEG studies with
respect to the detection of seizures with acceptable false-
negative and false-positive results. Two-tiered recording para-
digms need to be incorporated in future studies, to combine
the results from screening devices with more comprehensive
neurophysiologic protocols.

Clinical seizure criteria
Neonatal seizures are presently listed separately from
the traditional classification of seizures and epilepsy during
childhood. The International League Against Epilepsy's classi-
fication, adopted by the World Health Organization (WHO),
still considers neonatal seizures within an unclassified
category [4]. A recent classification scheme now suggests a
more strict distinction of clinical seizure (non-epileptic) events
from electrographically confirmed (epileptic) seizures, with
respect to possible treatment interventions [5]. Continued
refinement of such novel classifications is needed to reconcile
the variable agreement between clinical and EEG criteria for
establishing a seizure diagnosis in the context of non-epileptic
movement disorders caused by acquired diseases, malforma-
tions, and/or medications [6,7].

Several caveats (Table 43.2) may be useful in the identifi-
cation of suspected neonatal seizures, and these raise questions
regarding our diagnostic acumen using only clinical criteria.

The clinical criteria for neonatal seizure diagnosis were
historically subdivided into five clinical categories: focal
clonic, multifocal or migratory clonic, tonic, myoclonic, and
subtle seizures [8]. A more recent classification expands the
clinical subtypes, adopting a strict temporal occurrence of
specific clinical events with coincident electrographic seizures,
to distinguish neonatal clinical “non-epileptic” seizures from
“epileptic” seizures (Tables 43.3 and 43.4) [5].

Subtle seizure activity
This is the most frequently observed category of neonatal
seizures and includes repetitive buccolingual movements,
orbital–ocular movements, unusual bicycling or pedaling,
and autonomic findings (Fig. 43.1a). Subtle paroxysmal events
which interrupt the expected behavioral repertoire of the
neonatal state, and which appear stereotypic or repetitive,
should heighten the clinician's level of suspicion for seizures.
However, alterations in cardiorespiratory regularity, body
movements, and other behaviors during active (REM) sleep,
quiet (NREM) sleep, or waking segments also must be recog-
nized before proceeding to a seizure evaluation [9,10]. Within
the subtle category of neonatal seizures are stereotypic changes
in heart rate, blood pressure, oxygenation, or other autonomic
signs, particularly during pharmacological paralysis for venti-
latory care. Other autonomic events include penile erections,
skin changes, salivation, and tearing. Autonomic expressions
may be intermixed with motoric findings. Isolated autonomic
signs such as apnea, unless accompanied by other clinical
findings, are rarely associated with coincident electrographic
seizures (Fig. 43.1b). Since subtle seizures are both clinically
difficult to detect and only variably coincident with EEG
seizures [11,12], synchronized video/EEG/polygraphic record-
ings are recommended to document temporal relationships
between clinical behaviors and coincident electrographic
events [5,13–15]. Despite the “subtle” expression of this
seizure category, these children may still have suffered signifi-
cant brain injury.

Clonic seizures
Rhythmic movements of muscle groups in a focal distribution
which consist of a rapid phase followed by a slow return
movement are clonic seizures, to be distinguished from the

Table 43.1. Dilemmas regarding neonatal seizures

(1) Diagnostic choices – reliance on clinical vs. electroencephalographic
criteria

(2) Etiologic explanations – multiple prenatal/neonatal conditions as a
function of time.

(3) Treatment decisions – who, when, how, and for how long?

(4) Prognostic questions – consider mechanisms of injury based on
etiologies vs. intrinsic vulnerability of the immature brain to prolonged
seizures

Table 43.2. Caveats concerning recognition of neonatal seizures

(1) Specific stereotypic behaviors occur in association with normal neonatal
sleep or waking states, medication effects, and gestational maturity

(2) Consider that any abnormal repetitive activity may be a clinical seizure if
out of context for expected neonatal behavior

(3) Attempt to document coincident electrographic seizures with the
suspected clinical event

(4) Abnormal behavioral phenomena may have inconsistent relationships
with coincident electroencephalographic seizures, suggesting a
subcortical seizure focus

(5) Non-epileptic pathologic movement disorders are events that are
independent of the seizure state, and may also be expressed by
neonates
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Table 43.3. Clinical characteristics, classification, and presumed
pathophysiology of neonatal seizures

Classification Characterization

Focal clonic Repetitive, rhythmic contractions of muscle
groups of the limbs, face, or trunk

May be unifocal or multifocal

May occur synchronously or asynchronously in
muscle groups on one side of the body

May occur simultaneously but asynchronously
on both sides

Cannot be suppressed by restraint

Pathophysiology: epileptic

Focal tonic Sustained posturing of single limbs

Sustained asymmetrical posturing of the trunk

Sustained eye deviation

Cannot be provoked by stimulation or
suppressed by restraint

Pathophysiology: epileptic

Generalized tonic Sustained symmetrical posturing of limbs, trunk,
and neck

May be flexor, extensor, or mixed extensor/flexor

May be provoked by stimulation

May be suppressed by restraint or repositioning

Presumed pathophysiology: non-epileptic

Myoclonic Random single rapid contractions of muscle
groups of the limbs, face, or trunk

Typically not repetitive, or may recur at a slow rate

May be generalized, focal, or fragmentary

May be provoked by stimulation

Presumed pathophysiology: may be epileptic or
non-epileptic

Classification Characterization

Spasms May be flexor, extensor, or mixed extensor/flexor

May occur in clusters

Cannot be provoked by stimulation or
suppressed by restraint

Pathophysiology: epileptic

Motor automatisms:
ocular signs

Random and roving eye movements or
nystagmus (distinct from tonic eye deviation)

May be provoked or intensified by tactile
stimulation

Presumed pathophysiology: non-epileptic

Oral–buccal–
lingual movements

Sucking, chewing, tongue protrusions

May be provoked or intensified by stimulation

Presumed pathophysiology: non-epileptic

Progression
movements

Rowing or swimming movements

Pedaling or bicycling movements of the legs

May be provoked or intensified by stimulation

May be suppressed by restraint or repositioning

Presumed pathophysiology: non-epileptic

Complex
purposeless
movements

Sudden arousal with transient increased random
activity of limbs

May be provoked or intensified by stimulation

Presumed pathophysiology: non-epileptic

Source: From Mizrahi EM, Kellaway P, Diagnosis and Management of Neonatal
Seizures. Philadelphia, PA: Lippincott-Raven, 1998 [5].

Table 43.4. Classification of neonatal seizures based on electroclinical
findings

Clinical seizures with a consistent electrocortical signature
(pathophysiology: epileptic)

Focal clonic

Unifocal

Multifocal

Hemiconvulsive

Axial

Focal tonic

Asymmetrical truncal posturing

Limb posturing

Sustained eye deviation

Myoclonic

Generalized

Focal

Spasms

Flexor

Extensor

Mixed extensor/flexor

Clinical seizures without a consistent electrocortical signature
(pathophysiology: presumed non-epileptic)

Myoclonic

Generalized

Local

Fragmentary

Generalized tonic

Flexor

Extensor

Mixed extensor/flexor

Motor automatisms

Oral–buccal–lingual movements

Ocular signs

Progression movements

Complex purposeless movements

Electrical seizures without clinical seizure activity

Source: From Mizrahi EM, Kellaway P, Diagnosis and Management of Neonatal
Seizures. Philadelphia, PA: Lippincott-Raven, 1998 [5].
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symmetric “to and fro” movements of tremulousness or jit-
teriness [1]. Gentle flexion of the affected body part easily
suppresses the tremor, while clonic seizures persist. Clonic
movements can involve any body part such as the face, arm,
leg, and even diaphragmatic or pharyngeal muscles. General-
ized clonic activities can occur in the newborn but rarely
consist of a classical tonic followed by clonic phase, character-
istic of the generalized motor seizure noted in older children
and adults. Focal clonic and hemiclonic seizures have been
described with localized brain injury, usually from cerebrovas-
cular lesions (Fig. 43.2a), but can also be seen with generalized
brain abnormalities [13,16–18]. As with older patients, focal
seizures in the neonate may be followed by transient motor
weakness, historically referred to as a transient Todd's paresis
or paralysis [19], and are to be distinguished by a more
persistent hemiparesis over multiple days to weeks. Electro-
graphic seizures without clinical manifestations may also be
seen (Fig. 43.2b). Clonic movements without EEG-confirmed
seizures have been described in neonates with normal EEG
backgrounds (Fig. 43.2c), and their neurodevelopment

outcome will more likely be normal [14]. The less experienced
clinician may misclassify myoclonic as clonic movements.
Recent computational studies suggest strategies to extract
quantitative information from video recordings of neonatal
seizures as a method by which clinicians can differentiate
myoclonic from focal clonic seizures, as well as distinguish
normal infant behaviors [20].

Multifocal (fragmentary) clonic seizures
Multifocal or migratory clonic activities spread over body
parts either in a random or in an anatomically appropriate
fashion. Such seizure movements may alternate from side
to side and appear asynchronously between the two halves
of the child's body. The word “fragmentary” was historically
applied to distinguish this event from the more classical gen-
eralized tonic–clonic seizure seen in the older child. Multifocal
clonic seizures may also resemble myoclonic seizures, which
alternatively consist of brief shock-like muscle twitching of
the midline and/or extremity musculature. Neonates with this

Fig. 43.1. (a) Electroencephalographic (EEG) segment of a 40-week-gestation, 1-day-old female following severe asphyxia resulting from rupture of
velamentous insertion of the umbilical cord during delivery. An electrical seizure in the right central/midline region is recorded (arrows), coincident with
buccolingual and eye movements (see comments and eye channels on record). From Scher MS, Painter MJ. Electrographic diagnosis of neonatal seizures:
issues of diagnostic accuracy, clinical correlation and survival. In: Wasterlain CG, Vert P, eds., Neonatal Seizures. New York, NY: Raven Press. 1990: 17,
with permission.

Section 5: Management of the depressed or neurologically dysfunctional neonate

502



Fig. 43.1. (b) Synchronized video EEG record of a 35-week, 1-day-old female with Escherichia coli meningitis and cerebral abscesses. The open arrow notes
apnea coincident with prominent right hemispheric and midline electrographic seizures (closed arrows). In addition to apnea, other motoric signs coincident to
EEG seizures were noted at other times during the record. From Scher MS, Painter MJ. Controversies concerning neonatal seizures. Pediatr Clin North Am 1989;
36: 281–310, with permission.

Fig. 43.2. (a) Segment of EEG of a 41-week, 1-day-old male with an electroclinical seizure characterized by rhythmic clonic movements of the left foot coincident
with bihemispheric electrographic discharges of higher amplitude in the right hemisphere. This seizure was documented prior to antiepileptic medication.
(b) Segment of EEG of a 25-week, 4-day-old female with an electrographic seizure without clinical accompaniment. (c) Segment of an EEG of a 40-week, 6-day-old
infant with stereotypic flexion posturing in the absence of electrographic seizures (note muscle artifact). From Scher MS. Pediatric electroencephalography and
evoked potentials. In: Swaiman KS, ed., Pediatric Neurology: Principles and Practice. St. Louis, MO: Mosby, with permission.
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seizure description often suffer death or significant neuro-
logical morbidity [21].

Tonic seizures
Tonic seizures refer to a sustained flexion or extension of axial
or appendicular muscle groups. Tonic movements of a limb or
sustained head or eye turning may also be noted. Tonic activ-
ity with coincident EEG needs to be carefully documented,
since 30% of such movements lack a temporal correlation with

electrographic seizures [22] (Fi g. 4 3.3 a,b,c). “Brainstem release ”
resulting from func tional decorticat ions af ter sever e neocor ti-
cal dysfunction or damage is one physiologic explanation for
this non-epileptic activity, to be discussed below. Extensive
neocortical damage or dysfunction permits the emergence
of uninhibited subcortical expressions of extensor movements
[23] (Fig. 43.4). Tonic seizures may also be misidentified,
when the non-epileptic movement disorder of dystonia is the
more appropriate behavioral description (Figs. 43.2c, 43.3a).

Fig. 43.3. (a) Segment of a synchronized
video EEG recording of a 37-week, 1-day-old
female who suffered asphyxia, demonstrating
prominent opisthotonos with left arm extension
in the absence of coincident electrographic
seizure activity. From Scher MS, Painter MJ.
Controversies concerning neonatal seizures.
Pediatr Clin North Am 1989; 36: 281–310,
with permission.

Fig. 43.3. (b) Synchronized video EEG recording
of the same patient as in Fig. 43.3a, documenting
electrographic seizure in the right posterior
quadrant (arrows), following cessation of left arm
tonic movements and persistent opisthotonos.
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Both tonic movements and dystonic posturing may also
simultaneously occur.

Myoclonic seizures
Myoclonic movements are rapid, isolated jerks which can be
generalized, multifocal, or focal in an axial or appendicular
distribution. Myoclonus lacks the slow return phase of the
clonic movement complex described above. Healthy preterm
infants commonly exhibit myoclonic movements without

seizures or a brain disorder. EEG, therefore, is recommended
to confirm the coincident appearance of electrographic
discharges with these movements (Fig. 43.5a). Pathologic
myoclonus in the absence of EEG seizures also can occur in
severely ill preterm or full-term infants after suffering severe
brain dysfunction or damage [24]. As with older children and
adults, myoclonus may reflect injury at multiple levels of
the neuraxis from the spine, brainstem, or cortical regions.
Stimulus-evoked myoclonus with either single coincident

Fig. 43.3. (c) Segment of a video EEG recording
documenting a fixed tonic neck reflex with
coincident electrographic seizures in the
temporal regions (arrows), described as a tonic
seizure.

Fig. 43.4. Segment of a video EEG of a
42-week, < 24-hour-old growth-restricted female
demonstrating stereotypic posturing and eye
opening with no coincident electrographic seizure.
The child presented with non-immune hydrops
fetalis with significant neocortical injury from a
fetal time period. The EEG background is markedly
slow and suppressed, representing a severe
interictal electrographic abnormality. From Scher
MS. Seizures in the newborn infant: diagnosis,
treatment, and outcome. Clin Perinatol 1997;
24: 735–72, with permission.
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spike discharges or sustained electrographic seizures has been
reported [24] (Fig. 43.5a). An extensive evaluation must be
initiated to exclude metabolic, structural, and genetic causes.
Rarely, healthy sleeping neonates exhibit abundant myoclonus
that subsides with arousal to the waking state [25,26], termed
“benign sleep myoclonus of the newborn”.

Non-epileptic behaviors of neonates
Specific non-epileptic neonatal movement repertoires con-
tinually challenge the physician's attempt to reach an accurate
diagnosis of seizures and avoid the unnecessary use of anti-
epileptic medications. Coincident synchronized video/EEG/
polygraphic recordings are now the suggested diagnostic tool
to confirm the temporal relationship between the suspicious
clinical phenomena and electrographic expression of seizures
[27]. The following three examples of pathologic non-epileptic
movement disorders incorporate a new classification scheme
[5], based on the absence of coincident EEG seizures.
Clinicians should maintain an objective perspective regarding
gestational age- and state-specific movements which reflect
the healthy immature nervous system as well as the varied
normal physiologic repertoire seen during sleep, awake, or
transitional states.

Tremulousness or jitteriness with
EEG correlates
Tremors are frequently misidentified as clonic activity. Unlike
the unequal phases of clonic movements described above, the
flexion and extension phases of tremor are equal in amplitude.
Children are generally alert or hyperalert but may also appear
somnolent. Passive flexion and repositioning of the affected
tremulous body part diminishes or eliminates the movement.
Such movements are usually spontaneous but can be provoked
by tactile stimulation. Metabolic or toxin-induced encephalopa-
thies including mild asphyxia, drug withdrawal, hypoglycemia–
hypocalcemia, intracranial hemorrhage, hypothermia, and
growth restriction are common clinical scenarios when such
movements occur. Neonatal tremors generally decrease with
age. For example, 38 full-term infants with excessive tremulous-
ness resolved spontaneously over a 6-week period, with 92%
neurologically normal at 3 years of age [28]. Medications are
rarely considered to treat this particularmovement disorder [29].

Neonatal myoclonus without EEG seizures
Myoclonic movements are bilateral and synchronous, or
asymmetric and asynchronous in appearance. Clusters of

Fig. 43.5. (a) EEG segment of a 23-week, 1-day-old female with grade III intraventricular hemorrhage and progressive ventriculomegaly. An electroclinical seizure
is noted coincident with mycolonic movements of the diaphragm (x marks). From Scher MS. Pathological myoclonus of the newborn: electrographic and
clinical correlations. Pediatr Neurol 1985; 1: 342–8, with permission.
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myoclonic activity occur more predominantly during active
(REM) sleep, and are more predominant in the preterm infant
[9,30] (Fig. 43.5b), although they can occur in healthy full-
term infants. Benign movements are not stimulus-sensitive,
have no coincident electrographic seizure correlates, and are
not associated with EEG background abnormalities. When these
movements occur in the healthy full-term neonate, the activity is
suppressed during wakefulness. The clinical description of
benign neonatal sleep myoclonus must be a diagnosis of exclu-
sion, after careful consideration of pathologic diagnoses [25].

Infants with severe central nervous system (CNS) dys-
function also may present with non-epileptic spontaneous or
stimulus-evoked myoclonus. Different forms of metabolic ence-
phalopathies (such as glycine encephalopathy), cerebrovascular
lesions, brain infections, or congenital malformations may pre-
sent with non-epileptic pathologic myoclonus (Figure 43.5c)
[24]. Encephalopathic neonates may respond to tactile or painful
stimulation by isolated focal, segmental, or generalized myoclo-
nic movements. Rarely, cortically generated spike or sharp-wave
discharges as well as seizures may be noted on the EEG record-
ings that are coincident with these myoclonic movements (Fig.
43.6a; the coronal section of the brain of this infant is depicted in
Fig. 43.6b) [31]. Medication-induced myoclonus and other
stereotypic movements have also been described [32], which
resolve when the responsible drug is withdrawn.

A rare familial disorder has been described in the neonatal
and early infancy periods, specifically termed hyperekplexia.

These movements usually are misinterpreted as a hyperactive
startle reflex. Infants are stiff, with severe hypertonia which
may lead to apnea and bradycardia. Forced flexion of the
neck or hips sometimes alleviates these events. EEG back-
ground rhythms are generally age-appropriate. The postulated
defect for these individuals involves regulation of brainstem
centers which facilitate myoclonic movements [33]. Occasion-
ally benzodiazepines or valproic acid lessen the startling,
stiffening, or falling events [34]. Neurologic prognosis is
reported to be variable.

Neonatal dystonia without EEG seizures
Dystonia is a third commonly misdiagnosed movement
disorder that is often misrepresented as tonic seizures. It
represents one of three pathologic hypertonic states present
in the neonate besides spasticity and rigidity. Dystonia is
classically defined as a distortion of a body part centered
around one or multiple joints reflecting imbalance between
agonist and antagonist muscle groups. It is not velocity-
dependent, and is triggered many times by movement or
stimulation. Dystonia can be associated with either acute or
chronic disease states involving basal ganglia structures or the
complex extrapyramidal pathways (i.e., striatal and cerebellar
structures) which connect these regions with brainstem, cere-
bellum, and other cortical areas. Antepartum or intrapartum
adverse events, such as commonly severe asphyxia (termed
status mamoratus) or rarely specific inherited metabolic

Fig. 43.5. (b) Segment of an EEG recording of an asymptomatic 23-week, 8-day-old female with spontaneous generalized focal myoclonus without
electrographic discharges other than myogenic spike potentials.
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diseases [35,36], result in injury to these structures. Alterna-
tively, posturing may reflect subcortical motor pathways that
are functionally unopposed because of a diseased or mal-
formed neocortex [23] (Figs. 43.2c, 43.3a, 43.4). Documenta-
tion of EEG seizures with coincident video/EEG/polygraphic
recordings helps avoid misdiagnosis as seizures and inappro-
priate treatment.

Electrographic seizure criteria
Over the last several decades, electrographic/polysomnographic
studies have become invaluable tools for the assessment of

suspected seizures [5,13,22,27,37–39]. Technical and interpre-
tative skills of normal and abnormal neonatal EEG sleep pat-
terns must be mastered before one can develop a confident
visual-analysis style for seizure recognition [9,10,40–42].

Corroboration with the EEG technologist is always an
essential part of the diagnostic process, since physiologic and
non-physiologic artifacts can masquerade as EEG seizures.
The physician must also anticipate expected behaviors for
the child for a specific gestational maturity, medication use,
and state of arousal, in the context of potential artifacts.
Synchronized video EEG documentation permits careful
offline analysis for more accurate documentation.

Fig. 43.5. (c) Segment of an EEG recording of an encephalopathic 27-week, 12-day-old male with herpes encephalitis who exhibits non-epileptic
multifocal myoclonus (myogenic potentials as EEG artifacts).

Section 5: Management of the depressed or neurologically dysfunctional neonate

508



Hospital-based neurophysiological services must provide
prompt interpretation of all bedside studies, depending on
the diagnostic demand, as part of an integrated neurointensive
program.

As with the epileptic older child and adult, it is generally
accepted that the epileptic seizure is a clinical paroxysm of
altered brain function with the simultaneous presence of an
electrographic event on an EEG recording. Therefore, when
assessing the suspected clinical event in the neonate, synchron-
ized video/EEG/polygraphic monitoring is the preferred tool

to distinguish an epileptic from a non-epileptic event. Some
investigators advocate the use of single- or dual-channel
computerized devices for continuous prolonged monitoring,
given the multiple logistical challenges with the use of conven-
tional multichannel recording devices at the cribside of a
critically ill newborn [43]. This specific device may fail to
detect focal or regional seizures if the single channel recording
is not near the brain region involved with seizure expression,
or if it is not sufficiently short in duration or low in amplitude
[3]. For example, a recent study reported that suspected

Fig. 43.6. (a) Segment of an EEG recording of a 38-week, 2-day-old male with glycine encephalopathy who has stimulus-sensitive generalized and multifocal
myoclonus. Note the onset of a midline (Cz-onset) electrographic seizure with a painful stimulus, followed by right foot myoclonus. From Scher MS.
Pathological myoclonus of the newborn: electrographic and clinical correlations. Pediatr Neurol 1985; 1: 342–8, with permission.
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seizures on a single-channel device could be verified in fewer
than three out of ten neonates by conventional EEG [44].
Others have suggested that modified four, five or nine chan-
nels of EEG can efficiently detect seizures when verified by
continuous video EEG telemetry [3,45].

Epilepsy monitoring services for older children and adults
readily utilize intracerebral or surface electrocorticography to
detect seizures. Such recording strategies, however, are not
ethically appropriate or technologically possible for the neonatal
patient. Subcortical foci are consequently difficult to definitively
eliminate from consideration, as will be discussed below.

Ictal EEG patterns: a more reliable marker
for seizure onset, duration, and severity
Neonatal EEG seizure patterns commonly consist of a repeti-
tive sequence of waveforms which evolve in frequency, ampli-
tude, electrical field, and/or morphology. Four types of ictal
patterns have been described: focal ictal patterns with normal
background, focal patterns with abnormal background, multi-
focal ictal patterns, and focal monorhythmic periodic patterns
of various frequencies. It is generally suggested that a minimal
duration of 10 seconds for the evolution of discharges is required
to distinguish electrographic seizures from repetitive but non-
ictal epileptiform discharges [13,42,46,47] (Figs. 43.1a, 43.2a,b).
Clinical neurophysiologists separately classify brief or prolonged
repetitive discharges which lack an electrographic evolution as
non-ictal abnormal epileptiform patterns but not confirmatory
of seizures [48]. The unique features of neonatal electrographic
seizure duration and topography are discussed below.

Seizure duration and topography
The duration and electrographic spread of paroxysmal dis-
charges have been discussed with respect to “seizure burden”
to assess antiepileptic drug (AED) efficacy, and consequently

will be needed to predict higher risk for neurologic sequelae.
Continuous monitoring can increase the detection rate of
neonatal seizures at least during the first 48 hours after birth
[49,50]. Longer monitoring periods will depend on the onset
and etiology of seizures for specific subsets of newborns.

Few studies have quantified minimal or maximal seizure
durations in neonates [5,13,46]. Most notably, the definition
of the most severe expression of seizures, status epilepticus
(SE), which potentially promotes brain injury, can be prob-
lematic. For the older patient, SE is defined as at least
30 minutes of continuous seizures or two consecutive seizures
with an interictal period during which the patient fails to
return to full consciousness. This definition is not easily applied
to the neonate, in whom the level of arousal may be difficult to
assess, particularly if sedative medications are given. One study
arbitrarily defined neonatal SE as continuous seizure activity for
at least 30 minutes, or 50% of the recording time [46], and
found that 33% (11/34) of full-term infants had SE, with a mean
duration of 29.6 minutes prior to antiepileptic drug use, while
9% (3/34) of the preterm infants also had SE, with an average
duration of 5.2 minutes per seizure (i.e., 50% of the recording
time). The mean seizure duration was longer in the full-term
infant (5 minutes) than in the preterm infant (2.7 minutes).
Given that more than 20% of this study group fit the criteria
for SE based on EEG documentation, concerns must be raised
regarding underdiagnosis of the more severe form of seizures
that potentially contributes to brain injury, if only clinical criteria
are applied. Another study documented greater risk for neuro-
logic sequelae in the neonatal cohort who exhibited SE [47].

Uncoupling of the clinical and electrographic expressions
of neonatal seizures after antiepileptic medication administra-
tion also contributes to an underestimation of the true seizure
duration, including SE (Fig. 43.7). One study estimated that
25% of neonates expressed persistent electrographic seizures
despite resolution of their clinical seizure behaviors after
receiving antiepileptic medications [51], termed electroclinical
uncoupling. Other pathophysiological mechanisms besides
medication effect also might explain uncoupling [7].

Most neonatal electrographic seizures arise focally from
one brain region. Generalized synchronous and symmetrical
repetitive discharges can also occur. In one study, 56% of
seizures were seen in a single location at onset; specific sites
included temporal–occipital (15%), temporal–central (15%),
central (10%), frontotemporal–central (6%), frontotemporal
(5%), and vertex (5%). Multiple locations at the onset of the
electrographic seizures were noted in 44% [13]. Electrographic
discharges may be expressed as specific EEG frequency ranges
from fast to slow, including beta, alpha, theta, or delta activ-
ities. Multiple electrographic seizures can also be expressed
independently in anatomically unrelated brain regions.

Subcortical seizures versus non-ictal
functional decortication
Experimental animal models offer conflicting neuronal mech-
anisms to explain clinical events which do not have coincident

Fig. 43.6. (b) Coronal section of the brain for the patient shown in
Figure 43.6a, with agenesis of the corpus callosum and bat-winged shape of
lateral ventricles. Spongy myelinosis was noted on microscopic examination.
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EEG confirmation. There is experimental evidence with
animal models supporting the existence of subcortical sites
for seizure initiation [52,53], although most clinical neuro-
physiologists require documentation of an ictal pattern by
surface EEG electrodes. However, subcortical seizures with
only intermittent propagation to the surface may occur, as
described for a neonatal cohort [6]. Alternatively, non-ictal
“brainstem release” phenomena must be considered, particu-
larly if EEG seizures are never expressed [22]. A more inte-
grated electroclinical approach has been suggested to classify
clinical events as seizures versus non-epileptic movement
disorders, based on documentation by synchronized video
EEG monitoring [5].

Brainstem release phenomena
Synchronized video EEG polygraphic monitoring provides
the physician with documentation of a suspicious event with a
concurrent electrographic pattern on surface recordings [15].

The temporal relationship between clinical and electrographic
phenomena has been described, based on the synchronized
video EEG polygraphic monitoring. Based on 415 clinical
seizures in 71 babies, clonic seizure activity had the best
correlation with coincident electrographic seizures. “Subtle”
clinical events, on the other hand, had a more inconsistent
relationship with coincident EEG seizure activity, suggesting
a non-epileptic brainstem release phenomenon for at least a
proportion of such events. Functional decortication resulting
from neocortical damage without coincident EEG seizures has
therefore been suggested, such as with tonic posturing, as
illustrated in Figure 43.3a [22]. Newborns with non-seizure
brainstem release activity may express a different functional
pattern of metabolic dysfunction, detected as altered glucose
uptake on single photon emission tomography (PET) studies,
than neonates with seizures [54]. A recent suggestion to docu-
ment increased prolactin levels with clinical seizures has also
been reported [55], but such levels have not yet been corre-
lated with electrographic seizures.

Fig. 43.7. Segment of a synchronized video EEG of a 40-week, 1-day-old male with electrographic status epilepticus noted in the left central/midline regions,
after antiepileptic medication administration. Focal right shoulder clonic activity was only intermittently noted, while continuous electrographic seizures were
documented mostly without clinical expression. This phenomenon of uncoupling of electrical and clinical seizure activities is associated with antiepileptic drug
administration use (see text). From Scher MS, Painter MJ. Controversies concerning neonatal seizures. Pediatr Clin North Am 1989; 36: 281–310, with permission.
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Electroclinical dissociation
suggesting subcortical seizures
Experimental studies of immature animals also support the
possibility that subcortical structures may initiate seizures,
which subsequently, although intermittently, propagate to
the cortical surface [56–58]. While EEG depth recordings
in adults and adolescents help document subcortical seizures
both with and without clinical expression, this technology is
not applicable or appropriate to the neonate. Only one anec-
dotal report of a human infant documented seizures possibly
emanating from deep gray-matter structures [59]. A recent
symposium re-emphasized the contribution of subcortical net-
works to cortical excitability using animal models [60]. Docu-
mentation in the human neonate will remain problematic until
technological advances permit us to monitor directly from sub-
cortical locations, as with depth electrodes by epileptologists.

Electroclinical dissociation (ECD) is one proposed mech-
anism by which subcortical seizures may only intermittently
appear on surface-recorded EEG studies [6]. ECD has been
defined as a reproducible clinical event that occurs both with
and without coincidental electrographic seizures. In one group
of 51 infants with electroclinical seizures, 33 simultaneously
expressed both electrical and clinical seizure phenomena.
Extremity movements were more significantly associated
with synchronized electroclinical seizures. However, a subset

of 34% (18/51) also expressed ECD on EEG recordings. For
neonates who expressed ECD, the clinical seizure component
always preceded the electrographic seizure expression, sug-
gesting that a subcortical focus may have initiated the seizure
state. Some of these children also expressed synchronized
electroclinical seizures, even on the same EEG record. It may
be useful to classify clinical events without either simultaneous
or disassociated electrographic patterns as non-epileptic move-
ment disorders, requiring alternative treatment pathways.

Controversy remains whether subcortical seizures or non-
ictal functional decortication best categorizes suspicious
clinical behaviors without coincident EEG seizure documen-
tation. This dilemma should encourage the clinician to use the
EEG as a neurophysiologic yardstick by which more exact
seizure start and end points can be assigned, before offering
pharmacologic treatment with AEDs [27]. Neonates certainly
exhibit electrographic seizures that go undetected unless EEG
is utilized [61–66]. Two examples are neonates who are
pharmacologically paralyzed for ventilatory assistance
(Fig. 43.8a), and clinical seizures which are suppressed by
the use of antiepileptic drugs (Fig. 43.8b) [13,51,61,64–66].
In one cohort of 92 infants, 60% of whom were pretreated
with antiepileptic medications, 50% had electrographic
seizures with no clinical accompaniment [51]. Both clinical
and electrographic seizure criteria were noted for 45% of 62
preterm and 53% of 33 full-term infants. Seventeen infants

Fig. 43.8. (a) Segment of a synchronized video EEG record of a 36-week, 2-day-old male who is pharmacologically paralyzed for ventilatory care. A seizure
is noted in the right posterior quadrant and midline (arrows). From Scher MS, Painter MJ. Controversies concerning neonatal seizures. Pediatr Clin North Am 1989;
36: 281–310, with permission.
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were pharmacologically paralyzed when the EEG seizure was
first documented. A later cohort of 60 infants, none of whom
were pretreated with antiepileptic medications, included 7%
of infants with only electrographic seizures prior to AED
administration [51], and 25% who expressed electroclinical
uncoupling after AED use.

The underestimation of seizures in the newborn period may
also result from inadequate monitoring for specific neurologic
signs. Autonomic changes in respirations, blood pressure,
oxygenation, heart rate, pupillary size, skin color, and salivation
are examples of subtle ictal signs (Fig. 43.9a,b). In one study,
autonomic seizures accompanied electrographic seizures in 37%
of 19 preterm neonates [61]. Newer classifications of neonatal
seizures should emphasize documentation of autonomic find-
ings on EEG recordings [5].

Variation in the incidence of neonatal
seizures based on clinical versus EEG criteria
Over- and under-estimation of neonatal seizures are reported
whether clinical or electrical criteria are used. Using clinical
criteria, seizure incidences ranged from 0.5% in term infants
to 22.2% in preterm neonates [67–70]. Discrepancies in inci-
dence reflect not only varying post-conceptional ages of the

study populations chosen, but also poor interobserver reliabil-
ity and the hospital setting in which the diagnosis was made
[71]. Hospital-based studies which include high-risk deliveries
generally report a higher seizure incidence [61]. Population
studies which include less medically ill infants from general
nurseries report lower percentages [72]. Incidence figures
based only on clinical criteria without EEG confirmation
include “false positives,” consisting of the neonates with either
normal or non-epileptic pathologic neonatal behaviors. Con-
versely, the absence of scalp-generated EEG seizures may
include a subset of “false negatives” who express seizures only
from subcortical brain regions without expression on the
cortical surface. Closer consensus between clinical and EEG
criteria is still needed.

Major etiologies for seizure: multiple
overlapping conditions along a variable timeline
Neonatal seizures are not disease-specific, and can be associ-
ated with a variety of medical conditions which occur before
or after parturition, as well as during the postnatal period
(Table 43.5). Documentation of asphyxia is the most frequently
diagnosed entity when seizures occur. Seizures can occur as
part of an asphyxial injury before, during, and/or after labor

Fig. 43.8. (b) EEG segment for a 37-week, 3-day-old female after antiepileptic drug use with multifocal electrical seizures in the delta frequency range in the
temporal and midline regions. Note the marked suppression of normal EEG background. From Scher MS. Neonatal seizures: seizures in special clinical
settings. In: Wyllie E, ed., The Treatment of Epilepsy: Principles and Practice, 2nd edn. Baltimore, MD: Williams & Wilkins, 1997: 608, with permission.
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and delivery, associated with a neonatal encephalopathy or
brain disorder. Alternatively, other etiologies for neonatal
encephalopathy besides asphyxia must be considered. Seizures
may also be an isolated clinical sign without other neurological
signs of a postnatal encephalopathy. A study using a logistic
model to predict seizures emphasized the accumulation of
both antepartum and intrapartum factors, which increases
the likelihood of neonatal seizure occurrence [73]. While
separately these same factors had low positive predictive
values, a significant cumulative risk profile included factors

such as antepartum maternal anemia, bleeding, and asthma,
meconium-stained amniotic fluid, abnormal fetal presenta-
tion, fetal distress, and shoulder dystocia.

Hypoxia–ischemia (i.e., asphyxia) is traditionally considered
the most common cause associated with neonatal seizures [74].
However, children suffer asphyxia either before or during par-
turition; only 10% of asphyxia results from postnatal causes [8].

Intrauterine factors prior to labor can result in fetal
asphyxia without later documentation of acidosis at birth. Both
antepartum and intrapartum maternal and placental illnesses

Fig. 43.9. (a and b) Electroencephalographic (EEG) segments of a 31-week, 1-day-old male documenting drops in heart rate and blood pressure measurements
after the onset of an electrographic seizure.
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associated with thrombophilia, pre-eclampsia, or specific utero-
placental abnormalities such as abruptio placentae or cord
compression may contribute to fetal asphyxial stress leading
to metabolic acidosis. Antepartum maternal trauma and
chorioamnionitis are additional conditions which also contrib-
ute to the intrauterine asphyxia secondary to uteroplacental
insufficiency. Intravascular placental thromboses and infar-
ctions of the placenta or umbilical cord documented after
birth are markers for possible fetal asphyxia. Meconium pas-
sage into the amniotic fluid also promotes an inflammatory
response within the placental membranes, potentially causing

vasoconstriction and resultant asphyxia. Neuroimaging,
particularly using MRI, can define specific patterns of injury
that result from asphyxia, either before or during labor and
delivery, depending when the MRI was obtained and whether
diffusion-weighted images are included [75].

Postnatal medical illnesses also cause or contribute to
asphyxia-induced brain injury. Persistent pulmonary hyper-
tension of the newborn, cyanotic congenital heart disease,
sepsis, meningitis, encephalitis, and primary intracranial hem-
orrhage are leading diagnoses. A recent case–control study of
term infants with clinical seizures reported a previously

Fig. 43.9. (cont.)
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unrecognized entity called fetal inflammatory response. A
fourfold increase in the risk of unexplained early-onset
seizures after intrapartum maternal fever was reported. In this
study, all known causes of seizures were eliminated, including
meningitis or sepsis. A cohort of 38 newborns, compared to
152 controls, experienced intrapartum fever as an independent
risk factor on logistic regression which predicted seizures. The
authors speculated on the role of circulating maternal cyto-
kines which trigger “physiologic events” mimicking asphyxia
and seizures [76].

A discussion of neonatal seizures should include prenatal
contributions which contribute to neonatal encephalopathy
with seizures in neonates who are at later risk for epilepsy
and developmental delay during childhood [77]. A recently
published consensus report by a multidisciplinary task force
reviewed medical literature concerning the association of
neonatal encephalopathy and cerebral palsy, emphasizing
antepartum as well as intrapartum factors that need to be
considered in the pathogenesis of neonatal brain disorders
[78]. Children may experience brain injury from asphyxia
during the antepartum period, sometimes associated with
maternal or placental disease, worsened by genetic vulner-
abilities such as from inherited thrombophilia. Vascular or
parenchymal diseases on the maternal side of the placenta,
for example, can lead to hypoperfusion-induced asphyxial
injuries to the newborn brain, which initiate during the
antepartum period, with or without continuation during
parturition.

Clinicians should therefore consider a continuum of injury
for some neonates presenting with encephalopathy, begin-
ning in the antepartum and possibly extending into the

Table 43.5. Selected differential diagnosis of neonatal seizures

Metabolic

Hypoxia–ischemia (i.e., asphyxia)

Hypoglycemia

Hypocalcemia

Hypomagnesemia

Hypoglycemia

Intrauterine growth retardation

Infant of a diabetic mother

Glycogen storage disease

Galactosemia

Idiopathic

Hypocalcemia

Hypomagnesemia

Infant of a diabetic mother

Neonatal hypoparathyroidism

Maternal hyperparathyroidism

High phosphate load

Other electrolyte imbalances

Hypernatremia

Hyponatremia

Intracranial hemorrhage

Subarachnoid hemorrhage

Subdural/epidural hematoma

Intraventricular hemorrhage

Cerebrovascular lesions (other than trauma)

Cerebral infarction

Thrombotic vs. embolic

Ischemic vs. hemorrhagic

Cortical vein thrombosis

Circulatory disturbances from hypoperfusion

Trauma

Infections

Bacterial meningitis

Viral-induced encephalitis

Congenital infections

Herpes

Cytomegalovirus

Toxoplasmosis

Syphilis

Coxsackie meningoencephalitis

Acquired immune deficiency syndrome (AIDS)

Brain abscess

Brain anomalies (i.e., cerebral dysgenesis from either congenital or acquired
causes)

Drug withdrawal or toxins

Prenatal substance – methadone, heroin, barbiturate, cocaine, etc.

Prescribed medications – propoxyphene, isoniazid

Local anesthetics

Hypertensive encephalopathy

Amino acid metabolism

Branched-chain amino acidopathies

Urea-cycle abnormalities

Nonketotic hyperglycinemia

Ketotic hyperglycinemia

Familial seizures

Neurocutaneous syndromes

Tuberous sclerosis

Incontinentia pigmenti

Autosomal dominant neonatal seizures

Selected genetic syndromes

Zellweger syndrome

Neonatal adrenoleukodystrophy

Smith–Lemli–Opitz syndrome

Note:
Etiology independent of timing from fetal to neonatal periods.
Source: Adapted from Scher [77].
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intrapartum and neonatal periods. The epileptologist's
description of “dual pathology” may have relevance for the
fetal and neonatal patient. Dual pathology implies the exist-
ence of more than one cerebral lesion in addition to temporal
lobe abnormalities, principally mesial temporal sclerosis. His-
torically, the concept of “dual pathology” referred to febrile SE
during infancy in humans in association with cortical dyspla-
sias that were acquired earlier during gestation. The concept of
“dual pathology” was initially defined for populations of chil-
dren and adults who had intractable seizures requiring evalu-
ation for epilepsy surgery.

Cumulative risks for brain injury throughout the three
trimesters of pregnancy, including parturition and the
neonatal period, may include both malformations from gen-
etic defects and lesions from acquired injuries. Multiple sites
of brain injury in the fetus and the neonate underscore
the importance of recognizing that brain lesions in different
locations may occur at different time periods, cumulatively
adding to the negative effects on developmental neural plasti-
city, initially expressed as neonatal encephalopathy with sub-
sequent epilepsy and developmental delay at older ages
[79,80]. Metabolic pathways for neurogenesis and epilepto-
genesis are shared; microdysgenesis found in surgical patho-
logic specimens at the time of epilepsy surgery in adults and
children can be prenatal in origin from both genetic and
acquired causes [81]. Different patterns of heterotopic neurons
and abnormal cortical architecture may occur early or late
during the first or second half of pregnancy from different
disease states as well as from genetic defects. Epigenetic effects
also may result when the fetus is exposed to harmful environ-
mental conditions in utero. This may involve toxic, infectious,
or metabolic (including asphyxial) stresses that alter genetic
expression. For example, hippocampal sclerosis was uncom-
mon in children who had fetal strokes before 28 weeks' gesta-
tion compared with children whose strokes occurred later in
gestation [82]. This type of analysis provides evidence that the
timing of prenatal insults has profound influences on subse-
quent brain pathology and clinical outcome. Neonatal enceph-
alopathy with seizures underscores the importance of dual
pathology as it relates to fetal and neonatal brain injuries
acquired both before and during parturition and expressed
after birth by encephalopathic signs [83]. Consideration of
time, region, and etiologic-specific contributions to dual path-
ology will then alter the definition of intractable epilepsy later
during childhood. These findings should lead to reconsider-
ation of novel pharmacologic interventions and more aggres-
sive surgical intervention strategies for epilepsy management
for the fetus and neonate with dual pathology.

Historical data, clinical findings, and laboratory informa-
tion must be placed along a timeline that considers prenatal
time periods during which brain malformations or damage
occur in the context of the child's genetic endowment. The
pediatric neurologist who appreciates fully the child's risk for
epilepsy and comorbidities involving cognition and behavior
applies an ontogenetic approach to the neurologic evaluation
beginning before birth to consider the epileptic condition

from a fetal neurologic perspective. This fetal perspective
consequently influences the type and timing of medical or
surgical interventions, even as early as the neonatal period.

Placental findings can be associated with either antepar-
tum or intrapartum conditions. Meconium staining through
the chorionic and amnion layers suggests a longer-standing
asphyxial stress of 12 hours or greater. Placental weights below
the 10th or above the 90th percentile may suggest chronic
hypoperfusion to the fetus if verified by histological examina-
tion. In a study of preterm and full-term neonates (23–42
weeks conceptional age) with electrically confirmed seizures,
a significant association between seizures and chronic (with or
without acute) placental lesions was noted [84]. Examples of
chronic placental injuries included vasculopathies, stromal
infarction, and villus maldevelopment when histologic speci-
mens were examined.

Specific clinical examination findings in the neonate sug-
gest the occurrence of antepartum injury even after signs of
acute neurologic depression after delivery. Intrauterine growth
restriction, hydrops fetalis, or joint contractures (including
arthrogryposis) are specific findings that support an antepar-
tum process that later was expressed as intrapartum fetal
distress followed by neonatal depression. Spasticity, often with
cortical thumbs, suggests longer-standing fetal neurological
dysfunction, since neonates after intrapartum asphyxia are
traditionally noted to be hypotonic. While antepartum brain
injury can result from maternal, placental, or fetal conditions,
intrapartum asphyxial injury can certainly add to brain injury
in these children. Neonates may then exhibit signs of neonatal
encephalopathy from both pre-existing antepartum brain
injury and subsequent intrapartum events.

Seizures in the clinical context
of maternal–fetal–placental
diseases: following a diagnostic algorithm
Once seizures are confirmed by EEG, the neurologist must
place these events into the context of clinical, historical and
laboratory findings to determine the pathogenesis and timing
of an encephalopathic process in the symptomatic neonate.
Seizures associated with neonates after asphyxia support either
acute intrapartum events and/or antepartum disease pro-
cesses. Does the child with seizures also express clinical and
laboratory signs of evolving cerebral edema? The presence of a
bulging fontanel with neuroimaging evidence of increased
intracranial-pressure cerebral edema (i.e., obliterated ventricu-
lar outline and abnormal diffusion-weighted MRI images)
strongly suggests a more recent asphyxial disease process,
in or around the intrapartum period. Hyponatremia and
increased urine osmolality suggest the syndrome of inappro-
priate secretion of antidiuretic hormone accompanying acute
or subacute cerebral edema.

Alternatively, failure to document evolving cerebral edema
during the first 3 days after asphyxia, or documentation of
encephalomalacia or cystic brain lesions on neuroimaging
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shortly after birth (i.e., even in the encephalopathic newborn),
suggests a more chronic disease process and remote antepar-
tum brain injury. Liquefaction necrosis requires longer than
2 weeks after the presumed in utero asphyxial event to produce
a cystic cavity [85], which is then visible on neuroimaging.

Isolated seizures in an otherwise asymptomatic neonate
also suggest a disease process that occurs during either the
postnatal or antepartum periods. Neonates present with
seizures as a result of postnatal illnesses from intracranial
infection, cardiovascular lesions, drug toxicity, or inherited
metabolic diseases. Children with antepartum injury may
express isolated seizures after in utero cerebrovascular injury
on the basis of thrombolytic and/or embolic disease of
the mother, placenta, or fetus. Fetal injury alternatively may
occur after ischemic hypoperfusion events from circulatory
disturbances, such as maternal shock, chorioamnionitis,
or placental fetal vasculopathy [86]. Other antepartum con-
genital or acquired factors may include familial epilepsy or
pre-eclampsia.

Only a percentage of neonates with remote in utero cere-
brovascular disease before labor and delivery present with
neonatal seizures [87]. Many remain asymptomatic until later
during infancy or childhood. Neonatal expression of seizures
may reflect acute or subacute physiologic stress during or in
proximity to parturition, which lowers the seizure threshold in
vulnerable brain regions that have been previously damaged.

Following a careful review of the medical histories of the
mother, fetus, and newborn, determination of serum glucose,
electrolytes, ammonia, lactate, pyruvate, magnesium, calcium,
and phosphorus levels may diagnose correctable metabolic
conditions in newborns with seizures who will not require
antiepileptic medications. Spinal fluid analyses include cell
count, protein, glucose, lactate, pyruvate, amino acids, and
culture studies to consider central nervous system infection,
intracranial hemorrhage, and metabolic disease. Metabolic
acidosis on serial arterial blood gas determinations may alter-
natively suggest an inherited metabolic disease, particularly if
intrapartum asphyxia was not judged to be severe. Absence
of multiorgan dysfunction may alert the clinician to other
etiologies for seizures besides intrapartum asphyxia. Signs
of chronic in utero stress such as growth restriction, early
hypertonicity after neonatal depression, joint contractures, or
elevated nucleated red blood cell values all suggest longer-
standing antepartum stress to the fetus.

Careful review of placental and cord specimens can also be
extremely useful [88]. Attention to the complete cord length,
placental/fetal weight ratio, and specific anatomical lesions
can help approximate the timing of the disease process when
a brain disorder occurred, and the possible etiology [88].

Neuroimaging, preferably using MRI, can help localize,
grade the severity of, and possibly time an insult [89]. The
use of computerized programs using MRI illustrates how
diffusion-weighted images help time the approximate window
during which a brain disorder occurred [90].

Genetic or syndromic conditions can contribute to the
expression of neonatal encephalopathies independent of

asphyxial injury [91]. Ancillary genetic studies may also include
long chain fatty acids, biotinidase glucose co-transporters, and
chromosomal/DNA analyses, as deemed necessary by family
and clinical histories. Finally, serum and urine organic acid
and amino acid determinations may be needed to delineate a
specific biochemical disorder for the child with a persistent
metabolic acidosis. Lysosomal enzyme studies are also occa-
sionally considered to diagnose specific enzymatic deficiencies
in children with neonatal seizures.

Prognosis
Mortality of infants who present with clinical neonatal
seizures has been reported to decline from 40% to 15% [92].
Studies of EEG-confirmed seizures documented 50% mortality
in preterm and 40% in full-term infants during the 1980s
[62,93]. During the 1990s, in the same institution, this mortal-
ity dropped below 20% [2]. Adverse neurologic sequelae, how-
ever, remain high for approximately two-thirds of survivors.
Even if major neurodevelopmental sequelae such as motor
deficits and mental retardation were avoided in survivors
after neonatal seizures, subtle neurodevelopmental vulnerabil-
ity may manifest in late teenage years as specific learning
difficulties or poor social adjustment [94], underscoring more
recent experimental findings of long-term deficits in animal
populations [95].

Prediction of outcome should also consider the etiology
for seizures, such as severe asphyxia, significant craniocerebral
trauma, and brain infections. More accurate imaging procedures
have heightened our awareness of destructive as well as congeni-
tal brain lesions, with a higher risk for compromised outcome.

Interictal EEG pattern abnormalities are extremely helpful
in predicting neurologic outcome in the neonate with seizures
[96,97]. Major background disturbances such as burst–
suppression (Fig. 43.10) are highly predictive of poor out-
come, particularly when persistently abnormal findings are
still present on serial EEG studies into the second week of life.
Ictal patterns alone may not be as accurate to predict outcome,
unless quantified to high numbers, long durations, and multi-
focal distribution [98]. Normal findings on interictal EEG
were associated with an 86% chance of normal development
at 4 years of age in 137 neonates with seizures [21]; by
contrast, neonates with marked abnormal EEG background
disturbances had only a 7% chance for normal outcome.
Another study reported outcome in term and preterm infants
with seizures, concluding that the EEG background was more
predictive of outcome than the presence of isolated sharp-
wave discharges [98]. Even the interpretation of severe EEG
abnormalities by single-channel spectral EEG recordings after
asphyxia carries a higher risk for sequelae [99].

Neonates with seizures have a risk for epilepsy during
childhood [100]. Based on clinical seizure criteria, 20–25% of
neonates with seizures later develop epilepsy [101]. Excluding
febrile seizures, the prevalence of epilepsy by 6–7 years of age
is also estimated to be between 15% and 30%; based on
EEG-confirmed seizures for an inborn hospital population,
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two-thirds of this cohort were preterm neonates [102]. This is
contrasted with an incidence of 56% with epilepsy for an
exclusively outborn neonatal population of primarily full-term
newborns with seizures [93]. Epilepsy risk therefore reflects
selection bias of specific study groups, as well as referral
patterns in different hospital settings.

Principles of therapy
The goal for treating neonatal seizures remains the prevention
of long-term brain damage in the context of the medical
management of the underlying etiology for a brain disorder.
The two-tiered objective of medical management for neonatal
seizures is the initial treatment of etiologic factors that may be

responsible for seizure generation followed by the cessation of
seizures of epileptic origin with either traditional anti-ictal
medications or etiology-specific therapeutic agents. These
goals may not be achievable since many etiologic factors are
not determined for all neonates, and the potential causes for
seizures are as yet unknown. As discussed in previous sections,
certain clinical seizures with no electrographic expression on
surface recordings may in fact be non-epileptic in physiologic
origin and therefore may not respond to traditional antiepi-
leptic medications. Alternative treatment choices that stop or
lessen non-epileptic movement disorders may be required.
Alternatively, antiepileptic medications may be ineffective
in children with clinical and/or electrographic expression of

Fig. 43.10. EEG segment of a 42-week, 2-day-old male expressing a severely abnormal interictal EEG background abnormality, termed
a burst–suppression or paroxysmal pattern.
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presumed cortically propagated seizures, despite high doses
of one or multiple antiepileptic medications. Finally, there is
a “double-edged blade” to therapeutic interventions to prevent
seizures. Antiepileptic medications used to control seizures
may have short-term negative consequences by decreasing
cerebral perfusion secondary to systemic hypotension, cont-
ributing to adverse consequences on brain growth and
development.

There are three stages in the current acute management
of neonates with seizures: (1) initial medical management, (2)
etiology-specific therapy, and (3) antiepileptic medication
treatment. These stages should be patient-specific for the
clinical profile of the individual neonate. A hypothesized
fourth level of treatment will be discussed which refers to the
current level of understanding regarding seizure generation in
the immature brain related to specific etiologies, brain region,
and timing of injury.

General principles of medical management should always
include maintaining the newborn's airway, providing adequate
ventilation, and preserving cardiovascular circulation. In neo-
nates with seizures, particularly those with recurrent or pro-
longed seizures, elevations in respiration, heart rate, and blood
pressure may occur. Measures must therefore be taken to
ensure adequate ventilatory support and circulatory perfusion
of neonates with seizures during the initial stage of evaluation
and therapy. This approach will potentially avoid the auto-
nomic side effects that may occur as a result of recurrent
seizures that can compromise multiorgan system function,
leading to secondary brain damage.

If a specific reason for seizures has been identified as
potentially treatable, specific etiology-specific therapy needs
to be initiated. These treatable causes are critical to seizure
management, and will not respond to traditional antiepileptic
medications. Examples of common treatable metabolic etiol-
ogies include hypoglycemia, hypocalcemia, and hypomagnes-
emia. The neonatal intensivist must consider the associated
brain disorders that may accompany such treatable metabolic
derangements, such as asphyxia, intracranial infection, or
craniocerebral trauma.

Although uncommon, there are other inherited metabolic
conditions that may respond to specific nutritional supple-
mentation. This form of treatment is exemplified by the
therapy for pyridoxine deficiency, requiring 50–500 mg of
pyridoxine with coincident EEG monitoring. This is a “poten-
tially treatable” cause of medically refractory seizures. It is an
exceedingly rare condition but should always be considered in
an attempt to control seizures that do not respond to more
conventional medical management. Other epileptic encepha-
lopathies associated with metabolic disturbances include foli-
nic acid deficiency and sulfite oxide/molybdenum deficiencies.
Some of these metabolic disorders of metabolism can mimic
traditional signs of postasphyxial encephalopathy [91].

Emergent antiepileptic drug treatment
It remains controversial which first-line antiepileptic drug
agents should be used for neonatal seizure management. There

have traditionally been three drug categories: barbiturates,
phenytoin, and benzodiazepines. Adverse events must be
anticipated with the administration of these antiepileptic
medications, including alteration in levels of arousal, systemic
hypotension, bradycardia, respiratory depression, and cardiac
arrhythmias.

While the initial loading doses are approximated by the use
of the neonate's body weight, certain researchers advocate the
use of protein characteristics for antiepileptic medications in
assigning the initial dosing. The unbound or free fraction of
each of these drugs is pharmacologically active in the protein-
binding characteristics of neonates, which vary to the extent
that uniform dosing scheduled by weight does not provide the
same efficacy and safety for the individual child. Preemptive
binding profiles calculated for the individual neonate at risk
for seizures may allow more accurate establishment of a cus-
tomized loading dose of each drug for that child, thus avoiding
toxicity for that individual neonate. This procedure is not
universally available. However, these pharmacologic findings
underscore the potential pharmacokinetic and pharmacody-
namic variability among neonates regarding the utilizations of
these drugs.

A “relative consensus” still exists regarding the choice of a
specific antiepileptic medication as either a first- or second-
line antiepileptic drug, while phenytoin remains the secondary
choice [103]. Additional AEDs in the benzodiazepine family
continue to be suggested. Controversy remains regarding
these choices, given the evidence-based medicine which ques-
tions the efficacy to control seizures with specific AEDs [104].

If the decision to treat neonates with antiepileptic medica-
tions is reached, important questions must be addressed with
respect to who should be treated, when to begin treatment,
which drug to use, and for how long neonates should be
treated. Some authors suggest that only neonates with clinical
seizures should receive medications; brief electrographic
seizures need not be treated. Others suggest more aggressive
treatment of EEG seizures, since uncontrolled seizures poten-
tially have an adverse effect on immature brain development.
An alternative observation suggests that early administration
of an AED, such as phenobarbital, may have adverse effects on
outcome in term infants.

Phenobarbital and phenytoin, nonetheless, remain the
most widely used antiepileptic medications; benzodiazepines,
primidone, and valproic acid have been anecdotally reported.
The half-life of phenobarbital ranges from 45 to 173 hours in
the neonate [105–107]; the initial loading dose is recom-
mended at 20 mg/kg, with a maintenance dose of 3–4 mg/kg
per day. Therapeutic levels are generally suggested to be
16–40 µg/ml, but there is no consensus with respect to drug
maintenance.

The preferred loading dose of phenytoin is 15–20 mg/kg
[105,106]. Serum levels of phenytoin are difficult to maintain
because this drug is rapidly redistributed to body tissues. Blood
levels cannot be well maintained using an oral preparation.

Benzodiazepines may also be used to control neonatal
seizures. The drug most widely used is diazepam. One study
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suggests a half-life of 54 hours in preterm infants to 18 hours
in full-term infants [108]. Intravenous administration is rec-
ommended, since it is slowly absorbed after an intramuscular
injection. Diazepam is highly protein bound; alteration of
bilirubin binding is low. Recommended intravenous doses
for acute management should begin at 0.5 mg/kg. Deposition
into muscle precludes its use as a maintenance antiepileptic
medication, since profound hypotonia and respiratory depres-
sion may result, particularly if barbiturates have also been
administered. Lidocaine rather than diazepam infusion has
more recently been suggested [109].

Efficacy of treatment
Conflicting studies report varying efficacy with phenobarbital
or phenytoin. Most studies only apply a clinical endpoint
to seizure cessation. One study found that only 36% of
neonates with clinical seizures responded to phenobarbital
[106], while another noted cessation of clinical seizures with
phenobarbital in only 32% of neonates [105]. With doses
as high as 40 mg/kg [110], seizure control was reported to
be 85%. Another study reported that the earlier administration
of high-dose phenobarbital in a group of asphyxiated
infants was associated with a 27% reduction in clinical seizures
and better outcome than a group who did not receive high
dosages [111]. However, coincident EEG studies are now
suggested to verify the resolution of electrographic seizures.
A recent report suggests that 30% of neonates have persistent
electrographic seizures after suppression of clinical seizure
behaviors following drug administration [51]. With EEG
as an endpoint to judge cessation of seizures, neither pheno-
barbital nor phenytoin was effective to control seizure
activity [49].

The use of free or drug-bound fractions of AEDs has been
suggested to better assess both efficacy and potential toxicity
of antiepileptic drugs in pediatric populations [112]. Drug
binding in neonates with seizures has only recently been
reported, and can be altered in a sick neonate with organ
dysfunction. Toxic side effects may result from elevated free
fractions of a drug which adversely affect cardiovascular and
respiratory function. To guard against untoward effects, evalu-
ation of treatment and efficacy must take into account both
total and free AED fractions, in the context of the newborn's
progression or resolution of systemic illness.

Once an antiepileptic drug is chosen, the clinician must
closely monitor that seizures are not worsened by the adminis-
tration of such a drug choice. AED may cause worsening of
seizures by either aggravating previous seizures or triggering
new seizure types, as described in four neonates after midazo-
lam was administered [113].

Discontinuation of drug use
The clinician's decision to maintain or discontinue antiepilep-
tic drugs is also uncertain [92,114]. Discontinuation of drugs
before discharge from the neonatal unit is generally recom-
mended, since clinical assessments of arousal, tone, and
behavior will not be hampered by medication effect. However,

newborns with congenital or destructive brain lesions on
neuroimaging, or those with persistently abnormal neurologic
examinations at the time of discharge, may suggest to the
clinician that a slower taper off medication is required over
several weeks or months. Most neonatal seizures rarely
reoccur during the first 2 years of life, and prophylactic AED
administration need not be maintained past 3 months of age,
even in the child at risk. This is supported by a study suggest-
ing a low risk of seizure recurrence after early withdrawal of
AED therapy in the neonatal period [115]. Also, older infants
who present with specific epileptic syndromes, such as infant-
ile spasms, will not respond to the conventional antiepileptic
drugs that were initially begun during the neonatal period.
This honeymoon period without seizures commonly persists
for many years in most children before isolated or recurrent
seizures appear.

The potential damage of the developing central nervous
system by antiepileptic drugs also emphasizes the need to
consider early discontinuation of these agents in the newborn
period. Adverse effects on the morphology and metabolism of
neuronal cells have been extensively reported from collective
research performed over the last several decades [116].

Novel antiepileptic drug approaches
Mechanisms of seizure generation, propagation, and termin-
ation are different during early brain development as com-
pared with more mature ages. These age-related mechanisms
have partially been elucidated [117]. Given that traditional
antiepileptic medications have unacceptable efficacy to stop
neonatal seizures for specific subsets of newborns, alternative
medication options must be developed.

New antiepileptic alternatives to treat neonatal seizures are
now being studied. One class of medications are the N-methyl-
D-aspartate antagonists such as topiramate [118]. Experimen-
tal models of asphyxia-induced seizure activity in immature
animal brains have indicated a certain degree of efficacy.

Such models provide data regarding pharmacological and
physiological characteristics of neuronal responses after an
asphyxial stress which cause excessive release of excitotoxic
neurotransmitters [119], such as glutamate. Specific cell mem-
brane receptors termed metabotropic glutamate receptors
(MGluRs) are sensitive to extracellular glutamate release and
may play a role in epileptogenesis and seizure-induced brain
damage [120]. One class of membrane receptor, for example,
has been studied in rat pups after hypoxia-induced seizures,
suggesting that GluRs downregulation can be associated with
epileptogenesis in the absence of cell loss [117]. Subclasses
of MGluRs will lead to investigations of novel drugs which
block these membrane receptors as the mode of treatment for
neonatal seizures [121].

Another therapeutic approach is suggested by experimen-
tal studies that demonstrate enhanced seizure susceptibility in
the developing brain because GABA exerts a depolarizing
excitatory rather than repolarizing inhibitory action in imma-
ture subjects [122]. This paradoxical action of GABA early in
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development may be due in part to age-related differences in
chloride homeostasis [123]. Chloride transport is a function
of two membrane pumps with different time courses of
expression. Early in development (i.e., in the rat, P3–P15 after
birth), the Naþ-Kþ-2Cl�- co-transporter (NKCCl) imports
large amounts of chloride into the neuron (along with sodium
and potassium to maintain electroneutrality). This pump sets
the chloride equilibrium potential positive to the resting
potential, so that when the GABAA receptor is activated
chloride flows out of the neuron, depolarizing it. Over time,
NKCCl expression diminishes, and another chloride trans-
porter, KCC2, is expressed. KCC2 has the opposite effect: it
extrudes chloride out of the neuron, placing the equilibrium
potential more negative than the resting potential so that
GABAA receptor activation allows extracellular chloride to
flow into the neuron, hyperpolarizing it and endowing GABA
with inhibitory action.

Researchers have termed this the developmental “switch”
in chloride homeostasis. This maturational aspect to the chlo-
ride ion may influence seizure susceptibility in the neonatal
brain. The additional depolarization that is due to GABAA

receptor activation augments excitation that may be initiated
by the glutamate neurotransmission. As a result there is a shift
in the excitation–inhibition balance towards excessive excita-
tion, and thus towards seizure activity. These conclusions
have been suggested by Dzhala et al. [124], who described
the developmental profile of NKCCl in the human neonate.
In the early postnatal period, NKCCl rises to a peak and then
declines to adult levels. This rearrangement of membrane
receptors occurs over the first several months of life. In the
same time period, KCC2 expression gradually rises to adult
levels. By blocking NKCCl function with a commonly used
diuretic known as bumetanide there is a prevention of the
accumulation of intercellular chloride which therefore coun-
teracts the depolarizing action of GABAA receptor activation.
Bumetanide reduces kainic-induced seizures in neonatal
but not adult rats, and bursts firing in hippocampus slices.
As further evidence, for genetically engineered mice who lack
NKCCl, bumetanide is not effective in ameliorating seizures,
supporting its role as a specific inhibitor of NKCCl. There-
fore, bumetanide is now considered a promising antiepileptic
drug with a developmental target, namely the immature chlo-
ride co-transporter NKCCl. Some claim that this particular
diuretic can be safely used for the neonate, although its long-
term safety profile needs to be better studied. It has also
been recently suggested that pharmacologic agents that can
diminish bursting behavior in neonatal neurons can add
an additional level to the control of seizures. Dzhala et al.
demonstrated that bumetanide rapidly suppresses synchron-
ous bursts of network activity in P4–P8 hippocampus slices in
the rat model [124]. This supports the use of this agent as a
potential antiepileptic medication in this age group. Clinical
trials need to demonstrate that bumetanide or other similar
diuretics can inhibit seizure activity, with or without conven-
tional medications such as phenobarbital [125]. One needs to

establish that these agents can reach the brain in appropriate
concentrations, and that they lack short- as well as long-term
adverse effects.

There are still crucial issues regarding the theory that
GABA-mediated excitation may have an important role in
human neonatal seizures, amenable to the treatment as dis-
cussed above. It is yet unknown why some GABAergic agents
such as phenobarbital and benzodiazepine fail to have
adequate efficacy for human neonatal seizure control for a
substantial subset of patients. Though seizures can be halted in
a percentage of newborns, additional understanding of epilep-
togenesis in the immature brain must consider the timing and
etiology-specific aspects of GABA-mediated mechanisms of
seizures as it relates to asphyxia, infection, or trauma.
A specific etiology may alter seizure threshold by epigenetic
modification, changing the specific genetic variability within
individuals in a time-sensitive manner. Based on up- or down-
regulation of genetic expression, individuals who suffer
asphyxia, infection, or trauma may have variable vulnerability
or resistance to GABA-mediated mechanisms for seizures.
This generalization is further complicated not only by the
timing of injury but also by the specific brain region of
damage which may have occurred remotely either during the
antepartum or during the intrapartum or neonatal periods.
Seizures from selectively damaged deep gray matter, neocor-
tical layers, or white-matter regions may respond differently
to similar antiepileptic drug regimens. Therefore one must
consider the question of whether neonatal seizures represent
novel brain injury or are surrogates of injury resulting from
etiologies either varied in brain location or during time
periods beginning during fetal life [126]. The neurologist must
place events leading to seizures in the context of clinical,
historical, and laboratory findings to determine both the
pathogenesis and the timing of an encephalopathic process
in a neonate who is symptomatic with seizures. A new classi-
fication of neonatal seizures which integrates electrographic
expression, brain region, etiology, and timing may then have
more relevance to the choice of antiepileptic medication, both
during the neonatal period and later in childhood [127].

Summary
Recognition and classification of seizures remain problematic.
The clinician should rely on synchronized video/EEG/polygraphic
recordings to correlate suspicious behaviors with electrographic
seizures. This monitoring technique will limit misdiagnosis
and overtreatment of non-epileptic abnormal behaviors, and
define an exact endpoint for cortically propagated seizures.
Pathologic non-epileptic behaviors can then be treated in
a more appropriate manner. Diagnoses and treatment must
be integrated with an appreciation of pathophysiologic mech-
anisms responsible for brain injury in a variety of anatomical
sites during antepartum time periods from maternal–fetal–
placental diseases as well as during the intrapartum and
neonatal periods.
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Chapter

44 Nutritional support of the asphyxiated infant

John A. Kerner

Routine nutritional support
of the premature infant
Optimal nutritional support is critical in helping to obtain a
successful outcome for the ever-increasing number of surviv-
ing small premature infants [1]. Although it is paramount
to insure that the infant receives an adequate caloric intake,
the ability of the very-low-birthweight (VLBW) infant to digest,
absorb, and metabolize enteral nutrients is limited. In addition,
complications of prematurity, such as respiratory distress, car-
diovascular instability, hemorrhagic diatheses, and an imma-
ture renal system, create a challenge to the provision of proper
nutritional support.

To provide nutrition to the premature infant appropri-
ately, one must have an understanding of the biochemical
and physiologic processes that occur during the development
of the gastrointestinal tract. By 28 weeks of gestation the
anatomic development of the gastrointestinal tract in humans
is nearly complete. Yet, as an organ of nutrition, the gut is
functionally immature. Details of gastrointestinal tract develop-
ment have been described previously [2–4], and are summar-
ized in Table 44.1. Further, complications due to the incomplete
development of the gastrointestinal tract in the low-birthweight
infant have been well delineated by Sunshine (Table 44.2).

Enteral feeding
Gastric feeding: intermittent gavage or continuous infusion
Nasogastric (NG) feeds may be given continuously or inter-
mittently. Intermittent feeding, also known as gavage feeding,
is easy to administer, and it is possible to evaluate the gastric
emptying time by checking the gastric residual before each
meal. The stomach takes less time to empty with human
milk than with formula, and when in the prone or lateral
position [5–6].

Premature infants are predisposed to develop gastroeso-
phageal (GE) reflux because of their incompetent lower
esophageal sphincter, small stomach capacity, and delayed
gastric emptying. Hence, to prevent this GE reflux and subse-
quent risk of aspiration and apnea, it is necessary to feed these
infants smaller volumes on a more frequent basis [7]. Also,

gastric distension may interfere with respiratory function [8].
For these reasons premature infants may benefit from con-
tinuous NG feeds.

Toce et al. demonstrated that infants whose birthweight
was between 1000 and 1249 g had better weight gain when fed
via continuous NG infusion rather than via gavage feeds [9].
A reduction in stool weight was also reported. Both observa-
tions were presumed to be secondary to less stimulation of the
gastrocolic reflex, with a resulting longer transit time, allowing
for better absorption.

Continuous feeding is not without disadvantages. Nutri-
ents, especially fat, may be lost within the tubing during
continuous infusion of breast milk [10]. Preterm formulas
with a high mineral content may precipitate and clog the
tubing [11]. Further, intermittent feeding may be important
in the induction of metabolic and endocrine changes which
occur in early postnatal life [12].

Transpyloric feeding
Transpyloric feeding is defined as instilling the nutrients dir-
ectly into the small intestine. The advantages of this method
are minimal gastric distension, lower risk of aspiration, and, at
least during the first 10 days of life, potentially greater volume
tolerance with less initial weight loss than with NG feeding
[13]. Two prospective studies compared continuous NG and
transpyloric feeding [14,15], but only one [14] concluded there
was an advantage to transpyloric feeding during the first
2–3 weeks of life. Roy et al. compared every-2-hour bolus
NG feeds versus nasojejunal (NJ) feeds in healthy low-birth-
weight infants and found no difference in growth or weight
gain in the two groups [16]. Since the stomach was bypassed
in the NJ group and fat digestion starts in the stomach, more
fat malabsorption occurred in the NJ-fed babies. The fat
malabsorption may be minimized by duodenal placement of
the feeding tube [14].

Further, in two studies, transpyloric feeding was not
recommended in infants requiring either ventilatory support
via a face mask or nasopharyngeal suctioning [17,18], because
of the risk of dislodgement and subsequent aspiration. Lucas
evaluated seven randomized trials comparing transpyloric
(nasoduodenal or NJ) with intragastric feeding [19]. None
of the trials was large or conclusive, but collectively they
argue against transpyloric feeding. Lucas stated, “There is
no convincing evidence that transpyloric feeding improves

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



Table 44.1. Development of the human gastrointestinal tract

Age
(weeks)

Crown–rump
length (mm)

Stage of development

2.5 1.5 Gut not distinct from yolk sac

3.5 2.5 Foregut and hindgut present

Yolk sac broadly attached at midgut

Liver bud present

Mesenteries forming

4 5.0 Intestine present as a single tube from
mouth to cloaca

Esophagus and stomach distinct

Liver cords, ducts, and gallbladder
forming

Omental bursa forming

Pancreatic buds appear as outpouching
of gut

5.6 8.0–12.0 Intestine elongates into a loop and
duodenum begins to rotate under
superior mesenteric artery

Stomach rotates

Parotid and submandibular buds appear

Cloaca elongates and septum forms to
divide cloaca

7 17.0 Circular muscle layer present

Duodenum temporarily occluded

Intestinal loops herniated into cord

Villi begin to develop

Pancreatic anlagen fuse

8 23 Villi lined by single layer of cells

Small intestine coiling within cord

Taste buds appear

Microvilli short, thick, and irregularly
spaced

Lysosomal enzymes detected

Cloacal membrane which sealed the
rectum begins to disappear

9–10 30–40 Auerbach's plexus appears

Intestine re-enters abdominal cavity

Crypts of Lieberkühn develop

Active transport of glucose appears
aerobically and anaerobically

Dipeptidases present

Microvilli of enterocytes more regular
and glycocalyx present

Mitochondria numerous below
microvilli

12 56 Parietal cells present in stomach

Muscular layers of intestine present

Alkaline phosphatase and
disaccharidases detectable

Active transport of amino acids present

Mature taste buds present

Enterochromaffin cells appear

Pancreatic islet cells appear

Bile secretions begin

Colonic haustra appear

Coelomic extension into umbilical cord
obliterated

Meconium first detected in ileum

13–14 78–90 Meissner's plexus appears

Circular folds appear

Peristalsis detected

Lysosomes detected ultrastructurally

16 112 Pancreatic lipase and tryptic activity
detected

Lymphopoiesis present

Peptic activity present

Swallowing evident – 2–7 mL/24 h

20 160 Peyer's patches present

Muscularis mucosa present

Mesenteric attachments complete

Zymogen granules present and well
developed in pancreas (22 weeks)

Intestine has lost ability to transport
glucose anaerobically

24 200 Paneth's cells appear

Maltase and sucrase and alkaline
phosphatase very active

Ganglion cells detected throughout
small and large intestine and in the
rectum

Amylase activity present in intestine

28 240 Enterokinase activity increases

Esophageal glands present

Frequency and intensity of duodenal
peristaltic contractions increasing

32 270 Lactase activity increases

Hydrochloric acid found in stomach

34 290–300 Sucking and swallowing become
coordinated

Esophageal peristalsis rapid, non-
segmental contraction occurs

Small intestinal motility becomes
coordinated

36–38 320–350 Maturity of gastrointestinal tract
achieved

Source: Reproduced with permission from Sunshine [53].
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enteral feed tolerance and growth, or reduces aspiration
pneumonia” [19].

Polyvinyl chloride tubes were used initially, as they are
relatively stiff and easily positioned. However, if left in the
duodenum for several days, they harden and may perforate

the intestine [20]. Silastic tubes are now commonly used, but
they are more flexible and hence difficult to position. They are
usually weighted at the tip and placed with the help of gravity.
Being more flexible, they can curl back into the stomach.
Perforation even with the Silastic tubes has been reported [21].

A change in the microbial flora of the upper intestine of
infants fed via transpyloric feeds has been reported. The upper
intestine of the normal infant is sterile or contains sparse
Gram-positive flora. However, Dellagrammaticus et al. have
shown that the presence of a tube facilitates colonization
with “fecal-type” flora, in which Streptococcus faecalis and
Gram-negative bacteria predominate [22]. Theoretically, a
heavy resident flora of the upper intestine could lead to poorer
assimilation of feeds. Conflicting data exist on the relationship
of necrotizing enterocolitis (NEC) to transpyloric feeds
[17,23]. As detailed later in this chapter, it is not the route of
feeding that was responsible in the above studies for the NEC,
but rather the increased osmolality of the formula used. In
controlled studies, NEC was proven not to be more frequent
during transpyloric feeds compared to NG feeds [14,17,24].

The European Society of Paediatric Gastroenterology and
Nutrition (ESPGN) issued guidelines for feeding the preterm
infant [13].

ESPGN guidelines
Enteral feeding should be introduced as soon as it is safe to do so.
(1) Intermittent gastric tube feeding seems more physiological

than transpyloric feeding, and whenever possible should be
preferred.

(2) When there are feeding difficulties such as regurgitation,
poor gastric emptying, or gastric distension, continuous
gastric feeding or even transpyloric feeding may be
necessary, as they are useful alternatives either to reduced
oral feeding or total parenteral nutrition.

(3) The success of any feeding technique is at least partly the
result of the skill of the staff of the unit in following their
own practiced routines.

(4) Nursery routines should encourage the mother to play an
active role in feeding. This will help her to become
confident in the care of her baby [13].

Schanler and colleagues, in an elegant randomized trial in 171
premature infants, showed that bolus tube feeding was associ-
ated with significantly less feeding intolerance and greater
rate of weight gain than the continuous feeding method [25].
More importantly, his group demonstrated the benefit of early
gastrointestinal priming [25].

Gastrointestinal priming is a practice with sound scientific
rationale. Also known as “minimal feedings,” “gut stimula-
tion,” “trophic feedings,” or “hypocaloric feedings,” this prac-
tice attempts to enable the premature infant's intestine
to adapt to later advancement of full enteral feedings while
preventing the known mucosal atrophy and unphysiologic
gut hormone status noted in animals and humans kept NPO
[26–28]. Schanler et al. were congratulated by Kliegman [29]
for their large randomized controlled trial that confirmed the

Table 44.2. Complications due to the incomplete development
of the gastrointestinal tract in the low-birthweight infant

Incomplete development of motility

Poor coordination of sucking and swallowing

Aberrant esophageal motility

Biphasic esophageal peristalsis

Decreased or absent lower esophageal sphincter pressure

Delayed gastric emptying time

Poorly coordinated motility of the small and large intestine

Stasis

Dilation

Impaired blood supply

Functional obstruction

Delayed ability to regenerate new epithelial cells

Decreased rates of proliferation

Decreased cellular migration rates

Shallow crypts

Shortened villi

Decreased mitotic indices

Inadequate host resistance factors

Decreased gastric acidity

Decreased concentrations of immunoglobulins in lamina propria and
intestinal secretions

Impaired humoral and cellular response to infection

Inadequate digestion of nutrients

Decreased digestion of protein

Decreased activity of enterokinase

Trypsin activity low prior to 28 weeks

Decreased concentration of gastric hydrochloric acid and pepsinogen

Decreased digestion of carbohydrates

Decreased hydrolysis of lactose

Decreased ability to transport glucose actively

Decreased activity of pancreatic amylase

Decreased digestion of lipids

Decreased production and reabsorption of bile acids

Decreased activity of pancreatic lipase

Increased incidence of other problems that may indirectly lead to poor
gastrointestinal function

Hyaline membrane disease

Intraventricular hemorrhage

Patent ductus arteriosus

Hypoxemic–ischemic states

Source: Reproduced with permission from Sunshine [53].
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overall safety of gastrointestinal priming (no increased
incidence of NEC) while clearly demonstrating the positive
effects of this novel feeding practice – better calcium and
phosphorus retention, improved feeding tolerance, reduced
risk of physiologic jaundice, cholestasis, metabolic bone dis-
ease, and glucose intolerance [25]. Kliegman went on to state
that “gastrointestinal priming must now become the standard
of care for very low birthweight infants” [29]. In Schanler's
study the gastrointestinal priming group (prime continuous,
prime bolus) received 20mL/kg per day of milk (either
formula or breast milk) from day 4 through day 14 [25].

Early feeding of the preterm infant has been shown
to decrease intestinal permeability [30] and increase lactase
activity [31]. Trophic feeding has been shown to:
(1) shorten time to regain birthweight
(2) improve feeding tolerance
(3) reduce the duration of phototherapy
(4) reduce duration of parenteral nutrition
(5) lower the incidence of cholestasis
(6) reduce metabolic bone disease
(7) improve gastrointestinal maturation, motility,

and hormone responses
(8) improve mineral absorption
(9) enhance enzyme maturation

(10) reduce intestinal permeability
(11) be safe (the practice does not increase the incidence

of NEC) [32]

Parenteral feeding
Since sick and premature newborns are often not fed enterally,
the alternative is parenteral nutrition (PN). In a review by
Moyer-Mileur and Chan, parenteral feeds in VLBW infants
requiring assisted ventilation for more than 6 days led to a
decrease in the percentage of weight loss from birthweight
and a shorter time required for recovery of birthweight than
in those fed enterally or by a combination of enteral and
parenteral feeds [33]. A delay in enteral feeds increased the
tolerance to subsequent enteral feeds in the infants. Tolerance
was defined as absence of residuals, abdominal distension, or
guaiac-positive, reducing substance-positive stools [33]. Another
retrospective study presented inconclusive data regarding
the benefits and risks of PN [34].

Limited data exist on the potential benefit of PN in the
treatment of preterm infants. A controlled study of peripheral
total parenteral nutrition (TPN) composed of casein hydro-
lysate, dextrose, and soybean emulsion in 40 premature
infants with respiratory distress syndrome (RDS) showed that
TPN neither favorably altered the clinical course of the
syndrome nor worsened an infant's pulmonary status [35].
Among infants weighing less than 1500 g, those who received
TPN had a greater survival rate when compared with a control
group (71% vs. 37%).

Yu and coworkers performed a controlled trial of TPN on
34 preterm infants with birthweights of less than 1200 g [36].

Infants in the TPN group had a greater mean daily weight gain
in the second week of life and regained birthweight sooner
than did control infants. Four in the milk-fed control group
developed NEC whereas none did in the TPN group. The
results of a more recent study conducted by Kerner et al. [37]
of 40 infants who weighed less than 1500 g at birth were in
agreement with the two mentioned controlled studies [35,36].
No increased risk in using peripheral PN as compared with
conventional feeding techniques was found. Also, comparable
growth was reported in the two groups.

Fifty-nine infants weighing less than 1500 g were randomly
assigned either to a PN regimen via central catheter or to a
transpyloric feeding regimen (mother's milk or SMA Gold
Cap (Wyeth Laboratories, Philadelphia, USA)) via a Silastic
nasoduodenal tube [38]. The authors postulated that some of
the problems of enteral feeding in VLBW infants might be
overcome if enteral nutrients were delivered beyond the
pylorus [39]. The PN group had a higher incidence of bacterial
sepsis. Conjugated hyperbilirubinemia occurred only in the
PN group. In spite of the observations that 34% (10 of 29) of
the infants in the transpyloric group failed to establish full
enteral feeding patterns by the end of the first week of life, and
therefore had achieved lower protein-energy intake than the
PN group, no beneficial effect on growth or mortality was
found in the PN group.

The authors concluded that “Parenteral nutrition does not
confer any appreciable benefit and because of greater com-
plexity and higher risk of complications should be reserved for
those infants in whom enteral nutrition is impossible” [38].
Zlotkin and coworkers disagreed with this conclusion: “Had
peripheral-vein feeding been used rather than central venous
alimentation, or had nasogastric gavage feeding been used in
preference to transpyloric feeding, the morbidity and mortal-
ity would have declined and the results comparing TPN with
enteral feeds would have been quite different” [40].

A study that remains a model for nutritional support in the
VLBW infant was performed by Cashore and associates [41].
They described 23 infants who weighed less than 1500 g in
whom peripheral PN was begun on day 2 of life to supplement
enteral feedings, thus allowing for adequate nutrition while
avoiding overtaxing the immature gastrointestinal tract. These
infants regained their birthweight by the age of 8–12 days and
achieved growth rates that approximated intrauterine rates of
growth. Interestingly, infants weighing less than 1000 g were
still not taking all their nutrients enterally by 25 days of age.

Premature infants, especially those who have RDS and are
incapable of full oral feeds, often receive PN because of their
extremely limited substrate reserve, very rapid growth rate,
and perceived susceptibility to irreversible brain damage
secondary to malnutrition [40]. A survey of 269 neonatal
intensive care units showed that TPN was used exclusively
during the first week of life in 80% of infants weighing 1000 g
or less at birth [42]. The others received a combination of
parenteral and enteral feedings in the first week. Adamkin
began PN by 72 hours of age in neonates with a birthweight
of less than 1000 g in whom respiratory disease and intestinal
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hypomotility limited the safety of feedings in the first
1–2 weeks of life [43].

In some nurseries umbilical arterial catheters are used for
infusing PN. Few studies exist regarding the safety of this
practice. Yu et al. studied 34 infants with birthweight< 1200 g
and randomly assigned them to TPN via umbilical arterial
catheters or enteral feeds [36]. The TPN group had better
nitrogen balance, weight gain, less NEC, and unchanged
mortality compared with the enterally fed group. No data on
catheter-related complications were presented, although bac-
terial or fungal septicemia did not occur in either group in the
study period [36]. Higgs and coworkers described a controlled
trial of TPN versus formula feeding by continuous NG drip
[44]. The study included 86 infants weighing 500–1500 g.
The TPN, including glucose, amino acids, and fat emulsion,
was administered by umbilical artery catheter for the first
2 weeks of life. There was no difference in neonatal morbidity
or mortality between the two groups. Specifically, there was
no difference in septicemia, although four of the 43 TPN
babies had “catheter problems,” described in the text only as
“blockage” of the catheter.

As in the study of Higgs et al., Hall and Rhodes found that
morbidity, mortality, and common complications, such as
infection and thrombosis, were similar in infants receiving
umbilical lines for TPN compared to infants receiving tun-
neled jugular catheters for TPN [45]. They concluded that
TPN by indwelling umbilical catheters presents no greater risk
than infusion through tunneled jugular catheters. However,
careful analysis of the authors' data raises questions about
their conclusions. According to the authors, “Six deaths may
have been catheter-related” [45]. Five of those deaths occurred
in the umbilical artery catheter group; death resulted from
thrombosis of the aorta in one patient, candidal septicemia in
two, streptococcal septicemia in one, and enterococcal septi-
cemia in one. One death occurred in the jugular venous catheter
group, with right atrial thrombosis, superior vena cava
syndrome, and Staphylococcus epidermidis on blood culture.

Merritt cautions against the use of umbilical arterial
catheters for TPN, as this practice is associated with a high
incidence of arterial thrombosis [46]. Coran, a pediatric sur-
geon, strongly recommends that PN not be given through
either umbilical arteries or umbilical veins [47]. PN through
umbilical veins causes phlebitis, which may lead to venous
thrombosis and portal hypertension. He is especially con-
cerned about infusing PN solutions into an umbilical arterial
line, since this practice can lead to thrombosis of the aorta or
iliac vessels. Severe damage, such as thrombosis of the aorta,
may occur to an artery without being recognized. Only over a
period of time will the side effects of umbilical arterial catheter
use, such as inappropriate growth of one limb [47], become
clinically evident. Even the use of 12.5% dextrose infused
through an umbilical arterial line has increased osmolality
that has been shown to cause thrombophlebitis [47]. Although
the first three studies described earlier all claimed there
were no short-term complications, they did not address the
problem of long-term complications [48].

Coran stated that if PN is required and peripheral veins are
not usable, or if peripheral vein delivery is inadequate to
provide necessary calories, he would consider percutaneous
subclavian vein catheterization, which he could perform suc-
cessfully even in a 900 g infant [47]. In a study by Sadig,
52 Broviac catheters were inserted in 40 preterm and 8 term
infants [49]. Sixty-nine percent of VLBW infants, and 20% of
those weighing more than 1500 g, experienced catheter-
associated infections. Seventy-eight percent (14/18) of these
infections were successfully treated with antibiotics without
catheter removal. The rate of thrombosis was also higher in
VLBW infants. A retrospective review compared TPN via
umbilical catheters in 48 neonates (birthweight 1.7 � 0.58 kg)
versus administration via central venous catheters in 26 infants
(birthweight 2.05 � 0.89 kg) [50]. There was no difference
in infection rate between the two groups when adjustment
was made for the number of days of catheter life. Transient
hypertension occurred in two (4%) of the umbilical arterial
catheter group and in one (3.8%) of the central catheter group.
There was one aortic thrombus noted on autopsy in the
umbilical arterial catheter group. There was one vegetation
on the tricuspid valve in the central catheter group. They
concluded that umbilical arterial catheters are a reasonable
route for PN solutions.

As nurseries become more comfortable with percutaneous
central lines [51,52], hopefully umbilical arterial catheters will
be used less frequently to provide nutrition.

Nutritional support
of the asphyxiated infant
Asphyxia may cause significant injury to the gastrointestinal
tract. This injury may predispose an infant to develop NEC.
During acute episodes of shock or hypoxemia the “vital struc-
tures,” which include the heart, brain, and adrenal glands, are
preferentially perfused. Perfusion of the “non-vital” organs,
including the skin, muscle, lungs, kidney, and gastrointestinal
tract, is decreased significantly. With limited periods of
hypoxia, the newborn has some autoregulatory capabilities of
maintaining blood flow to the intestine. However, if the period
of ischemia is maintained for a prolonged period, perforation
and significant mucosal hemorrhage may occur [53]. Coupled
with asphyxia, feeding the premature infant heightens the risk
for the development of neonatal NEC.

Most centers do not enterally feed an asphyxiated infant
for the first 5 days to 2 weeks. This practice is extrapolated
from animal data on cellular proliferation and migration. The
intestinal mucosa of newborn and suckling rats has a very slow
rate of cellular proliferation and migration compared to adult
animals [54]. While the turnover of intestinal epithelia in
the adult jejunum is 48–72 hours, the rate in the 10-day-old
animal is at least twice that long, and in the 2–3-day-old
animal it may be even longer [55]. In a study by Sunshine
and colleagues in the adult animal, labeled cells reached the
tips of the villi within 48 hours [56]. During the same period
the labeled cells had migrated only one-eighth to one-fourth of
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the length of the villi in the suckling animal. There are
indications that this same slower rate of turnover of intestinal
epithelia exists in the newborn human [57].

Necrotizing enterocolitis
NEC is a well-described and extensively investigated affliction
of the high-risk newborn. The etiology of this multifactorial
disorder remains elusive, and currently there is no universally
accepted theory of pathogenesis [58–61]. Risk factors include
prematurity, low birthweight, congenital heart disease, peri-
natal asphyxia, gastroschisis, and indomethacin exposure [62].

Epidemiology
The incidence varies widely, with some centers reporting rare
isolated cases [63] while others report an incidence of 3–5% of
all neonatal admissions [64]. Among patients in whom NEC
develops, the average birthweight is 1400–1500 g and the mean
gestational age is 30–32 weeks [65]. In one study by Stoll and
coworkers the overall incidence was 3/1000 live births, but
increased to 66/1000 live births for infants less than 1500 g.
Similarly, the mortality was 0% for infants greater than 2500 g
and increased to 40% for infants less than 1500 g [66]. A recent
report described the incidence of NEC as � 1.1/1000 live
births, with an in-hospital mortality of 15% [67]. The age at
diagnosis ranged from 2 to 44 days and was inversely related
to gestational age. All babies > 35 weeks' gestational age were
diagnosed by 1 week of age. Stoll et al. felt there may be two
populations who develop NEC – an early population consist-
ing of term and preterm infants, and a later group of solely
preterm babies who are smaller and sicker, who presumably
have ongoing insults to their gastrointestinal tracts and are
therefore at continued risk to develop the disease. These babies
must be closely monitored for the possible development of
NEC later in their hospital course [66]. It is important to
appreciate that approximately 10% of all NEC cases occur in
full-term neonates [58].

There are two distinct patterns of NEC: endemic and
epidemic [68]. Superimposed on an endemic rate, epidemics
(which refer to cases clustered in location and time) may be
observed. No seasonal pattern of occurrence of these epidem-
ics has been demonstrated. Patient characteristics appear to
differ during epidemics – they are more mature, with fewer
antecedent neonatal illnesses, acquire NEC later, and have
been fed for a longer period than those patients who develop
NEC during non-epidemic times.

Clinical picture
NEC may assume a broad spectrum of clinical severity. Some
infants have little in the way of signs and symptoms, with a
benign course, and others have fulminant disease character-
ized by extensive gangrene, perforation, shock, and death.

The diagnosis of NEC is suspected when two or more typical
gastrointestinal signs and symptoms occur simultaneously
with non-specific signs [64]. The initial signs and symptoms of
123 consecutive patients are presented in Table 44.3, as found
by Walsh and Kliegman in a 9-year study [69]. Not all patients

will have every symptom, and the signs will vary chronologic-
ally in their appearance depending on the severity of the illness
(Table 44.4).

Because the initial symptoms of NEC are non-specific and
the findings on physical examination may be deceptively
benign, radiographic findings are used to support the diagno-
sis. Radiographic examinations of the abdomen may show
non-specific findings of distension, ileus, and ascites [70].
The two diagnostic radiologic signs are pneumatosis intestinalis
(intramural intestinal gas) and intrahepatic portal venous gas.
One of these is essential to confirm the diagnosis. More severe
disease will result in perforation and pneumoperitoneum. How-
ever, pneumatosis intestinalis may be subtle and fleeting.
It is typically first seen in the ileocecal area but may be seen
anywhere from the stomach to rectum. Two patterns are
described: a curvilinear intramural radiolucency, probably rep-
resenting subserosal gas, and a cystic form assuming a foamy or
bubbly appearance, probably representing submucosal gas.
Gas mixed with stool in the bowel, however, can be difficult
to distinguish from pneumatosis intestinalis [66]. Pneumatosis
may also be present in other clinical situations – intestinal
gangrene secondary to vascular occlusion, Hirschsprung's

Table 44.3. Initial signs and symptoms of necrotizing enterocolitis

Signs Percentage of patientsa

Abdominal distension 73

Bloody stool 28

Apnea, bradycardia 26

Abdominal tenderness 21

Retained gastric contents 18

Guaiac-positive stool 17

“Septic appearance” 12

Shock 11

Bilious emesis 11

Acidosis 10

Lethargy 9

Diarrhea 6

Cellulitis of abdominal wall 6

Right lower quadrant mass 2

Note:
aTotal exceeds 100%, as many patients had more than one sign.
Source: Reproduced with permission from Walsh and Kliegman [69].

Table 44.4. Unusual manifestations of necrotizing enterocolitis

10% occur in term infants

10–12% occur in infants who have never been fed

10–15% will not have pneumatosis intestinalis

10–15% will have no blood in stools

10–15% will develop intestinal strictures

Source: Reproduced with permission from Sunshine [53].
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disease with enterocolitis, obstruction at the site of bowel
atresia, pyloric stenosis, and meconium ileus.

Investigators have developed screening tests for NEC such
as breath hydrogen analysis [71,72], urine analysis for
D-lactate [73] (produced by enteric flora when fed excess
carbohydrate), and, more recently, serum D-lactic acid
(a bacterial fermentation product of unabsorbed carbohy-
drates) levels [74], but these tests have not become routine in
clinical monitoring up to the present.

Treatment
Since NEC can manifest within a wide range of severity along
a continuum of various stages of bowel disease, the true nature
or clinical course that NEC will follow is usually not known
until 48 hours of onset.

Bell and associates proposed important clinical staging
criteria for NEC, which allowed accurate comparisons of
patients with disease of similar severity [75]. Kliegman and
associates modified Bell's staging criteria to include systemic,
intestinal, and radiographic signs and suggested treatment
regimens based on the stages (Table 44.5) [76].

In addition to the recommendations in Table 44.5, a large-
bore, double-lumen NG tube should also be placed to decom-
press the stomach. The length of time the bowel is allowed to
“rest” will depend on the progression or lack of progression of
the disease and on the philosophy of the institution. PN is
recommended in patients with documented NEC during the
period of intestinal recovery. When prolonged parenteral feed-
ings are required, a central venous line may need to be placed.
PN allows for a slow return to enteral feedings – it is common
for this transition to take 1–3 weeks to re-establish full enteral
feedings. Infants requiring surgical resection of the bowel will
have a more protracted course, especially with extensive

resections, and may develop “short-bowel syndrome.” The spe-
cifics of such management are described elsewhere [77]. Imme-
diate surgical management of NEC has been reviewed [78–80],
and the preferred operation for VLBW infants was recently
investigated in a multicenter randomized clinical trial [81].
Moss and colleagues compared the outcomes of primary peri-
toneal drainage with laparotomy and bowel resection in preterm
infants with perforated NEC (n¼ 117, all< 34 weeks' gestation).
There were no differences between the two surgeries at 90 days
postoperatively; length of hospital stay was also comparable
between the two groups [81]. The study suggests that peritoneal
drainage is a reasonable alternative to laparotomy [82].

Pathogenesis
There is no universal acceptance of a unifying theory
regarding the pathogenesis of NEC. Numerous controlled
studies have been performed in order to delineate the neonate
at risk. Stoll et al. determined that affected infants were quite
similar to controls and identified no risk factors [66].
Kliegman et al. failed to delineate any important risk factor.
They therefore concluded that perinatal problems which pre-
cede NEC are equally common to all high-risk infants [76].

A unifying theory must explain the development of NEC
in the enterally fed or fasted high-risk neonate and in the
healthy term newborn [65]. It seems likely that NEC represents
the final response of the immature gastrointestinal tract to one
or more unrelated stresses. Because there are many stressful
factors, there may be a wide range in the severity of bowel
injury, and therefore a continuous spectrum of clinical disease.
Perhaps in the mildly affected infant the stresses are not as
injurious, and in the severely affected infant multiple stresses
act synergistically to produce more severe damage [65].

Table 44.5. Modified Bell's staging criteria for necrotizing enterocolitis (NEC)

Stage Systemic signs Intestinal signs Radiologic signs Treatment

IA Suspected NEC Temperature instability, apnea,
bradycardia, lethargy

Elevated pregavage residuals,
mild abdominal distension,
emesis, guaiac-positive stool

Normal or intestinal
dilation, mild ileus

NPO, antibiotics 	 3 days
pending culture

IB Suspected NEC Same as above Bright red blood from rectum Same as above Same as above

IIA Definite NEC:
mildly ill

Same as above Same as above, plus absent
bowel sounds, � abdominal
tenderness

Intestinal dilation,
ileus, pneumatosis
intestinalis

NPO, antibiotics 	 7–10 days
if exam is normal in 24–48 h

IIB Definite NEC:
moderately ill

Same as above, plus mild metabolic
acidosis, mild thrombocytopenia

Same as above, plus absent
bowel sounds, definite
abdominal tenderness,
� adominal cellulites or
right lower quadrant mass

Same as IIA, plus
portal vein gas,
� ascites

NPO, antibiotics 	 14 days,
NaHCO3 for acidosis

IIIA Advanced NEC:
severely ill, bowel
intact

Same as IIB, plus hypotension,
bradycardia, severe apnea, combined
respiratory and metabolic acidosis,
disseminated intravascular coagulation,
neutropenia

Same as above, plus signs of
generalized peritonitis, marked
tenderness

Same as IIB, plus
definite ascites

Same as above, plus as much
as 200 mL/kg fluids, fresh
frozen plasma, inotropic
agents, ventilation therapy,
paracentesis

IIIB Advanced NEC:
severely ill, bowel
perforated

Same as IIIA, sudden deterioration Same as IIIA, sudden increased
distension

Same as IIB, plus
pneumoperitoneum

Same as above, plus surgical
intervention

Source: Reproduced with permission from Walsh and Kliegman [69].
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Enteral feeding
Conflicting opinions exist regarding the relationship of enteral
feeding practices and the development of NEC.

It is important to bear in mind that 5–10% of patients who
develop NEC have never been fed [58]. Controlled studies
comparing feeding techniques in infants with and without
NEC fail to consistently support feeding as an important
precursor, though controversy certainly persists.

There are numerous ways by which feedings might con-
tribute to the pathogenesis or progression of NEC:
(1) direct mucosal injury by hypertonic feedings
(2) alteration of intestinal flora
(3) structural immaturity of the premature infant's intestine
(4) absence of breast milk's immunologically protective effect

in formula-fed infants
(5) the effect of early or large-volume feedings on an

alimentary tract compromised by an adverse perinatal
event

The pragmatic issues, such as timing of feedings, the rate and
volume of feedings, and the osmolality/osmolarity of feedings
have been evaluated.

Timing of enteral feeding
There is a definite trend to delay enteral feedings in the sick
premature infant. In a survey of 269 neonatal intensive care
units by Churella et al. (described previously) most units
(80%) gave parenteral feedings during the first week of life to
infants weighing < 1000 g at birth [42]. None started enteral
feeds alone and 20% used a combination of enteral and paren-
teral feeds. Sixty-nine percent of those weighing 1001–2399 g
received a combination of parenteral and enteral feeds. The
first enteral feed was begun at a mean of 7 days after birth for
infants < 1000 g birthweight, 5 days after birth for those with
a birthweight 1001–1500 g, and 3 days after birth for those
infants weighing more than 1500 g [42].

In a prospective study by Eyal et al., delaying feedings in
VLBW infants (< 1500 g) from 2–3 days to 2–3 weeks
decreased the incidence of NEC from 18% to 3% [83]. It is
interesting to note that in those patients (3%) who developed
NEC after delayed onset of enteral feeds, the time of the first
symptoms ranged from 23 to 60 days, compared to 7–23 days
in those infants fed enterally within the first week of life.
Hence, those infants in whom enteral feeds are delayed must
be observed for a longer period for the development of NEC.

Brown and Sweet felt that NEC was virtually eliminated
from their nursery with the initiation of an extremely cautious
feeding protocol which fostered late initiation of enteral feeds,
slow advancement to reach full feeds 2 weeks after onset of
feeds, and prompt discontinuance of feeds when untoward
signs suggesting hypoxia, hypoperfusion, or gastrointestinal
dysfunction developed (i.e., distension, guaiac-positive stools,
or apnea) [63].

On the other hand, Ostertag et al. in a prospective study of
34 low-birthweight infants (< 1500 g) who were fed on day 1
or day 7 did not find any significant increase in the incidence

of NEC: 29% of those enterally fed on day 1 compared to 35%
fed enterally on day 7 developed NEC. There were no differ-
ences in the perinatal risk factors in the two groups [84]. In a
study by Unger and coworkers, delayed initiation of enteral
feedings was associated with a decreased incidence of NEC
only among male infants with birthweight < 775 g; hence their
study did not support elective withholding of enteral feeds in
other groups of low-birthweight infants [34].

Rate and volume of enteral feeds
Aggressive feeding practices were found to be associated with
NEC by Krousop [85]. In his case material, infants who
developedNEC received an average of 43mL/kg during the initial
day of enteral feeds and 72 mL/kg during the second day [85].

Book and associates, in a small prospective study compar-
ing fast and slow feeding rates (increase of 20 vs. 10 mL/day),
designed to attain complete enteral feedings at 7 and 14 days
respectively, did not find any difference in the incidence of
NEC [86]. Goldman, however, in a retrospective uncontrolled
study found an increased incidence of NEC when feedings
were advanced by large volumes (> 40–60mL/kg per day)
[87]. He also found a higher percentage of disease in infants
receiving volumes greater than 150 mL/kg per day. Anderson
et al. noted an increased incidence of NEC among those low-
birthweight infants fed aggressively – advanced at a rate
exceeding 20 mL/kg per day [88].

The mechanism by which excessive feeding predisposes to
NEC is uncertain. There may be relative mucosal ischemia due
to an imbalance between mucosal blood flow and oxygen
extraction due to an excessive load [65]. Alternatively, the
already low concentration of lactase in preterm infants may
be overwhelmed by the excessive lactose load. The excess
lactose is then fermented by the microflora, resulting in H2

production, initiating NEC [65]. Reducing substances are
also a by-product of this bacterial fermentation. Book and
coworkers found that 75% of infants who developed NEC
had 3–4 plus reducing substances in their stools from 1–4 days
prior to clinical manifestations of disease [89].

Walsh and coworkers recommended starting enteral feeds
at 1 mL every 1–2 hours and advancing feeds slowly, no
greater than 20 mL/kg per day. They successfully fed 1-kg
infants who required ventilatory support [65]. However, the
infant was continuously monitored for intolerance – increased
residuals, distension, guaiac-positive stools, or reducing sub-
stances in the stool.

Sweet recommended holding feeds if there were significant
residuals in the stomach prior to a feed [90]. If residue per-
sisted, then the bowel was rested for 5–7 days. If abdominal
distension developed during feeds, appropriate cultures and
radiographs were obtained. Even if they were inconclusive, he
would not feed the infant for 1–2 weeks. In his conservative
approach, infants who developed sudden episodes of apnea,
pallor, bradycardia, or poor skin perfusion were not fed
for 1 week or more. They had only one episode of NEC in
5 years out of 300 infants (89 infants weighing < 1000 g and
211 weighing 1000–2500 g). Two recent studies cast doubt on
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the role of rapid advancement of formula feeding on the
increased incidence of NEC [91,92].

Osmolality/Osmolarity of feeds
Both animal studies and clinical data have implicated hyper-
tonic feeds in causing mucosal injury. DeLemos et al. pro-
duced enterocolitis in goats fed hypertonic formula [93]. Book
et al. found that feeding infants< 1200 g an elemental formula
with an osmolarity of 650 mosmol/L resulted in an 87% inci-
dence of NEC, in comparison to 25% of neonates fed standard
cow's-milk-based formula (359 mosmol/L) [94]. Willis et al.
noted a higher frequency of NEC among infants fed undiluted
hypertonic calcium lactate than among those unsupplemented
or supplemented with diluted calcium lactate [95]. The Ameri-
can Academy of Pediatrics has recommended that infant feed-
ings have an osmolarity of less than 400 mosmol/L (equivalent
to an osmolality of approximately 450 mosmol/kg H2O) [96].

Hypertonic formulas may be the result of added oral
medications. In an excellent review by White and Harkavy,
the osmolalities of five oral preparations were studied:
theophylline, calcium glubionate, digoxin, phenobarbital, and
dexamethasone [97]. The osmolalities of all five were> 3000
mosmol/kg H2O, and hence they should be given undiluted
orally with extreme caution. When mixed with formula, theo-
phylline, calcium glubionate, and digoxin had acceptable
osmolalities (< 400 mosmol/kg H2O), but dexamethasone
and phenobarbital elixirs still had osmolalities of approxi-
mately 1000 mosmol/kg H2O, when 3.8 and 1 mL respectively
were mixed with 15 mL of formula [97]. Ernst et al. showed
that 1 mL of Polyvisol added to 30 mL of a standard formula
increased the osmolality from 375 to 744mosmol/kg
H2O [98]. If an intravenous line is required for other reasons,
then the intravenous route of drug administration may be
preferred over the oral route.

Immunologic considerations
The newborn protects its mucosa by secretory immunoglobu-
lin A (sIgA). sIgA inhibits bacterial adherence to mucosal cells
in addition to preventing other toxins and antigenic material
from binding to the epithelial cells. However, in term infants
sIgA is not demonstrable in intestinal fluids until 1 week of
age, and adult values are not reached until 1 month of age [99].
However, nature has its way of protecting the newborn. sIgA-
producing plasma cells in the maternal gut are antigenically
stimulated and migrate to the breast, where specific antibodies
are secreted into the colostrum. Thus the breastfed newborn
receives some passive protection against the bacteria he or she
is most likely to harbor (i.e., his or her mother's).

The possibility of improving gut defenses has been
explored extensively [100]. Eibl and coworkers reported their
results using an oral immunoglobulin preparation (73% IgA
and 26% IgG) in reducing the incidence of NEC in low-
birthweight infants (800–2000 g) [101]. These were infants
for whom breast milk was not available. In 88 infants fed the
oral IgA–IgG there were no cases of NEC, compared with six
cases among the 91 control infants. The IgA–IgG preparation

was made from human serum. In a meta-analysis, the oral
administration of IgG or IgG–IgA did not reduce the inci-
dence of definite NEC, suspected NEC, need for surgery, or
death from NEC [102].

Benefits of human milk
The possibility that breast milk (containing IgA) offers similar
immunoprotective benefit has also been studied. In the non-
breastfed premature infant, whose intestine is already imma-
ture, there is no protection against bacteria when microbial
colonization occurs. Hence, maternal milk has potential
importance in protecting the newborn. The work of Barlow
et al. in rats substantiates the importance of breast milk in
preventing NEC [103]. They consistently produced a disease
similar to NEC by producing a hypoxic insult in those rats
fed artificial formula. All breastfed asphyxiated rats were pro-
tected from disease. In the rat model, live milk leukocytes
appeared to be prophylactic. They concluded that breast milk
induced protective enteric immunity for newborn rats, and
it may similarly protect premature infants [103]. However,
NEC has been reported in neonates exclusively fed fresh,
frozen, or pasteurized human milk [104].

In the past, many nurseries fed premature infants pooled
frozen human milk. Kliegman et al. found that there was no
difference in the incidence of NEC among these infants and
those fed commercial formula [105]. The reason for this,
despite the theoretical advantages of breast milk, could include
the adverse affects of storage on the viability and functional
integrity of the cellular components of milk, in addition to the
possibility of contamination. In a study by Stevenson et al.
there was no difference in the intestinal flora of preterm
hospitalized infants fed stored frozen breast milk and a pro-
prietary formula. However, all the infants fed breast milk had
been treated with parenteral antibiotics [106].

Lucas and Cole reported a large prospective multicenter
study of 926 preterm infants formally assigned to their early
diet [107]. The results argue strongly for a highly protective
effect of human milk on the subsequent development of
NEC. In exclusively formula-fed babies, confirmed NEC was
6–10 times more common than in those fed breast milk alone,
and three times more common than in those who received
formula plus breast milk. Among babies born at more than 30
weeks' gestation, confirmed NEC was rare in those whose diet
included human milk; it was 20 times more common in those
fed formula only. Pasteurized donor milk seemed to be as
protective as raw maternal milk. In formula-fed but not
breastfed infants, delayed feeding was associated with a lower
frequency of NEC. In babies fed breast milk (alone or with
formula) there was a sharp decline in incidence of NEC with
length of gestation. Beyond 30 weeks' gestation there was only
one confirmed case of NEC among 376 babies receiving
human milk. The authors concluded that early introduction
of breast milk into the diets of preterm infants could make
NEC beyond 30 weeks' gestation a rarity [107].

Schanler et al. in a randomized trial confirmed the value of
feeding human milk to VLBW infants [25]. In their study,
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independent of treatment group assignment, those infants
receiving the most human milk had a significantly lower
incidence of NEC. Further, Schulman et al. showed that the
feeding of human milk (vs. formula) was associated with
decreased intestinal permeability at 28 days of age (p¼ 0.02)
[30]. Fresh human milk is composed of numerous immuno-
protective factors including neonatal antigen-specific anti-
bodies (IgA, IgM, and IgG), macrophages, lymphocytes,
neutrophils, enzymes, lactoferrin, lysozyme, growth factors
(e.g., epidermal growth factor, EGF), hormones, oligosacchar-
ides, polyunsaturated fatty acids, nucleotides, and specific
glycoproteins. Another potentially beneficial component of
human milk that was more recently discovered is platelet-
activating factor (PAF) acetyl hydrolase (PAF-AH). This
enzyme inhibits the activity of PAF, which is likely to be a
significant mediator in the pathophysiologic cascade of NEC
[108]. In a recent prospective study of 223 infants, enteral
feedings containing at least 50% human milk in the first
14 days of life were associated with a sixfold decrease in the
odds of NEC [109].

lschemia and hypoxia
Ischemia and subsequent damage to the intestinal mucosa
have been hypothesized in the pathogenesis of NEC. Investi-
gators developed an ischemic model of NEC in piglets and
postulated a “diving reflex.” This is a well-documented reflex
in marine animals when there is arterial constriction in the
vascular beds of the skin, kidney, and gastrointestinal tract in
an attempt to preserve cardiac and cerebral blood flow during
prolonged diving. Premature infants may respond in a similar
manner to repeated episodes of gut ischemia. Factors impli-
cated in the “ischemia–hypoxia” pathogenesis of NEC include
prenatal asphyxia, hypotension, hypothermia, umbilical vessel
catheterization, patent ductus arteriosus (PDA), polycythemia,
and exchange transfusion. Nonetheless, NEC does not develop
in the majority of infants with these risk factors [64,66], and
NEC has been reported in premature infants with no risk
factors [110].

Umbilical vessel catheterization has been widely implicated
in the pathogenesis of mucosal ischemia; 80% of infants with
umbilical artery catheters have been found to have distinct
arterial thrombosis [111]. Plasticizer levels in tissues of neo-
nates with NEC were found to be significantly higher than in
those without catheters [112]. A significant increase in portal
venous pressure was noted in newborn piglets undergoing
exchange transfusion via umbilical venous catheter. The
authors concluded that alterations in mucosal vascular pres-
sures produced ischemia secondary to vascular congestion and
hemorrhage [113].

The presence of a low umbilical catheter has been reported
to increase the risk of NEC, especially if the infant is fed
during the period of catheterization. However, a prospective
randomized clinical trial did not support this association
[114]. Kliegman's own experience reinforces the safety and
value of feeding infants as small as 600 g who are on a ventila-
tor while an umbilical catheter is in place [29]. In the study of

Schanler et al., there was no association between the use of
umbilical catheters, concomitant feeding, and either feeding
intolerance or NEC [25].

Role of vitamin E
Premature infants weighing< 1500 g maintained at high
serum levels of vitamin E for retinopathy of prematurity
(ROP) prophylaxis have been found to have a higher incidence
of NEC.

Johnson et al. found that premature infants weighing
< 1500 g who received prophylactic vitamin E had a higher
incidence of NEC and sepsis if maintained at pharmacologic
levels (> 3.0 mg/dL or 0.03 mg/mL) for more than 1 week
[115]. Hence, they recommended serum vitamin E levels be
kept between 1.0 and 3.0 mg/dL. In another study, high serum
vitamin E levels (> 3.5mg/dL) were found in premature
infants weighing < 1500 g when receiving the recommended
dosage of MVI Pediatric [116]; hence, weekly serum vitamin
E is recommended in those infants weighing between 1 and
3 kg. Further, infants with elevated vitamin E levels should
have multivitamins held until serum vitamin E levels normal-
ize; infants< 3 kg should receive 2 mL/kg (maximum 5 mL) of
MVI Pediatric daily to avoid elevations in serum vitamin
E and the increased NEC risk.

The most likely reason for the increased incidence of
NEC is that pharmacologic serum vitamin E levels result in
a decrease in oxygen-dependent intracellular killing ability,
which leads to an increased susceptibility to infection in
preterm infants.

Role of infectious agents
Many consider NEC to be an infectious disease, as many
infants are colonized with a resistant and invasive organism.
These organisms are capable of producing hydrogen gas,
which leads to pneumatosis. The most commonly encountered
organisms have been Escherichia coli, Klebsiella, and Clostri-
dium, and more recently Staphylococcus epidermidis has been
implicated in a number of patients [53]. The premature infant
has decreased resistance; coupled with the inability to mount
an appropriate immune response, these infections can be
overwhelming.

Prophylactic use of oral aminoglycosides was initially
hailed as a means of either prevention of NEC altogether or
prevention of perforation if NEC had already developed. Pro-
spective studies have demonstrated that oral gentamicin does
not prevent intestinal perforation or alter the course of the
disease. Further, oral aminoglycosides can be absorbed across
the damaged intestine and increase serum levels, possibly
leading to drug toxicity [65]. In addition, Neu and coworkers
showed that in animals who had been asphyxiated the use of
gentamicin significantly decreased jejunal lactase levels [117].

Maternal cocaine use
Maternal cocaine use has also been implicated in NEC in
infants [80]. Cocaine compromises the uterine blood flow
and fetal oxygenation in pregnant ewes, thus potentially
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impairing fetal gut development [118]. Lopez studied 1284
neonatal intensive care unit admissions and found that 12%
of exposed infants and 3% of non-exposed infants developed
NEC [119]. In low-birthweight or premature infants, the risk
is 2–3 times higher during the first 2 weeks in the exposed
babies but rises to five times higher after 2 weeks, particularly
in those infants smaller than 1500 g.

Role of corticosteroids
In a large multicenter collaborative trial using antenatal corti-
costeroids to prevent RDS, a significantly decreased incidence
of NEC was noted in infants treated with steroids [120].
Similar results have been shown prospectively in infants
treated prenatally, with a trend in reduction of NEC even with
postnatal treatment [121]. Additionally, corticosteroids stimu-
late PAF-AH and inhibit the PAF synthesis pathway [122]. In
the study of Schulman et al., antenatal steroid administration
was associated with decreased intestinal permeability at 28 days
of age (p¼ 0.017) [30]. Corticosteroids are one of the growth
factors implicated in the physiologic maturation of the intes-
tinal barrier, and in animal studies they help to mature many
components of the microvillous surface and enhance the
intestinal barrier to the uptake of antigens [80]. Postnatal
glucocorticoids are clearly not the ultimate answer to decrease
NEC, since their use is associated with a number of significant
adverse effects, including growth retardation, hyperglycemia,
hypertension, infections, hypertrophic cardiomyopathy, gas-
trointestinal bleeding, and intestinal perforation [123].

Newer thoughts on etiology
Enteral feeding, bacterial infection, and mesenteric ischemia
appear to play significant roles in the pathogenesis of NEC,
but are likely secondary to the basic underlying defects of
intestinal barrier immaturity. Contributing to this barrier of
young (compared to more mature) intestine may be:
(1) decreased mucus production or immature mucin

composition
(2) increased susceptibility to disruption of the epithelial cell

layer at the cell membrane and/or the basement membrane
level

(3) decreased repair capacity of the epithelial cell layer
(4) decreased tissue antioxidant activity
(5) decreased ability to maintain tissue oxygenation secondary

to immature regulation of blood flow and oxygenation
(6) increased susceptibility to inflammatory mediators
(7) dysfunctional immune response
(8) abnormal motility [124]
One – or, more likely, several – of these factors contributing
to gut immaturity may then result in mucosal injury that
progresses to NEC [125,126].

NEC seems to involve a final common pathway that
includes the endogenous production of inflammatory medi-
ators involved in the development of intestinal injury. Endo-
toxin lipopolysaccharide, PAF, tumor necrosis factor (TNF),
and other cytokines together with prostaglandins and

leukotrienes are thought to be involved in the final common
pathway of NEC pathogenesis [108].

PAF has emerged as a primary mediator of pathogenesis of
NEC [127,128]. PAF exerts local paracrine effects, and is
rapidly hydrolyzed by PAF-AH. PAF binds to a specific recep-
tor, leading to hypotension, increased vascular permeability,
hemoconcentration, lysosomal enzyme release, and platelet
and neutrophil aggregation [128]. Gonzalez-Crussi and Hsueh
have shown that intra-aortic injection of PAF resulted in
experimental bowel necrosis in the adult rat that is similar to
NEC [129]. Plasma levels of PAF-AH, the PAF-degrading
enzyme, have been shown to be significantly lower in preterm
neonates, and PAF levels in stools increase after the initiation
of enteral feeding [127].

PAF receptor antagonists or PAF-AH mixed in the for-
mula prevented the development of experimental NEC [127].
The bowel necrosis can be exacerbated by a nitric oxide
synthase inhibitor [108].

Epithelial cells of the intestinal mucosa turn over naturally
by the removal of some cells via programmed cell death
(apoptosis) and by replacement of the dying cells with prolif-
erating cells in the crypts. Abundant apoptosis might lead to a
breach in the mucosal barrier, allowing bacterial translocation
into the submucosa and triggering an inflammatory cascade.
PAF is a potent stimulator of apoptosis in cultured intestinal
epithelial cells [129].

Intestinal trefoil factor (ITF) is a cytoprotective peptide
secreted by the intestinal goblet cells which has been shown to
protect the gut mucosa against damage induced by several
injurious agents. In an experimental rat model of NEC, ITF
protected against PAF-mediated injury [130]. A proposed
schematic of the etiology of NEC is shown in Figure 44.1.

Nitrous oxide is synthesized from arginine and is critical
for intestinal barrier function. Inhibition of nitrous oxide
synthesis increases intestinal damage. Glutamine and arginine
serum levels have both been shown to be significantly lower
in premature infants with NEC compared to controls [131].

Salivary EGF has been shown to be decreased in NEC
infants compared to controls. There is a question of whether
a fall in EGF predicts the onset of NEC. If EGF were low, EGF
supplementation could possibly be given [124].

Early colonization of the gut might have an important
role in developing susceptibility to NEC. Therefore, the sup-
plementation of infant formula with probiotics might be
a feasible prevention strategy to reduce the incidence of NEC
in high-risk populations. Bifidobacterial supplementation
reduced the incidence of NEC in a neonatal rat model [132].
Supplementation of formula with live bifidobacteria prevented
the development of NEC in a quail model [133]. Further work
from the laboratory of Butel et al. focused on the contribution
of the prebiotic, oligofructose, to the protective role of bifido-
bacteria [134]. Thus the combination of a probiotic and prebiotic
may offer a new therapeutic way of preventing NEC.

Probiotics are live microbial organisms that enhance muco-
sal IgA responses, increase production of anti-inflammatory
cytokines, and normalize gut ecology [135]. Several randomized
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prospective studies in human infants (one used Inflor: Lacto-
bacillus acidophilus and Bifidobacterium infantis [136]) suggest
oral probiotics decrease the incidence of NEC, without the
development of other infectious complications such as sepsis
[136,137]. However, isolated case reports of sepsis following
Lactobacillus sp. feeding have been described in preterm
infants [138]; cases of fungemia following probiotic therapy
have been described as well [139]. Data are insufficient at
this time to comment on the short- and long-term safety of
probiotics. The type of probiotics used, as well as the timing
and dosage, are still to be optimized [140]. Therefore, until
further studies of efficacy and safety are available, routine use
of probiotic therapy in premature infants cannot be recom-
mended [141].

If human milk is not available, altered premature formulas
may lower the incidence of NEC. Delipidated formula (for-
mula without fat) has been shown not to alter intestinal
permeability, while premature formulas increase intestinal
permeability [124]. Carlson et al. studied preterm infants fed
on experimental formula with egg phospholipids (one or more
of which may have enhanced immature intestinal function) in
a randomized double-blind clinical study. Those infants fed
the experimental formula developed significantly less stage II
and stage III NEC compared to controls [142].

Outcome of NEC
In addition to post-NEC strictures, the most common compli-
cation is short-bowel syndrome – estimated to be 25% in one
review [79]. Since patients with short-bowel syndrome are
dependent on PN for varied periods of time, some patients
progress to TPN-associated cholestasis, with subsequent
cirrhosis and liver failure [79].

Neurodevelopmental outcome has also been studied in
babies surviving NEC. Sonntag and colleagues studied 20 of
22 surviving VLBW infants diagnosed with NEC between

1992 and 1996. Severe developmental delay was especially
frequent in the NEC group: it was found in 55% of the infants
after NEC but only 22.5% of the infants without NEC at
20 months corrected age [143]. In an additional study of
1151 extremely low-birthweight infants, factors significantly
associated with increased neurodevelopmental morbidity
included chronic lung disease, grades 3–4 intraventricular
hemorrhage/periventricular leukomalacia, steroids for chronic
lung disease, NEC, and male gender [144].

Prevention of NEC
Given the multitude of known beneficial effects of breast milk
for feeding premature infants, administration of fresh breast
milk should be given top priority as the most natural and safe
way of lowering the risk of NEC [125]. Early gastrointestinal
priming with human milk, using the bolus tube-feeding
method, “may provide the best advantage for the premature
infant” [25].

Since there will continue to be infants for whom breast-
milk feeding is not an option, investigation into the ideal
nutrient composition for infant formulas and the administra-
tion of formula additives should be actively pursued [124].
Premature formulas must be altered to minimize adverse
effects on intestinal barrier function. Omega-3 fatty acids
and egg phospholipid-containing diets have been used in both
animal and human studies [142,145]. These lipids seem to
have an anti-inflammatory effect, with reduction of the levels
of PAF and leukotrienes in the intestinal mucosa and a signifi-
cant decrease in the incidence of stage III NEC in less-than-
32-week premature infants [80].

In one study, increasing the volume of feedings at a slow
versus fast rate was not shown to result in a difference in
incidence of NEC [146]. The study was a randomized con-
trolled prospective trial. One hundred and eighty-five preterm
infants,< 1500 g, were randomized to receive either “slow”
feeding advancement of 15 mL/kg per day or “fast” advance-
ment at 35 mL/kg per day. The authors found no difference in
the incidence of NEC between the groups (13% with the slow
regimen vs. 9% with the fast regimen). The group randomized
to the fast regimen regained their birthweight more rapidly
[146]. These unexpected findings suggest that VLBW infants
may not require as much caution in their feeding regimens
as previously suggested, but few neonatologists currently
advance feedings rapidly in preterm infants [127]. Experience
dictates a very slow regimen for increases in feeding, beginning
early [147,148].

Future therapies potentially beneficial in preventing NEC
include:
(1) supplementation of feedings with probiotics (e.g.,

bifidobacteria) and possibly prebiotics (e.g., oligofructose)
(2) PAF antagonists or recombinant PAF-AH
(3) dietary supplements with growth factors (e.g., EGF,

glutamine)
(4) arginine supplementation of the preterm infant's diet – an

amino acid essential to intestinal integrity

Fig. 44.1. Proposed schematic of the etiology of necrotizing enterocolitis.
PAF, platelet-activating factor. – protective effect; þ damaging effect. Modified
with permission from Caplan and Jilling [127].
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(5) promotion of intestinal mucus production and addition of
mucin to commercially prepared infant formula

(6) antioxidant administration, especially glutathione and
vitamin E [124]

A recent clinically oriented study examining multimodal
prophylaxis (early trophic feeding with human breast milk,
enteral antibiotic, antifungal agent, and probiotics) in a high-
risk group has shown a low incidence of NEC, especially when
treatment was started within the first 24 hours of life [62,149].

Our knowledge of optimal nutrition in the premature
infant is in a continuing state of evolution. Current recom-
mendations for providing nutrition in the asphyxiated prema-
ture infant appear below.

Recommendations for nutritional
management of asphyxiated infants
Several preventive measures can be proposed for at-risk
infants. At-risk infants are those who are suspected to have
had an intrauterine or neonatal episode of asphyxia or shock
leading to poor bowel perfusion.

Late introduction of feedings
At-risk infants should receive nothing enterally for the first
5 days to 2 weeks of life; they should receive TPN. Enteral
feedings are then initiated slowly, but at the first sign of
abdominal distension, increasing gastric residuals, regurgita-
tion, guaiac-positive or clinitest-positive (anhydrous Bene-
dict's reagent) stools, enteral feedings should be stopped and
not reintroduced for several days to weeks.

Slow advancement of feedings
At the end of 5 days to 2 weeks, or if feedings are to be
initiated earlier than stated above (e.g., in tiny newborns on
ventilators), one should begin with 1 mL every 1–2 hours and
advance slowly to increase the total feedings by no more than
20 mL/kg per day.

Human milk
While early studies suggested that human milk would be
protective against NEC, NEC has been described even in

infants receiving fresh human milk. However, the immune
protection from fresh human milk is thought by many to be
very important to the preterm infant, and the large study of
926 preterm infants by Lucas and Cole argues strongly for the
protective effects of human milk [107]. The study of Schanler
et al. also supported the use of human milk – the greater the
quantity of human milk fed, the lower the morbidity [25].
Since human milk may not meet calcium, phosphorus, caloric,
and protein needs of low-birthweight infants, it can be supple-
mented with a human milk fortifier. In our laboratory, we
have shown that such supplementation has no adverse effects
on key anti-infective factors in human milk [150].

Route of feeding
Intermittent gavage tube feeding appears more physiologic
than transpyloric feeding, and, wherever possible, is preferred.
Schanler and coworkers confirmed the advantage of such
bolus feedings [25]. Enteral nutrition may be the critical
element that triggers postnatal gut maturation through release
of gut peptide hormones [151]. If the patient has regurgita-
tion, poor gastric emptying, or gastric distension, continuous
NG feeding or even transpyloric feeding may be required [13].

Observe for early signs of NEC
Carefully monitor all high-risk infants for any early signs of
NEC. These signs may occur up to 60 days of life in infants
whose first feed is delayed beyond the first week of life. If the
diagnosis of NEC is suspected, feedings are stopped, and the
infant receives nutrition by the parenteral route for several
days to 2 weeks, depending on the severity of symptoms.

Summary: asphyxia and necrotizing enterocolitis
Asphyxiated infants may have experienced a significant insult
to the gut, predisposing them to NEC. Enteral feedings are
usually withheld for the first 5 days to 2 weeks after the insult,
then advanced slowly. Prolonged bowel rest may arrest gut
maturation, but maturation will resume when intraluminal
nutrients are reintroduced [152]. Gut atrophy in the chronic-
ally parenterally fed infant may lead to increased intestinal
permeability to bacteria [153,154].
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Section 6
Chapter

45
Assessing outcome of the brain-injured infant
Early childhood neurodevelopmental
outcome of preterm infants
Susan R. Hintz

Epidemiology of preterm birth:
framing the issues of sequelae
Preterm birth is a substantial and growing problem for
developed nations. In the United States between 1990 and
2004, the proportion of live-born infants delivered preterm
(< 37 weeks estimated gestational age, EGA) rose from 10.6%
to 12.5%; the proportion delivered very preterm (< 32 weeks
EGA) rose from 1.92% to 2.01% [1]. Thus, more than 500 000
preterm infants and 82 000 very preterm infants were born in
the United States alone in 2004. With improvements in peri-
natal and neonatal care and technology over the past decades,
survival of preterm infants has improved significantly, par-
ticularly among the smallest and most immature subgroups
[2]. In the Netherlands, survival to discharge for infants of
22–27 weeks EGA rose from 36.1% to 67.8% between 1983 and
1995 [3]. In two large regional tertiary care centers in Sweden,
survival to discharge for live-born infants of 23–25 weeks EGA
increased from 55% to 78% from 1992 to 1998 [4]. In the state
of Victoria, Australia, survival to discharge among infants of
23–27 weeks EGA increased from 56% in 1991–92 to 72% in
1997; of note in the 1997 birth cohort, survival was 41%, 41%,
and 73% for 23-, 24-, and 25-week EGA groups, respectively [5].
For extremely low-birthweight (ELBW) infants overall in
Victoria, survival rate increased from 38% in 1985–87, to 56%
in 1991–92, to 73% in 1997 [6]. These data may be contrasted
with less optimistic reports of relatively recent preterm survival,
particularly at the lowest gestational age subgroups [7,8]. How-
ever, survival among extremely preterm infants is highly
dependent on variables such as approach to intervention or
non-intervention [9,10], and regionalization of care [4,5,11,12].

The reported increased survival of extremely preterm
infants in the 1990s is linked at least in part with concomitant
increased offers of intensive care intervention; survival may be
possible even for the most immature infants if support is
provided. Yet despite the recognition that survival is achievable –
or perhaps because of it – the question has been posed whether
the comprehensive costs associated with extremely preterm
birth and its sequelae can be justified. Attempts to estimate
even the economic consequences of hospitalizations and

services are challenging, and analyses may not be comparable
regions; but financial resource utilization is amongst, not
surprisingly, significantly greater for preterm than for term
children. In a Southern England cohort, adjusted total hospital
costs were 443% higher for preterm than term children by
10 years of age [13]. In a statewide Massachusetts cohort,
the estimated cost per child for overall early intervention
services through age 3 was significantly higher for very pre-
term infants than for either moderately preterm or full-term
infants [14]. Nevertheless, in a regional economic analysis
of quality-adjusted survival, Doyle demonstrated that the
economic efficiency of neonatal intensive care among ELBW
infants to 2 years of age has not declined significantly over two
decades, with similar costs per quality-adjusted life-year gained
over time [15]. Although important, such economic con-
siderations have little immediate impact for medical provi-
ders as they counsel families, or for families as they consider
the future for their infants. In these circumstances, discus-
sion around “comprehensive costs” often and appropriately
focuses on the potential neurodevelopmental and functi-
onal sequelae of preterm birth. For families and other
medical decision makers, knowledge of the range of out-
comes beyond the neonatal period, and of the clinical and
sociodemographic variables associated with adverse outcomes,
as well as the limitations of our ability to predict outcomes
for an individual child, are critical components in understand-
ing the possible implications and consequences of extremely
preterm birth.

Numerous neurodevelopmental outcomes analyses, ranging
from small or single-center cohorts to large multisite observa-
tional studies, have been published since successful resuscitation
of preterm infants became widely achievable. This chapter
does not seek to present a comprehensive history of all pub-
lished neurodevelopmental outcomes studies, but rather we
will concentrate on results from larger cohorts and regional
population-based studies, presenting more recent data when-
ever possible. For early childhood outcomes, the attention will
be focused on birth cohorts after 1990.

Early childhood neurodevelopmental
outcomes
Neurodevelopmental outcome assessments in studies of pre-
term infants have historically taken place in early childhood
(18–30 months of age corrected for prematurity). At this age, a
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battery of exams and tests can be performed, including
neurosensory and neurologic exams to assess for blindness,
deafness, and cerebral palsy (CP), and standardized cognitive
and psychomotor assessments such as the Bayley Scales of
Infant Development (BSID). Although these evaluations are
important and informative, interpretation and comparison of
studies are difficult. Many studies report on outcomes by
adverse categories and frequently combine any adverse finding
from various aspects of the overall visit to attain an “impaired”
or “not impaired” status. The definitions of “adverse” out-
comes may not be consistent across studies; indeed, the defin-
itions of the individual components of “impairment” such as
CP, blindness, deafness, and developmental delay may also
differ across studies. In addition, increasing evidence suggests
that assessments into later childhood, adolescence, and adult-
hood are critically important to understand the true functional
and societal outcomes of former preterm infants [16]. Con-
cerns regarding the predictive validity of early childhood
cognitive assessment tools, changes in cognitive abilities over
time, and an increasing recognition that numerous physical
and environmental effects may modify recovery, reinforce the
need for later assessments [17–19]. Some neurocognitive,
executive function, and behavioral challenges may only be
detected at school age. Even recognizing that such learning
and attention problems may occur in preterm infants is a
critical step to ensuring adequate support and services for
families and teachers to help children achieve their best possible
outcomes. Nonetheless, a substantial body of literature exists on
early childhood neurologic and cognitive outcomes. An under-
standing of the range of neurodevelopmental outcomes, and the
factors associated with adverse outcomes, is critically important
both to the medical care team and to the family.

The Victoria Infant Collaborative Study Group
(VICS Group)
The Victoria Infant Collaborative Study Group (VICS Group)
has reported on several distinct cohorts of preterm infants
born 23–27þ 6/7 weeks of gestation in the state of Victoria
(Australia). For the purposes of this chapter, we will focus on
the most recent published cohorts, born during 1991–1992
(n¼ 401), and 1997 (n¼ 208) [5,20]. Survivors received neu-
rodevelopmental assessment at two years of age corrected
for prematurity (1991–92: n¼ 219, 97% of survivors; 1997:
n¼ 148, 99% of survivors). Importantly, and different from
many other prospective follow-up studies, contemporaneous
normal-birthweight (NBW) controls were enrolled and evalu-
ated. Impairments assessed included blindness, deafness, and
developmental delay defined as developmental quotient (DQ)
on BSID Mental Developmental Index (MDI) 1 SD or more
below the mean relative to NBW controls. Neurologic exam
for CP was also performed; the authors described “severe” CP
as unlikely ever to walk, and “moderate” CP as unable to walk
at two years but likely to walk.

Neurodevelopmental outcomes of the VICS cohorts at 2
years of age corrected for prematurity are shown in Table 45.1.

Overall, there were no substantial differences between the two
cohorts, with 11–12% diagnosed with CP, and approximately
half of children in each of the cohorts with DQmore than 1 SD
below the mean of NBW controls. Any neurosensory disability
was observed in 45–50% of the preterm cohorts, but also in 20%
of the NBW controls. However, moderate to severe disabilities
were observed in 21% of the 1991–92 and 27.7% of the 1997
cohort, compared with only 3–4% of the NBW controls.
Among only those born at 23–25þ 6/7 weeks' gestation, any
neurosensory disability was observed in 58% of the 1991–92
and 56.5% of the 1997 cohort; moderate to severe disabilities
were observed in 30% of the 1991–92 and 30.7% of the 1997
cohort. Thus, in these regional analyses, the rates of disability at
2 years among these most premature infants did not change
appreciably over the two eras, yet survival increased from 38%
in 1991–92 to 58% in 1997. For all ELBW infants in Victoria,
moderate to severe neurosensory disabilities were reported in
19% of the 1991–92 and 26% of the 1997 cohorts, while devel-
opmental delay was reported in 42% of the 1991–92 and 47% of
the 1997 cohort [5,6,11].

The EPICure Study
The EPICure Study is a population-based mortality, morbid-
ity, and neurodevelopmental outcomes study. All infants
born at 20–25þ 6/7 weeks' gestation from March through
December 1995 were identified in all 276 maternity units in
the United Kingdom and Ireland. This cohort is extraordin-
arily valuable, not least because it is truly population-based,
but also because detailed data were collected regarding timing
of death from the delivery room through hospitalization [7].
Of 1185 infants born at 22–25þ 6/7 weeks' gestation,
377 (32%) died in the delivery room, 314 survived to dis-
charge. Neurodevelopmental assessment occurred at a median
of 30 months of age corrected for prematurity for 283 of the
308 survivors [21,22]. Assessments included a detailed neuro-
logic and functional examination, and administration of the
BSID-II MDI and PDI, evaluated with respect to published
norms. “Severe disability” was defined as likely to require
the child to need assistance to perform daily activities
according to neurologic, motor, sensory, and communica-
tion domains. Neurologic exam for CP was also performed,
classified by limb involvement.

EPICure study 30-month outcomes are shown in
Table 45.1 [21]. Approximately 76% of the cohort was free
of any neuromotor disability and 66% had no hearing, vision,
or communication disability, but only 36% of children were
reported to have no developmental disability (BSID-II scores
> 85). The proportion of children with disabilities did not
appear to differ by gestational age; � 23-week, 24-week, and
25-week groups had 27%, 30%, and 30% moderate to severe
developmental disability (BSID MDI or PDI< 70), and 8%,
12%, and 9%were diagnosed with severe neuromotor disability,
respectively. However, robust comparisons are difficult, given
that patient numbers were quite small, particularly for the� 23
week EGA group. This finding underscores the grave prognosis
for survival among the most premature infants in this cohort;
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only 18% of � 23-week EGA infants admitted alive to a
NICU survived to discharge, compared with 48% of 25-week
EGA infants.

Finnish National ELBW Cohort
The Finnish ELBW Cohort consists of all ELBW infants of
at least 22 weeks' EGA born in Finland from 1/1/1996 to
12/31/1997 [8,23]. Of 529 infants meeting weight and EGA
criteria during this time, 351 were live-born, and 211 survived
to 40 weeks' gestation equivalent. Three additional patients
died in very early childhood. This population included 97% of
all Finnish infants born before 27 weeks. Thus the Finnish
cohort is overall more mature from the perspective of gesta-
tional age than previously discussed cohorts. In addition to
obtaining full population-based mortality and in-hospital
morbidity data, the cohort was followed at 18 � 2 months of
age corrected for prematurity for neurologic, hearing, vision,
and communication assessments. Cerebral palsy was defined
as motor impairment with spastic or dystonic tone, brisk
reflexes, positive Babinski's sign, and persistent primitive
reflexes. Children were characterized as “normal” if they had
no impairments in any of the four assessed areas; “mildly”
impaired if they had 1–2 impairments but were not blind,
severely hearing-impaired, diagnosed with CP, or had
seizures; and “severely” impaired if they had 3–4 impairments
or any of the problems excluded in the “mild” category.
A regional subcohort of infants born at Helsinki University
Hospital (n¼ 109 live-born, n¼ 84 survivors to early child-
hood) also underwent BSID-II at 24 months of age corrected
for prematurity. Healthy, full-term infants, born at Helsinki
hospital contemporaneously with the ELBW infants, served as
controls (75 of 126 invited controls were entered).

Outcomes are shown in Table 45.1. Normal motor devel-
opment was reported for 76% (157/207), and normal verbal/
communication assessments were reported in 53% (103/195),
with 36% demonstrating mild verbal delay and 6% demon-
strating severe delay. Ophthalmologic exam was considered
completely normal in 77% (151/197), but the majority of those
considered “abnormal” had strabismus (n¼ 23) or myopia
(n¼ 15); 8% (n¼ 14) of the group required glasses. Although
only 22% of the regional subcohort had BSID-II scores
< 85 and 1% had scores < 70, this relatively low rate should
be viewed with respect to the term control group BSID scores
(mean 106, SD 9.6), which are higher than the published
population norms. Thus, given that the mean ELBW for the
subcohort (95) was a standard deviation below the control
mean score, reliance on published norms may underestimate
the extent of developmental delay at this time point for this
population.

Rainbow Babies ELBW cohorts
Since the late 1970s, Maureen Hack and her colleagues at
Rainbow Babies and Children's Hospital, Case Western
Reserve University, have undertaken ground-breaking and sem-
inal epidemiologic studies of early childhood, school-age, ado-
lescent, and adult outcomes among VLBW and ELBW infants.

The complete body of work from this group is vast; therefore,
for the purposes of this chapter, discussion of early childhood
outcomes will focus on the most recent ELBW birth cohorts.

The Rainbow Babies cohorts from the 1990s and 2000–02
consist of all live-born infants with birthweights 500–999 g
and without major anomalies born at a single large center in
the United States [24–26]. Of 749 ELBW infants born alive in
the 1990s, 508 (68%) survived to 20 months; 83 (11%) were
not offered assisted ventilation because they were considered
non-viable due to immaturity. Of 233 ELBW infants born
alive in 2000–02, 165 (71%) survived to 20 months; 26 (11%)
were not offered assisted ventilation. Thus it is important to
recognize that the Rainbow cohorts are defined by weight, not
extreme prematurity, and that a birthweight of less than 500
grams was an exclusion criterion for these studies. The cohorts
were followed at 20 months of age corrected for prematurity,
and the visit included neurosensory assessment and adminis-
tration of the BSID MDI and PDI. Cerebral palsy was defined
as a moderate to severe persistent disorder of movement and
posture. “Major neurologic impairment” was defined as CP,
hypotonia, hypertonia, or shunt-dependent hydrocephalus with
or without neurologic abnormalities. Overall “neurodevelop-
mental impairment” was defined as any major neurologic
impairment, unilateral or bilateral blindness or deafness (requir-
ing hearing aid), or BSID MDI < 70.

Outcomes for both cohorts are shown in Table 45.1. There
were significant differences between the two cohorts on
unadjusted analyses, favoring the 2000–02 group [26]. The
rate of neurosensory impairment (major neurologic impair-
ment or blindness or deafness) was 23% in the 1990s cohort,
but only 9% in the 2000–02 cohort. Adjusting for differences
between the cohorts in gestational age only, survival without
neurodevelopmental impairment was more likely in the later
cohort (OR 1.5, 95% CI 1.1–2.0; absolute observed rates ¼
41% in the 1990s, 50% in 2000–02). There were also significant
increased rates of antenatal steroid use and cesarean section,
and decreased rates of postnatal steroid use, sepsis, and severe
cranial ultrasonographic abnormality between the cohort
periods. After adjusting for these variables, the observed
increase in impairment-free survival between the two cohorts
was no longer significant, suggesting that the findings could be
explained by changes in perinatal and neonatal management.
Notably, this apparent improvement in outcomes between
the 1990s and 2000–02 is in contrast with analyses by the
Rainbow group and others demonstrating increased survival
but worse or unchanged neurodevelopmental outcomes
between birth cohorts in earlier eras [26–29]. This observation
is an encouraging finding when considering the potential out-
comes of current and future ELBW and extremely preterm
infants.

NICHD Neonatal Research Network
Follow-Up Study Group
The National Institute of Child Health and Human Develop-
ment (NICHD) Neonatal Research Network (NRN) was
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initiated in 1986 as a multicenter effort in the United States
with the main objective of providing a registry of uniformly
collected baseline and morbidity and mortality data to provide
the basis for planning and implementing clinical trials. The
NICHD NRN Follow-up Study Group was later added to
provide neurodevelopmental follow-up to ELBW survivors
401–1000 g. Numerous analyses have been published by this
Follow-Up group, but for the purposes of this chapter we will
focus on neurodevelopmental outcomes of the most recent
birth cohorts over a range of gestational ages [29–31].

Membership in the multicenter NRN is through a mech-
anism of competitive grant application on a 6-year cycle.
Participating institutions are major academic tertiary care
centers and regional referral centers; thus these patients do
not represent a regional or population-based cohort, but likely
includes a group of patients at the more critical end of the
spectrum of illness. During the period 1993–99, infants from
participating centers were eligible for inclusion in the general
database if they were < 1500 g, admitted to the institution
within 14 days of age. The NRN Follow-Up study database
included neurodevelopmental follow-up at 18–22 months of
age corrected for prematurity for ELBW survivors (401–1000
g birthweight). Of 2502 ELBW infants born 1/1/93–12/31/94
and cared for at a NRN site, 1586 (63%) survived to discharge
(22–25 week: 55%; 27–32 week: 82%). Of 2357 ELBW infants
born 1/1/95–12/31/96, 1555 (66%) survived to discharge
(22–26 week: 56%; 27–32 week: 87%). Of 2539 ELBW infants
born 1/1/97–12/31/98, 1735 (68%) survived to discharge (22–26
week: 61%; 27–32 week: 86%). The cohorts were followed at
18–22 months of age corrected for prematurity, and visits
included neurosensory and gross motor functional assess-
ments (GMFCS), and administration of BSID MDI and
PDI. Examinations were performed by experienced, certified
examiners, who were trained in annual 2-day workshops
to assure reliability. Cerebral palsy was defined as a non-
progressive central nervous system disorder with abnormal
muscle tone in at least one extremity and abnormal control
of movement or posture. Moderate to severe CP included
children who were non-ambulatory or required assistive
devices. Neurodevelopmental impairment (NDI) was defined
as MDI or PDI< 70, moderate to severe CP, bilateral blind-
ness, or bilateral deafness requiring amplification.

Outcomes for the 1995–96 and 1997–98 overall ELBW
cohorts, stratified by EGA, are shown in Table 45.1 [30]. In
the 1993–94 cohort (not shown in the table), moderate to
severe CP was diagnosed in 12% and 7.8% of the 22–26-week
and 27–32-week groups, respectively. Adjusting for confound-
ing variables in regression analyses, rates of any CP or moder-
ate to severe CP did not change over time, but not surprisingly
rates were significantly different between the gestational age
groups. In the 1993–94 cohort, MDI< 70 was found in 42%
and 30%, and NDI in 50% and 40%, of the 22–26-week and
27–32-week groups, respectively. In regression analyses, a
significant decrease in rates of MDI< 70 and NDI over the
three eras was noted, but this was primarily explained by
differences between rates in the earliest (1993–94) compared

with the second (1995–96) eras. As with the Rainbow cohorts,
the NRN group noted significant increases in rates of ante-
natal steroid use and cesarean section, and decreased rates of
postnatal steroid use over the three eras. Although the rates
of CP of any severity may be concerning, gross motor function
in many of these children may in fact be relatively normal.
In separate analyses of GMFCS findings in ELBW survivors
born 8/1/95–2/1/98 in the NRN Follow-Up study, many chil-
dren with CP had normal or mildly delayed gross motor
function [31]. The ability to walk 10 steps independently and
fluently (GMFCS level 0, normal) or sit with hands free, walk
with hands held, and cruise (GMFCS level 1, mildly delayed)
was demonstrated by 100% children with spastic monoplegia,
69% of children with hemiplegia, 78% with diplegia, and 38%
with triplegia.

The substantial rates of impairment in the lowest EGA
range prompted further investigation of outcomes among
the most immature infants in the NRN Follow-Up group
[29]. Outcomes of infants < 25 weeks EGA born 1993–99
are shown in Table 45.1, stratified by eras (born 1/1/1993–6/
30/1996 and 7/1/1996–12/31/1999). Survival to discharge rates
were 40% (473/1170) in the first era and 43% (544/1260) in the
second era. Despite more aggressive perinatal management,
with increased use of antenatal steroids, antenatal antibiotics
and cesarean section delivery between the eras, no significant
improvements in neurodevelopmental outcomes were
observed; in fact, in multivariate analyses, membership in
the later birth cohort was associated with significantly greater
odds of MDI< 70. However, use of postnatal steroids and
rates of bronchopulmonary dysplasia (BPD) were higher in
the second era as well, which are factors known to be associ-
ated with adverse outcomes in premature infants. Although
these variables were included in regression analyses, other
aggressive and perhaps untested management strategies may
have been applied; such approaches and interventions, and
their downstream effects, may have represented unknown
variables that could confound analyses. Given the hopeful
early neurodevelopmental findings from recent ELBW cohorts
[26], analyses of more recent extremely preterm cohorts would
be of great interest.

Risk factors associated with
neurodevelopmental sequelae
A number of perinatal, neonatal, and sociodemographic vari-
ables have been linked with early childhood neurologic and
developmental disability in preterm infants (Table 45.2). Out-
comes may be influenced by an enormous array of biologic,
environmental, and iatrogenic factors. Furthermore, the risk
factors themselves may be tightly associated with other vari-
ables, and one factor may modify or potentiate the effect of
others; therefore, analyses can be complex and challenging to
interpret despite the efforts of investigators to consider con-
founders. Some studies have suggested that little of the vari-
ance in outcomes can even be explained by identified major
risk factors [32]; thus, unknown or currently unknowable
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factors may be important determinants or modifiers of neu-
rodevelopmental outcomes. Nevertheless, several variables
have been consistently recognized to be associated with
adverse neuromotor outcomes and overall impairment in
early childhood among ELBW and very preterm infants. Risk
factors for developmental or cognitive delay are more difficult,
in part due to differences among studies with respect to
definition of delay, and to social–environmental interactions.

The objectives of neurodevelopmental outcomes studies
are not only to provide information to help better predict
outcomes, but also to identify factors associated with adverse
outcomes that may be modifiable. Recognition of such factors
serves as a stimulus for further translational and clinical
research, with the hope of uncovering the biologic basis of
the connection, and with the ultimate goal of changing care
paradigms to improve long-term outcomes for preterm
infants.

Brain injury
Cranial ultrasound
Cranial ultrasound (CUS) has been used to image preterm
infant brain injury since the late 1970s [33,34]. Given the
modality's portability, ease of repeatability, non-invasive tech-
nique, and the development of a standardized grading system
for intraventricular hemorrhage (IVH) [35], CUS quickly
became the neuroimaging standard of care (see also
Chapter 24). Although many seem to rely heavily on simply
the presence of grade 3 IVH, intraparenchymal hemorrhage
(IPH), or cystic PVL to counsel families about the neurodevel-
opmental outcomes of their preterm infants, the complexity of
interpretation and limitations of CUS should give clinicians
cause for prudence and careful consideration.

CUS abnormalities and early childhood neurodevelopmental outcomes
Virtually every major study of early childhood neurodevelop-
mental outcomes among preterm and ELBW infants has con-
firmed a strong association between major CUS abnormalities
and adverse neurodevelopmental outcomes. Definitions of
CUS abnormalities as well as specific outcomes differ among
studies; however, most consider parenchymal hemorrhage, or

ventricular dilation, or cystic changes, regardless of laterality
or extent of the findings, to be severe abnormalities
[22,24,29,30]. In some, persistent periventricular echodensity
or “flaring” is included [36,37]. This diagnosis may be based
on a single CUS, either the “worst” or the “final” imaging
study, but a few prospective cohorts, notably that of deVries
et al. [37], required serial imaging.

The EPIPAGE study followed 22–32-week EGA infants
born in nine French regions during 1997 to 2 years of age
[36]. Significant CUS abnormalities were associated with CP;
57% of those with cystic PVL were diagnosed with CP, but
only 24% of those with any presumed white-matter injury
(WMI) defined as PVL, ventricular dilation, or intraparen-
chymal hemorrhage or cyst. The EPICure study also found
that severe CUS abnormalities were strongly independently
associated with CP and severe motor disability [22]. Of
importance, when children with motor disability were
excluded, severe CUS abnormality was not significantly cor-
related with BSID MDI score. Hack et al. also found that
severe CUS abnormality was significantly associated with neu-
rologic abnormality at 20 months, but not with poor cognitive
outcome among patients without significant neurologic
impairment [24]. In the National Brain Hemorrhage Study
(NBHS) cohort of infants < 2000 g birthweight, parenchymal
lesions or ventricular enlargement (PL/VE) on neonatal CUS
was independently associated with severe motor disability at 2
years [38]. Although severe cognitive impairment also
appeared to be related to PL/VE, this association was not
significant after controlling for differences in motor perform-
ance. Studies of ELBW and extremely preterm infants from
the NICHD NRN have shown grade 3 or 4 intracranial hem-
orrhage or cystic PVL to be significantly associated with CP
and overall neurodevelopmental impairment at 18–22 months
[29,30]. These studies also suggested severe CUS abnormalities
to be associated with BSID MDI< 70, but patients with severe
neuromotor and neurosensory impairment were not excluded
from this group; thus cognitive impairment was not assessed
separately from motor disability. The EPIPAGE group also
reported that severe CUS abnormalities were independently
associated with decreasing developmental quotient [39]. In
extremely detailed serial CUS studies of patients < 36 weeks
in a single center, deVries et al. found that the sensitivity and
specificity of major CUS abnormalities for CP at 2 years was
an impressive 76% and 95% for patients < 32 weeks EGA. Of
importance, among those with major CUS abnormalities who
developed CP, approximately 30% were only noted after 28
days. Negative predictive value of major CUS abnormalities
for CP was 99%, although positive predictive value was only
48% for < 32-week EGA infants. Major CUS abnormalities
were not strongly associated with cognitive delay at 2 years.

Challenges to interpretation
In skilled hands and with meticulous technical attention,
much can be seen beyond IVH by CUS. However, CUS is an
operator-dependent modality, imaging procedures and views
differ among institutions and studies, and there is no uniform

Table 45.2. Factors reported to be associated with adverse early childhood
neurodevelopmental outcomes among ELBW or extremely preterm infants

Cerebral palsy/motor
impairment

Developmental/cognitive
impairment

Significant brain abnormalities
(see text)

Significant brain abnormalities
(see text)

No antenatal steroids Male gender

Early postnatal hospital transfer Social risk

Male gender Infection

Infection Severe necrotizing enterocolitis

Bronchopulmonary dysplasia Bronchopulmonary dysplasia

Postnatal dexamethasone Postnatal dexamethasone
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approach to serial imaging protocols. For instance, the cere-
bellum is best seen by US using mastoid fontanel (MF) views,
and the trigone and occipital horns of the lateral ventricles are
best seen by posterior fontanel (PF) views; however, some still
rely solely on the anterior fontanel (AF) views for preterm
imaging [40]. Cerebellar hemorrhage may be a more common
complication among preterm infants than previously thought,
and appears to be associated with long-term neurodevelop-
mental disabilities [41,42]. Without serial imaging, transient
lesions may be missed, including echodense periventricular
lesions or collapsing small cystic lesions, both of which may
represent evolving WMI [37,43]. Isolated intraparenchymal
hemorrhages can be seen by carefully performed CUS; char-
acteristics of the hemorrhage including laterality, midline
shift, and extent may be important to predict adverse neuro-
developmental outcomes [44,45]. Nevertheless, studies of
ELBW and extremely preterm infants suggest that approxi-
mately 30–40% of those with CP or neuromotor impairment
in early childhood did not have significant CUS abnormalities
[3,24], and normal CUS do not ensure normal neurodevelop-
mental outcomes [46].

There is little doubt that CUS can be a more valuable
predictive diagnostic tool with optimal timing and imaging
protocols. But given the inconsistencies in procedures, chal-
lenges to interpretation of resulting data, and the extraordin-
ary array of complex variables that influence outcomes,
reliance solely on CUS findings – or any single factor – to
attempt “perfect prediction” of neurodevelopmental outcome
is inappropriate. More detailed measures of the extent of
significant parenchymal and WMI seen by neonatal CUS
certainly may improve risk assessment for motor and devel-
opmental impairment in early childhood [37,44,47], but
advanced imaging techniques such as magnetic resonance
imaging (MRI) could substantially enhance our capabilities.

Magnetic resonance imaging
Brain MRI has been used more extensively in recent years
among preterm infants, both for research and for clinical
indications. Availability of MR-compatible infant equipment,
monitoring devices, and isolettes [48–50], and recognition that
non-sedated imaging is possible and indeed customary in
many institutions [51,52], have made MRI a more routine
advanced neonatal neuroimaging method. MRI allows for a
more comprehensive and detailed picture of the brain, and
better delineation of deep structure and cortical injury than
CUS. Potentially most important however, MRI provides
improved detection of subtle or diffuse WMI [53–55], which
appears to be common among preterm infants at term [56,57]
and may prove to be critically important to understanding the
structure–function relationship of the developing preterm
brain and influences on later neuromotor and cognitive out-
comes. Advanced MR imaging in preterm infants at near term
have shown that even subtle MR-detected WMI is associated
with reduced total-brain and gray-matter volumes, reduced
cerebellar volume, and reduced basal ganglia and thalamic
volume [58–62]; volume reductions which, in turn, are

associated with developmental impairment in middle and late
childhood among preterm infants [63,64].

MRI findings and early childhood neurodevelopmental outcomes
Increasing numbers of studies have shown that MRI may be
an important adjuvant technique to CUS, or superior to CUS,
in predicting neurodevelopmental outcome for preterm
infants. Among preterm infants with unilateral parenchymal
hemorrhage on CUS, abnormal myelination of the posterior
limb of the internal capsule (PLIC) on MRI at near term has
been reported to be helpful in prognosis of hemiplegia and
high-tone motor deficits [65,66]. Notably, although the cere-
bellum may be seen by appropriate views on CUS, MRI may
distinguish important topographic features of cerebellar injury
that could help to predict severity of neuromotor and devel-
opmental impairment [42]. In preterm infants with inhomo-
geneous periventricular echodensities on CUS, neonatal MRI
may not only clarify the extent and severity of WMI, but
predict early childhood MRI injury pattern as well as motor
and visual outcomes at 18 months [67,68].

Early studies attempting to compare term-equivalent MRI
with CUS predictive capabilities were primarily small, single-
center studies, and timing and approach to CUS differed
[51,66,68]. However, these studies suggested that MRI may
better predict early childhood neuromotor outcome than
CUS. The largest study to date was a prospective multicenter
effort comparing serial CUS with near-term MRI findings
and their association with 2-year outcomes in 167 infants
< 30 weeks EGA [52]. This study demonstrated that moderate
to severe white-matter abnormalities on near-term MRI were
significantly associated with neuromotor delay and cerebral
palsy, independent of CUS findings and other risk factors.
Increasing WMI severity was also linearly related to worsening
BSID MDI scores, but an independent association of moderate
to severe WMI with severe cognitive delay was not reached.
This study was a substantial and promising step toward dis-
tinguishing neuroimaging techniques and injury that can
better predict outcomes in this vulnerable population.

Challenges and future directions
Current guidelines do not recommend near-term MRI for
routine preterm infant neuroimaging [69]. But recent studies
in preterm infants continue to indicate that brain injury or
structural abnormalities are better delineated by MRI than by
CUS, and emerging evidence suggests that MRI may provide
prognostic advantages at least in some situations. Future stud-
ies should focus further on identifying specific high-risk
groups of preterm infants for which MRI would definitively
improve prediction of neurodevelopmental outcomes. But this
task will require much larger patient numbers. Of enormous
interest is the mechanistic connection between WMI and
cognitive delay in preterm infants, supported by studies
demonstrating that WMI on near-term MRI is associated with
deep gray-matter volume reduction [60,61], and that even
mild WMI on MRI in later childhood is associated with lower
IQ and total impairment [70]. Quantitative MRI techniques
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such as diffusion tensor imaging and tractography promise to
help clarify this pathway [71].

Antenatal, demographic, and social risk variables
Events and interventions prior to delivery may have signifi-
cant influences on extremely preterm neurodevelopmental
outcomes. Antenatal steroid treatment appears to be protect-
ive with respect to adverse early childhood outcomes including
CP, PDI< 70, neurologic abnormalities, and motor impair-
ment [22–24,30,70,72]. Antenatal steroids have been shown
not only to reduce severity of respiratory distress syndrome
and improve survival, but also to protect against IVH [72].
However, analyses indicate that the protective effect of ante-
natal steroids is independent of severe CUS abnormalities,
suggesting an additional mechanism may be at play. Early
postnatal hospital transfer (within 24 hours) was identified
as a risk factor for CP and severe motor disability by the
EPICure study [22]. Although antenatal steroid treatment
was less likely among these patients and significant CUS
abnormality was more likely, transfer within 24 hours
remained a significant risk factor independent of those vari-
ables, underscoring the importance of regionalized care for
these extremely vulnerable patients [73].

A distinct male disadvantage for death, short-term morbid-
ities, and neurodevelopmental outcomes has been frequently
noted for ELBW and extremely preterm infants [21,22,24,30,74].
Male gender has been reported to be an independent risk
factor for early childhood cognitive delay, cerebral palsy,
and motor impairment. The reasons for this gender-specific
vulnerability are obscure, but measurable risk factors and
events do not appear to confer differential risk for adverse
neurodevelopmental outcomes for boys [74]. Fetal hormonal
exposures and genetic influences are important areas for
further research.

Measures of social risk have been frequently reported to be
associated with significant early childhood cognitive impair-
ment [22,24,29,30,75]. Some investigators have developed
cumulative social risk scores based on several variables [24],
but many others assess social risk primarily by level of mater-
nal education. Racial or demographic background have also
been identified as risk factors for cognitive delay independent
of maternal education; racial factors are likely to be markers
for reduced socioeconomic circumstances in some cohorts, but
not in all [23]. Given that environmental factors may contribute
to the effects of social risk on outcome, early developmental
intervention and parenting programs may positively modify
the adverse influence of social risk [76].

Other major neonatal morbidities associated
with adverse outcomes
Preterm infants with bronochopulmonary dysplasia (BPD),
usually defined as oxygen requirement at 36 weeks post-con-
ceptional age, have been shown to be at higher risk for all
components of neurodevelopmental impairment in early
childhood [77–79]. Infants with BPD are more likely to be of

lower gestational age and to have other complications such as
sepsis and IVH, but in large analyses taking multiple confoun-
ders into account, BPD remains an independent risk factor for
neuromotor and general cognitive delay. There are a number
of postulated explanations for the association of BPD with
later neurodevelopmental impairment. In the vulnerable
ELBW population, BPD is likely a marker for severity of illness,
which is difficult to quantitate in analyses. Approximately 25%
of ELBW infants are mechanically ventilated for 40 days or
longer [78], and these infants in particular may experience
frequent, though short, episodes of hypoxemia. Given the
vulnerability of the preterm brain, such desaturation events
coupled with other clinical complications may interact to pro-
duce neurologic injury during a critical stage of development.

The adverse effects of BPD are challenging to separate
from those of postnatal steroids. Although treatment with
postnatal steroids, particularly dexamethasone, was studied
in an attempt to reduce BPD and thus neurodevelopmental
impairment, numerous reports subsequently recognized the
independent association of cerebral palsy, neuromotor delay,
and developmental and cognitive impairment with postnatal
steroid treatment [80]. Steroids may influence neurodevelop-
mental outcome by inhibition of brain growth [81], perhaps
through inhibition of growth factors and facilitation of
apoptosis [82]. The American Academy of Pediatrics and the
Canadian Paediatric Society do not recommend postnatal
steroid treatment for preterm infants to prevent or treat
BPD outside randomized controlled trials [83]. However, it
should be noted that further analysis by Doyle et al. has
demonstrated that the adverse effect of postnatal dexametha-
sone on death or CP is modified by risk of BPD [84]: among
infants at very high risk for BPD (> 65%), postnatal
dexamethasone actually decreased the risk for death or CP.
Furthermore, treatment with other corticosteroids such as
hydrocortisone may not adversely affect brain growth and
developmental or neurodevelopmental outcome [70,85].

Preterm infants are also at high risk for infection, with
more than 50% of ELBW infants treated for at least one
episode of culture-proven or clinically suspected sepsis during
hospitalization [86]. Both neonatal sepsis and severe necrotiz-
ing enterocolitis (NEC) are associated with adverse motor,
cognitive, and growth outcomes in early childhood [87,88].
White-matter injury is a key component in the path from
infection or NEC to poor neurodevelopmental outcome. The
inherent vulnerability of the pre-oligodendroglial cell appears to
be central to the sequence of events that place preterm infants
at high risk for adverse outcome [56,57]. Factors known to be
injurious or directly toxic to developing white matter, such as
systemic and cerebral hypoperfusion, ischemia–reperfusion,
and cytokine elucidation during a systemic inflammatory
response, can be expected during the clinical course of infec-
tion or NEC. The potential mechanistic links between WMI
and gray-matter volume reduction in the developing preterm
infant brain have been discussed earlier; the concept of
reduced connectivity will likely prove to be extremely import-
ant in explaining the association as research continues.
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The premature infant is in a period of dramatic axonal growth
and elongation. Both axonal and subplate neuronal injury
could result in reduction of important and complex connec-
tions during a crucial period in brain development, impairing
neuronal differentiation and, subsequently, gray-matter
growth [89,90]. In the case of severe NEC requiring surgery,
it may be not only that inflammatory responses and peri-
operative events such as hypotension and hyperventilation
are important, but that surgery itself could be a major contrib-
uting factor to adverse neurodevelopmental outcomes. Results
from the VICS Group revealed that surgery in the neonatal
period requiring general anesthesia is associated with adverse
neurosensory outcome at 5 years among extremely preterm
infants [91]. Animal models have suggested that some anes-
thetic agents are neurotoxic, associated with apoptosis and
injury to the developing brain [92,93].

Because neurodevelopmental outcomes for the complex
preterm infant are influenced by multiple factors, some inves-
tigators have endeavored to develop scoring systems using
several morbidities to improve prediction of outcomes. In
results from the Trial of Indomethacin Prophylaxis in Preterm
infants, Schmidt et al. developed a scoring method using the
presence of BPD, severe retinopathy of prematurity (ROP),
and severe brain injury by CUS to predict the combined
outcome of death or NDI (CP, cognitive delay, bilateral blind-
ness, or bilateral hearing amplification) at 18 months [94].
Overall, the outcome was observed in 35% of the cohort
surviving to 36 weeks postconceptional age (PCA), but among
those in which none of the morbidities was present, death or
NDI was observed in only 19%, compared with 42% in those
with one morbidity, 67% in those with two, and 87% in those
with all three. Doyle et al. and the VICS Group also reported
on a predictive scoring system for survival free of major
sensorineural disability at 5 years of age using presence of
PVL, major hemorrhage on CUS, any surgery, exposure to
postnatal steroids, or BPD as morbidities [91]. The investi-
gators found that 96% of the group had survived without
major disability if none of the neonatal morbidities was pre-
sent, compared with 83% in those with one, 53% in those with
two, and 33% in those with three.

Outcomes in later childhood and beyond
Although a thorough discussion is not within the scope of this
chapter, no review of neurodevelopmental outcomes of ELBW
and very preterm infants would be complete without noting
the critical importance of truly long-term follow-up for these
high-risk children to later childhood, adolescence, and beyond
[95–97]. Children born extremely preterm or ELBW continue
to have motor and cognitive disabilities in childhood, as well
as more subtle functional and adaptive impairments. Delinea-
tion of some of these problems may not even be reasonably
undertaken until 5–8 years of age, and the true impact of these
impairments may not be felt until later school age [98].
Follow-up studies at 5–8 years from the Finnish National
Cohort [99], EPICure [100], and Rainbow Babies [101] have

shown CP in 13–19%, significant motor skills problems or
major disabilities in 20–27%, and moderate to severe cognitive
impairment in 20–38%. Families report substantial functional
limitations, including emotional delay, trouble understanding
or communicating, and need for medication or equipment;
needs for special services were significantly greater than for
the normal birthweight (NBW) control group. Impairment in
academic (32%) and adaptive skills (48%) have also been
reported among ELBW children, and are significantly more
frequent than in NBW controls [102]. In an ELBW or < 28-
week EGA cohort at 8 years (n¼ 275), Anderson et al.
reported significant impairment across all tested cognitive
and educational abilities compared with NBW controls
[103]. Given these concerning findings, it would seem reason-
able that long-term follow-up, at least to school age, should be
prospectively incorporated into any randomized controlled
trial involving preterm infants.

These types of cognitive and educational measures provide
important information about the community supports and
special services that may be required for children born very
preterm and their families. But they do not necessarily present
a broader picture of “life outcome” for these children, and
therefore may be viewed as overly pessimistic [16]. Assess-
ments of quality of life for former premature infants at ado-
lescence and young adulthood, from the perspective of both
the child and the mother, appear to be more positive than
earlier maternal assessments even if impairments exist [104].
These findings underscore the importance of recognizing that
the larger implications of preterm birth certainly differ among
families and children, and may change over time.

Conclusions
Despite advances in perinatal and neonatal management, and
improvement in survival, early childhood neurodevelopmental
outcomes of extremely preterm and ELBW infants remain
guarded. Factors associated with adverse neurodevelopmental
outcomes include demographic and socioeconomic variables,
but also include numerous neonatal morbidities that may be
modifiable. A continued meticulous approach to follow-up to
early childhood is needed for these extraordinarily vulnerable
infants. But it is also clear that more routine longer-term
follow-up to school age and beyond is required to understand
the broader implications of extremely low birthweight and
very preterm birth, and to evaluate the impact of our inter-
ventions during the neonatal period. Crucially, we must
improve our recognition and understanding of subtle brain
injury associated with adverse outcomes, and the factors asso-
ciated with such injury. Implementation of more detailed and
comprehensive approaches to routine CUS protocols, and
expanded use of advanced neuroimaging techniques such as
MRI, will certainly assist in this endeavor. A better under-
standing of the mechanisms and pathways of brain injury
and impaired development will inevitably lead us to opportun-
ities for neuroprotective strategies for these extremely high-risk
infants.
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Chapter

46 Cerebral palsy: advances in definition,
classification, management,
and outcome
Trenna L. Sutcliffe

Overview
Cerebral palsy (CP) is a neurodevelopmental disorder. It
begins in early childhood and is a lifelong condition. Core
features include abnormal movement and posture due to
impairments in coordination and/or muscle tone. CP is not
an etiologic diagnosis. Rather, it is a descriptive term based on
an individual's clinical picture. Among children diagnosed
with CP, there is great heterogeneity with respect to etiology,
type of impairment, and severity of impairment. Brain
disturbances that lead to CP may occur prenatally, perinatally,
or in the young child during brain development and matur-
ation. Although the brain disturbances leading to CP are not
progressive, the clinical picture is not static. Clinical features
of CP evolve with time, development, learning, motor
training, and therapy. The disorder can potentially lead to
poor growth of a limb, contractures and poor range of motion,
pain secondary to spasticity, inability to complete voluntary
movements, neglect of a limb, inability to complete activities
of daily living, and poor participation in the community.

CP is the most common cause of physical disability
in children. Based on classic definitions for the disorder,
2–3/1000 live births are affected by CP [1]. The prevalence
of CP is 77/1000 children for those born less than 28 weeks
gestation and 40/1000 in children born between 28 and 31
weeks gestation [2]. The total lifetime costs for those born with
CP in the USA in the year 2000 will be $11.5 billion, based on
the 2003 dollar value [3]. Lifetime indirect costs, including
productivity losses, will be 2–5 times greater than direct
costs, emphasizing the tremendous importance of functional
participation of persons with CP.

Improved outcome for children with CP, including
increased activity and community participation, can occur.
However, timely identification and diagnosis, accurate classi-
fication, and the development of comprehensive management
plans are pivotal in improving long-term outcome. As our
knowledge of CP advances, experts in the field are providing
consensus statements around these issues to assist clinicians
caring for children at risk for or diagnosed with CP.

Definition
CP has been recognized by physicians for more than a century.
However, its definition continues to be refined. An English
orthopedic surgeon, William Little, initially reported the con-
dition in 1861. He referred to the condition as “cerebral
paresis.” In 1959 Mac Keith and Polani provided a working
definition for the disorder. They described CP as “a persisting
but not unchanging disorder of movement and posture,
appearing in the early years of life and due to a non-progressive
disorder of the brain, the result of interference during its
development” [4]. Subsequently Bax revised the definition in
1964 to “a disorder of movement and posture due to a defect
or lesion of the immature brain” [5].

The current definition for CP, published in 2007, repre-
sents the work of an international committee of experts. The
workshop was co-sponsored by the United Cerebral Palsy
Research and Educational Foundation in Washington and
the Castang Foundation in the UK, with special support pro-
vided by the National Institutes of Health/National Institute of
Neurological Disorders and Stroke. The definition, based on
consensus, states that:

Cerebral palsy (CP) describes a group of permanent disorders
of the development of movement and posture, causing activity
limitation, that are attributed to nonprogressive disturbances
that occurred in the developing fetal or infant brain. The motor
disorders of cerebral palsy are often accompanied by disturbances
of sensation, perception, cognition, communication, and behaviour,
by epilepsy, and by secondary musculoskeletal problems [6].

The 2007 published definition for CP expands on previously
accepted definitions and includes a number of new concepts.
It is noted in the revised definition that only individuals who
have activity restrictions should be identified as having CP. This
concept had not been previously included in earlier definitions
and highlights the importance of assessing activity and function
(1) in children at risk for CP, prior to making a diagnosis, and
(2) in children diagnosed with CP, to inform management
plans. This concept is in keeping with the International Classi-
fication of Functioning, Disability and Health (ICF), which
is the World Health Organization's (WHO) framework for
assessing health and disability [7]. This framework emphasizes
the assessment and consideration of activity levels and commu-
nity participation in addition to bodily impairments.

Fetal and Neonatal Brain Injury, 4th edition, ed. David K. Stevenson, William E.
Benitz, Philip Sunshine, Susan R. Hintz, and Maurice L. Druzin. Published
by Cambridge University Press. # Cambridge University Press 2009.



The revised definition also states that CP results from a
non-progressive brain disturbance. This fact distinguishes CP
from metabolic disorders or progressive neurologic disorders
that may present with motor symptoms in infancy or young
childhood. Thus it is important to use a thorough history, as
well as ongoing clinical monitoring with serial examinations
and neuroimaging, to confirm the diagnosis of CP and exclude
progressive disorders. The disturbance occurs to the develop-
ing brain and during a time when motor skills are emerging.
This distinguishes it from other motor disorders that are
due to acquired brain lesions that occur after motor skills
have been established. The motor impairments in CP generally
manifest clinically in early child development, usually before
18 months of age. Presentation may include delayed or aberrant
motor progress. Alternatively, many children who are ultim-
ately diagnosed with CP present with medical issues other than
motor delay, such as feeding problems, in early infancy.

The word “disturbance” rather than “lesion” in the current
definition is important for our future understanding and
interpretation of the disorder. Baxter and Rosenbloom
emphasize the significant implications of this word change
[8]. The term “brain disturbance” allows for more ambiguity
regarding the specific brain pathology and may lead to the
inclusion of children previously identified with disorders such
as motor dyspraxia or developmental coordination disorder.
As a result, the prevalence of CP would increase drastically
from what we currently believe it to be. The word “disturb-
ance” emphasizes that CP does not necessarily result from a
specific lesion or abnormality in some cases, and that the
CP causal pathways are not always fully understood. Fifteen
percent of children diagnosed with CP have unexplained
etiologies despite neuroimaging and metabolic investigations
[9]. Future revisions of the CP definition may continue to use
the term “disturbance” as we learn more about the numerous
neurobiologic and genetic factors that may ultimately contrib-
ute to the CP phenotype.

The inclusion of associated disturbances beyond the motor
disorder in the revised definition is also novel. The consider-
ation of associated disturbances is essential for comprehensive
assessment and management of children with CP. It empha-
sizes that, similar to other neurodevelopmental disorders, CP
impacts numerous functions in the child. However, the motor
impairment remains the primary condition for a disorder
to fall under the diagnostic CP umbrella. Associated impair-
ments may result from the same brain disturbance that led to
the motor disorder, be secondary to the motor disorder, or
result from other disturbances and mechanisms. These dis-
turbances can present at various times throughout childhood,
and therefore continual monitoring is indicated.

Classification
A standard system for CP classification has a number of bene-
fits. Firstly, it allows for effective communication among pro-
fessionals who work with children with CP. Details around type
and severity of impairment can be better understood. With

respect to research in the field, standardized and detailed
classification of study subjects allows for better study compari-
sons, helps in determining the generalizability of study results,
assists in the interpretation of results, and informs policy
makers and other professionals of future resource needs. Clas-
sification also provides important information to the patient,
family, and treating clinician. Long-term outcome and treat-
ment choice may be directed by classification. A comprehensive
classification system may also help in monitoring change in a
patient over time. Impairments evolve or may be difficult
to characterize in young children, and therefore a child's classi-
fication may change with time, development, and therapy.

A revised CP classification system has been described,
based on consensus among experts at an international work-
shop [6]. The revised system is more extensive than previously
described versions. Previous classification systems focused on
the physical distribution of motor impairment alone. The
revised classification system provides additional information
that may inform comprehensive management plans, provide
insight to causation and aid in prognostication. It also subdiv-
ides the very heterogeneous group of children diagnosed with
CP into classes that are similar in key aspects of the disorder.
The key components of the revised classification system
include: motor abnormalities, accompanying impairments,
anatomical and neuroimaging findings, and causation and
timing (Table 46.1).

The classification of motor abnormalities includes infor-
mation on (1) the type of motor disorder and (2) functional
motor abilities. Motor disorder type includes information on
increased or decreased muscle tone as well as information on
specific movement disorders such as dystonia or ataxia. One
should indicate primary versus secondary movement abnor-
malities. Including information on functional abilities again is
in keeping with the WHO's ICF framework. A validated tool
to measure activity and function should be considered.
Examples of validated tools include the Gross Motor Function
Classification System (GMFCS) for gross motor activities and
the Manual Ability Classification System (MACS) for fine
motor activities [10,11]. Activities such as oromotor function
and speech should also be described, although no validated
tools are available to measure specific levels of ability.

Data on accompanying impairments may change over time
in a given patient. It is important that ongoing monitoring
is carried out, to ensure that there are appropriate management
plans, which meet patient needs. Accompanying impairments
may include epilepsy, abnormal vision or hearing, commu-
nication disorders, or cognitive, behavioral, or learning
impairments.

It is recommended that information regarding the
anatomic distribution of symptoms include a description of
involvement without the use of classic terms such as diplegia
or hemiplegia. Frequently the clinical picture is not as concrete
as these terms lead one to believe, and an appreciation for
atypical movement or posture in the “unaffected” limbs is lost.
Specific details around muscle tone, function, and/or impair-
ments for each limb, the trunk, and oropharynx should be
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described. This information provides a more complete and
accurate representation of the patient. Information regarding
the neuroanatomic distribution should include specific details
of all anomalies documented with imaging. Neuroimaging is
recommended by the American Academy of Neurology for
all children with CP [12]. Magnetic resonance imaging (MRI)
is preferred over computed tomography (CT). Neuroimaging
provides data regarding underlying etiology as well as informing
research studies that are investigating the concept of CP
prevention.

The proposed classification system also includes informa-
tion regarding the cause and timing of injuries leading to the
CP diagnosis. These data may not always be available. When
they are available, they may provide insight into prognosis and
therapy options as we learn more about the relation between
potential neural reorganization and timing of neural injury in
children with CP.

Management
General principles
A multidisciplinary team is essential in the management
of children with CP. The team may include some combination
of the following professionals: developmental pediatrician,
neurologist, neurosurgeon, orthopedic surgeon, psychiatrist,
physiotherapist, occupational therapist, and speech and lan-
guage therapist. Additional professionals may be needed for
specific issues around feeding, sensory impairments, or other
accompanying symptoms that are listed in the revised defin-
ition for CP. A multidisciplinary team is frequently needed
to adequately address the potential complexity of the move-
ment disorder, symptoms secondary to the movement dis-
order, and the accompanying impairments. Treatment plans
are individualized to the functional needs of each patient, and

the various treatments should be used in a complementary
manner.

A comprehensive treatment plan can be created using the
WHO's ICF framework. The ICF emphasizes the importance
of assessing and promoting a person's activity level and com-
munity participation in addition to treating bodily impair-
ments when creating management plans. Quality of life is
positively impacted with interventions that not only focus on
improving impairments, such as range of motion or muscle
tone, but also target a child's ability to complete activities
and participate more fully in the community. The ICF frame-
work can help determine therapeutic priorities, as frequently
numerous interventions may be considered at any given time.

Treatments to reduce spasticity
Spasticity is an important cause of disability in children with
CP. CP is also the most common cause for spasticity in
children. Although reducing spasticity is only one component
of CP management, this chapter will focus on this aspect of the
treatment plan (Table 46.2). Children with CP have improved
quality of life when they receive medical management for their
motor disorders. This frequently translates into spasticity
management. Spasticity is present in more than 80% of indi-
viduals with CP, although many children have a mixed clinical
picture with components of both spasticity and dystonia.

Numerous advances have been made in the treatment
of pediatric spasticity. The treatment of pediatric spasticity is
an individualized and potentially complex endeavor. Spasticity
may interfere with motor function in some children with
CP, but some component of spasticity may be very helpful
and essential in other children to maintain posture. Therefore
the treating clinician needs to weigh potential benefits and
adverse effects of reducing spasticity when creating a
treatment plan.

Table 46.1. Proposed classification system for cerebral palsy

1. Motor abnormalities A. Nature of the movement disorder � Describe tone and movement abnormalities observed on clinical examination
(e.g., spasticity, dystonia, ataxia)

B. Functional motor abilities � Describe functional limitations due to the motor disorder

� Include oromotor and speech abilities and limitations

� List comorbid impairments

2. Accompanying
impairments

� Include musculoskeletal impairments that are secondary to the motor disorder
(e.g., contractures)

� Include other impairments that are associated but not directly due to the motor disorder
(e.g., seizures, cognitive and learning impairments, hearing and vision impairments)

3. Anatomic and
neuroimaging findings

Anatomic findings � Describe the anatomical distribution of the observed motor abnormalities and functional
limitations

� Refrain from using classic terms such as diplegia or hemiplegia

� Include all limbs, trunk, and oropharynx

Neuroimaging findings � Describe abnormalities observed on brain imaging

� MRI scan is the preferred mode of brain imaging

4. Causation and timing � Note the cause and timing of the brain disturbance leading to CP, if known
(e.g., postnatal meningitis, brain malformation)

Source: From Rosenbaum et al. [6].
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Non-pharmacologic treatments
Physical and occupational therapy approaches
Physical therapy (PT) and occupational therapy (OT) are key
components of most management plans in pediatric CP. Des-
pite this, there have been few scientifically rigorous studies
to demonstrate the benefits of these therapies [13]. Studies that
assess the benefits of PT and OT frequently lack objective
outcome measures or prospective randomized study designs.

A number of PT and OT approaches and theories are used
with children with CP. Long-standing therapies have evolved
as the importance of motor-learning principles and dynamic
systems theories have been emphasized. Neurodevelopmental
treatment (NDT) is a long-standing approach used in pediatric
CP. Its focus is to move the child through normal movement
patterns. However, despite its extensive history, a thorough
review of the intervention showed that there is no strong
evidence to support its use [14]. Conductive education,
another therapy approach that has been used for decades, aims
to teach the child methods to overcome his or her movement
difficulties in a structured environment. However, benefits
observed with conductive education are similar to those seen
with more conventional approaches when they are also
provided in an intensive format [15].

Muscle strengthening and resistive exercise programs are
also important for children with CP. Children with CP typic-
ally have muscle weakness [16]. Research shows that activities
such as walking improve when weak muscles are targeted in
strengthening programs [17,18].

Constraint-induced movement therapy
Constraint-induced (CI) movement therapy is a promising
new intervention for children with CP. CI improves upper
extremity function. It is used in children with asymmetric
neurologic examinations. The therapy includes restraining
the unaffected arm while providing motor training to the
affected arm. CI was initially described as restraining the

unaffected arm for 90% of waking hours. Subsequently,
a number of modified versions of CI have been described.
These include but are not limited to casting of the unaffected
arm and weekly OT [19], restraint of the unaffected arm for
6 hours per day with intensive therapy [20], or restraint of the
unaffected arm for 2 hours per day with parents or teachers
providing therapy [21].

Evidence is emerging to support CI as an important com-
ponent in the management of children with asymmetric CP.
Research investigating CI as a rehabilitation tool was initially
conducted in adults with stroke [22,23]. A larger multicenter
trial of CI in adult stroke patients confirms its benefits [24].
Pediatric CI controlled trials have been done more recently,
and these have demonstrated clinical benefits in children with
CP [19–21,25]. Observed benefits include increased use of
the affected arm, improved quality of skills in the affected
arm, and improved use of the affected arm in bimanual tasks.
However, the field of pediatric CI is young and requires
ongoing investigation to fully understand its clinical and
scientific basis.

The underlying mechanism behind CI success is not yet
clear. A number of concepts are felt to contribute to CI
success in children with CP. The first is “developmental
disregard,” which describes the phenomenon that children
neglect their affected arm to an extent greater than one would
expect given the presence of some skills in the limb [26].
Developmental disregard therefore perpetuates the disorder
because opportunities to use and provide practice to the
affected arm are reduced. CI forces the child to use the
affected arm and therefore helps to overcome developmental
disregard. The second concept felt to contribute to CI success
is reorganization of cortical brain activity. Altered and
increased cortical activation for affected arm movements
has been demonstrated after pediatric CI [27]. It is believed
that these cortical changes may have an important impact on
long-term upper extremity function. Ongoing investigations
are needed to demonstrate the long-term improvements in
children with CP following CI.

CI, as a treatment for pediatric CP, has received significant
attention. It therefore has sparked much interest in the con-
cept of increased practice and opportunity as a form of phys-
ical intervention for CP. As a consequence, further treatment
modalities that borrow from this key concept continue to
emerge [28].

Electrical stimulation
Electrical stimulation has been used in children with CP with
therapeutic success. There are different forms of the therapy.
Neuromuscular electrical stimulation includes stimulation of
the muscle through the motor nerve. This form of stimulation
results in muscle contraction. It is generally applied transcuta-
neously but can also be applied percutaneously. Alternatively,
threshold electrical stimulation does not result in muscle con-
traction. It includes electrical stimulation at low intensities and
is generally applied for several hours while the child is sleeping
at night. Benefits of treatment include increased muscle

Table 46.2. Treatments to reduce spasticity

Non-pharmacologic treatments

Physical and occupational therapy
approaches

Constraint-induced movement therapy

Electrical stimulation

Selective dorsal rhizotomy

Pharmacologic treatments

Oral medications Baclofen

Benzodiazepines (valium, clonazepam)

Dantrolene

α2-adrenergic agonists (tizanidine,
clonidine)

Locally injected medications Botulinum toxin injections

Intrathecal baclofen
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strength, range of motion, and motor learning. Research shows
that neuromuscular electrical stimulation is effective at
increasing strength and range of motion in the child with CP
[29]. However, further research is needed to determine if
electrical stimulation leads to functional gains.

Selective dorsal rhizotomy
Selective dorsal rhizotomy (SDR) is used to treat children with
spastic CP involving the lower limbs. It includes the selective
disruption of sensory rootlets. The procedural goal is to
reduce spasticity while maintaining function. Intraoperative
electrophysiological monitoring is frequently used to ensure
the preservation of sensation, voluntary muscle control, and
bladder function. A meta-analysis of controlled trials demon-
strated increased clinical benefit from SDR plus physiotherapy
compared with physiotherapy alone [30]. Improved scores
on the gross motor function measurement scale (GMFM)
have been documented up to 5 years after SDR [31]. Add-
itional benefits include reduced spasticity, increased strength,
increased range of motion, and improved function with
activities of daily living [31,32]. Children undergoing SDR
generally require fewer adjunctive orthopedic procedures and
have fewer long-term spinal deformities such as scoliosis.
Better preoperative function is associated with increased gains
after SDR [33]. Therefore, higher-functioning children should
be considered for SDR.

Pharmacologic treatments
Medications are frequently used in the treatment of muscle
spasticity in children with CP, generally in an open-trial
manner with close monitoring of side effects. The route of
delivery may be oral for a generalized effect or local injection
for a targeted effect. The decision between these two routes of
administration is influenced by the extent of clinical spasticity.

Oral medications
Oral medications are important in the treatment of general
spasticity in pediatric CP. These medications include baclofen,
benzodiazepines, dantrolene, and α2-adrenergic agonists.
Side effects associated with these medications include weak-
ness and alterations to the central nervous system such as
changes in blood pressure or the onset of sedation, ataxia,
or dizziness.

Baclofen, a g-aminobutyric acid (GABA) agonist, binds to
GABAB receptors and reduces the release of excitatory neuro-
transmitters, working primarily at the level of the spinal cord.
It has been used to treat spasticity in CP since 1977. It is used
in children with general spasticity to reduce discomfort and
allow for better movement to complete activities of daily living
or assist in positioning.

Benzodiazepines increase the affinity of GABA to the
GABAA receptor complex and increase GABA-mediated inhib-
ition at the level of the spinal cord as well as supraspinally. They
can reduce general spasticity, decrease muscle spasms, and
improve overall well-being in children with CP [34,35].

Dantrolene acts at the level of the skeletal muscle and
inhibits calcium release from the sarcoplasmic reticulum.

α2-Adrenergic agonists, such as tizanidine and clonidine, act
at the level of the brain and spinal cord. It is believed that they
act by hyperpolarizing motor neurons, preventing the release
of excitatory amino acids, and facilitating the inhibitory
neurotransmitter glycine.

Locally injected medications
Botulinum toxin A (BTX-A) is a neuromuscular blocking
agent produced by the bacterium Clostridium botulinum. It
can transiently weaken a patient's muscles for several months
when given intramuscularly. In spasticity management,
BTX-A is injected in agonist muscles and its effects are local.
Therapeutic goals during BTX-A treatment include improving
function, allowing time for the strengthening of antagonist
muscles, reducing pain that may be secondary to severe spas-
ticity, and reducing joint deformity. Approval and licensing of
BTX-A for pediatric treatment varies from country to country.

BTX-A injections are effective in the management of chil-
dren with cerebral palsy. BTX-A injections have been used in
pediatric CP since the early 1990s, and it is now an established
mode of treatment. Seventy-six percent of children with cere-
bral palsy have functional gains following their first dose of
BTX-A [36]. It is used in treating both upper and lower
extremities. Injections in both the upper and lower extremities
result in decreased tone, increased range of motion, and
improved functional abilities [37–41]. Research confirms the
safety of BTX-A [42,43]. Current research studies aim to
standardize BTX-A treatment approaches and are examining
the doses required for optimal outcome as well as injection
techniques.

BTX-A treatment is frequently combined with other inter-
ventions for optimal results. Similar to other treatments for
spasticity, BTX-A injections are rarely given in isolation.
Interventions such as physiotherapy, occupational therapy,
serial casting, orthoses, and electrical stimulation are frequently
employed with BTX-A. However, evidence to demonstrate
the added benefit of these combined therapeutic approaches
is needed.

Intrathecal baclofen significantly decreases spasticity in
both upper and lower extremities in children with CP.
Intrathecal administration of baclofen began in the 1980s.
Therapeutic goals include reducing contractures, improving
positioning and comfort, and providing ease for caregiver
tasks in children with generalized spasticity or generalized
secondary dystonia.

Intrathecal administration of baclofen has a number of
benefits over oral use. It results in higher drug concentrations
in the cerebral spinal fluid (CSF) while decreasing the gener-
alized side effects that are observed with oral administration
[44]. Baclofen CSF levels are almost undetectable following
oral dosing. However, CSF levels of baclofen comparable
to serum levels are observed following intrathecal dosing
with 1/100 of the oral dose. Pump-specific complications with
this treatment approach include CSF leakage, catheter prob-
lems (kinks and breaks), catheter infections, and meningitis.
Drug administration is done via a subcutaneous pump in the
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abdomen. A catheter extends from the pump to the intrathecal
position.

Indications for intrathecal baclofen include children older
than 6 years of age who have severe and generalized spasticity
or dystonia. This group of children rarely benefit from oral
baclofen treatment. It is recommended that children younger
than 4 years of age who have moderate to severe spasticity
have an initial trial of oral baclofen before proceeding to
intrathecally administered drug [45]. However, there are no
size or age limitations for pump insertion. Bolus baclofen
dosing via lumbar puncture can be considered to test respon-
siveness prior to pump implantation.

Outcome
Predicting the long-term outcome of a child diagnosed with
CP can be challenging. Outcome is influenced by many factors
including but not limited to severity of the motor disorder,
social environment, therapeutic interventions, and comorbid
conditions. Outcome statistics represent averages from large
populations of children diagnosed with CP. Detailed subgroup
classification and analyses are not always done in such studies.
Therefore data may not always be useful for specific clinical
cases because of the tremendous clinical and etiologic hetero-
geneity within the CP population.

Tools are now being created to assist the clinician in
predicting developmental trajectories in children with CP.
Examples include the Gross Motor Function Classification
System (GMFCS) [10] (Table 46.3) and the Gross Motor
Function Measure (GMFM) [46]. Data from the GMFCS and
the GMFM, when combined, can provide motor growth
curves that describe and predict gross motor function in
children with CP [47].

There is an increasing research interest in studying the
long-term outcome of children with CP as our knowledge of
the disorder advances and novel therapeutic interventions
become available. However, classic CP outcome measures
may not provide sufficient data. Traditionally, CP outcome
studies have measured change in specific body impairments,

such as muscle tone or range of motion. However, a change
in impairment status does not necessarily translate into
functional benefits or improved quality of life. Increasing
emphasis is now being placed on measuring the overall
quality of life, health status, and community participation
in individuals with CP as we try to document long-term
outcome.

Measuring quality of life in children with CP has a number
of challenges that are currently being met by researchers in
the field. Again the issue of heterogeneity within the CP
population impacts the data. This challenge can be met by
introducing the recently described CP classification system
(Table 46.1) into epidemiologic studies to collect data for
specific subgroups. Subgroup data will likely be more useful
to clinicians and families. An additional challenge is that many
quality-of-life measurement tools are unable to adequately
address the vast differences in function seen in children with
CP without floor and ceiling effects. Most of these tools were
not specifically designed for the CP population. Currently
there is significant interest within the field of pediatric CP
to create quality-of-life measures that are specific to this
population and meet their unique needs.

Despite the challenges mentioned above, outcome data
have been collected for children with CP. Most children with
CP survive into adulthood. Risk factors for mortality include
severely impaired mobility, feeding problems, and intellectual
impairment [48,49]. Mortality rates in a Western Australian
registry from 1958 to 1994 show rates greater than 1% per
annum in the first 5 years of life and then 0.35% for the next
20 years [49]. Mortality rates did not decrease during this time
period in this registry. Morbidity studies show that adults with
CP have a number of associated medical conditions. Among
adult women with CP, seizures occur in 40%, mental retard-
ation in 34%, learning disabilities in 26%, hip and back
deformities in 59%, bowel problems in 56%, and urinary
problems in 49% [50]. Adults with CP also suffer from
unemployment, as only 40% of adults with CP in the United
States are employed [51]. These data were produced by study-
ing the CP population without further classification, and are
not specific for any one subgroup. Children with comorbid
conditions are likely to have more severely involved CP and
different long-term outcome than children with less involved
CP. This point should be taken into consideration when
counseling families.

Advances in the definition and classification of CP
will likely contribute to useful outcome data to document
our progress with the disorder and the benefits of emerging
therapies. The field of CP treatment is moving forward. Our
understanding of neural plasticity and motor learning in
children with neural injuries is increasing. This information
is now being translated into the clinical and therapeutic
realms. Knowledge of the underlying mechanisms behind
therapies, along with refined disease classification and epi-
demiologic studies, can help in optimizing treatment choices.
The field of CP has come a long way since Dr. Little, and it
appears to be at an important point of advancement.

Table 46.3. The Gross Motor Function Classification System (GMFCS)
for pediatric cerebral palsy

GMFCS Description

Level I Walks without restrictions with limitations in more advanced
gross motor skills

Level II Walks without assistive devices but has limitations in walking
outdoors or in the community

Level III Walks with assistive devices and has limitations walking
outdoors or in the community

Level IV Self-mobility with limitations such that children are transported
or use powered mobility devices outdoors or in the
community

Level V Self-mobility is severely limited even with assistive devices

Source: Palisano et al. [10].
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Chapter

47 Long-term impact of neonatal events
on speech, language development,
and academic achievement
Heidi M. Feldman and Irene M. Loe

Introduction
Language is the medium by which people exchange greetings,
requests, thoughts, information, and emotions. As such, lan-
guage and speech are the foundation of human communica-
tion, social interaction, and learning. Children with delays in
early language and speech development are at high risk for
later disorders in reading, spelling, and writing, academic
skills which are highly dependent on language abilities. They
are also at risk for general academic underachievement, behav-
ioral disorders, and poor social skills. It is highly important to
understand the impact of prematurity, low birthweight
(LBW), and associated adverse neonatal events on the early
development of language and speech, and also on reading,
spelling, writing, and academic achievement.

This chapter begins with a brief summary of develop-
mental milestones in language, speech, and reading as a
background to the specific topic. Methods of assessment are
described to facilitate understanding of studies to be dis-
cussed. The chapter then describes the equivocal results of
studies of early language and speech development in children
born prematurely. We will demonstrate that delays in lan-
guage development are usually components of a broader
disorder of cognition, sensory abilities, and/or motor skills.
The chapter then considers the development of reading,
spelling, and writing as language-based skills, as well as
overall academic achievement, in children born prematurely.
We will demonstrate that problems in reading are also often
a component of broader disorders, including cognitive
impairments and deficits in executive function. We consider
outcomes as a function of potential moderators, including
age, gender, and socioeconomic status (SES). Finally, we
consider the underlying neural basis for language, speech,
and academic achievement in children born prematurely with
and without complications. We conclude with directions
for future studies.

Language and speech development
in typically developing children
Natural history
In typically developing children, language and speech develop
slowly in infancy and then rapidly in the toddler–preschool era
[1]. Receptive language, or the ability needed to understand
language, emerges within the first year of life, beginning with
recognition of one's name, the command “no,” and verbal
requests for routines such as “wave bye-bye.” Receptive
vocabulary develops before expressive vocabulary and is
highly associated with socioeconomic status (SES). Prelinguis-
tic babbling begins at about 6 months of age and true expres-
sive language skill, the ability to produce actual words,
emerges early in the second year of life. For most children,
expressive vocabulary grows slowly and erratically for several
months and then rapidly and consistently beginning between
18 and 24 months of age. Coincident with a surge in vocabu-
lary size is the onset of word combinations or early syntax.
At age 2 years, children primarily talk about concrete objects
in the here-and-now. By age 3 years, they create short
sentences. They show advances in morphology by using mor-
phological markings, such as plural –s and past tense –ed.
They show advances in syntax by using grammatical features,
such as auxiliary verbs, question markings, and dependent
clauses in complex sentences. They begin to discuss past and
future. By about age 4–5 years, most typically developing
children have mastered the fundamentals of language, includ-
ing morphology and syntax. They use language for interper-
sonal conversation and also for narrative discourse, which
includes the ability to tell or retell stories or personal events.
Progress at school age represents more consistent use of
advanced constructions; greater understanding of sentences;
growing appreciation for humor, metaphor and non-literal
meanings of language; and understanding and discussion of
complex or abstract ideas. By age 7 years, most children have
mastered all of the speech sounds of the language, including
difficult sounds, such as r and l and consonant clusters, such
as bl and sp.

Children begin learning to read in kindergarten and
first grade. Prereading skills include letter recognition, letter–
sound correspondence, and the ability to manipulate the
sounds of the language. Reading requires mapping the sounds
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of the language, or phonemes, onto written letters, or graph-
emes. Many studies have documented that reading is more
highly associated with language and speech abilities than with
perceptual or performance skills [2]. A child's ability to
manipulate the sounds of the language for word play and
rhyming is called phonological awareness, and it is highly
correlated with skill in reading [3]. Children differ in the ease
of reading single words, reading speed, and their ability to
understand what they are reading. Difficulty with spelling may
be an indication of subtle difficulties with overall reading
abilities.

Assessment of language, speech,
and reading
It is difficult to assess young children's progress in language
and speech development, because they have yet to reliably
develop the abilities to sit for extended periods and to cooper-
ate with formal testing. Many research studies and clinical
evaluations use parent questionnaires or analysis of language
samples in toddlers and preschoolers to circumvent these
challenges. Concurrent validity of parent questionnaires is
usually good to very good, especially for assessing expressive
language skills in children 2 years of age or older [4]. Analysis
of language samples is also an excellent though time-consuming
approach, especially to assess expressive language skills. As
children approach school age, the use of standardized testing
is preferable, because the resulting standard score allows the
child to be compared to the population of children of that age.

Reading, writing, and spelling are assessed by norm-based
assessments, generating a standard score, or curriculum-based
assessments, generating a grade- or age-equivalent. Reading
disability can be defined in two ways: as a discrepancy between
standardized scores on reading achievement tests and meas-
ured intelligence tests, or as low achievement in reading abil-
ities regardless of intelligence quotient. Recent literature has
favored the latter definition, although federal legislation used
discrepancy scores in defining eligibility for special education.

Disorders of language, speech,
and reading in the general population
Language delays are common in the preschool era. At kinder-
garten entry, 6–7.4% of children are estimated to have a
language development disorder unrelated to cognitive impair-
ment or other known disorders [5]. Reading disorders are also
prevalent, though estimates vary as a function of definition of
the disorder. Reading disorders are more likely after early
language delays than after typical early language development
[6]. Given the high base rates in the population, it is challen-
ging to differentiate idiopathic language, speech, or reading
disorders from delays based on prematurity. Two risk factors
associated with language, speech, and reading delays in the
general population – male gender and low SES – are also risk
factors for prematurity and for adverse outcomes following
prematurity, again making the attribution of cause very diffi-
cult. Language and speech delay are highly likely in children

with sensorineural hearing loss and with cognitive impair-
ments. Virtually all children with severe to profound neural
hearing loss have language and speech impairments. Approxi-
mately half the children with mild to moderate sensorineural
hearing loss have a phonological impairment that adversely
affects memory, discrimination, and phonological awareness
[7]. In general, children with cognitive impairment have lan-
guage functioning that is commensurate with their develop-
mental or mental age rather than their chronological age,
though the etiology of the cognitive impairment may affect
the rate of language learning. Hearing loss and cognitive
impairment occur at greater frequency in the aftermath of
adverse neonatal events than they do in the general population.
For all these reasons, assessments of outcomes of prematurity
should include a carefully chosen comparison group.

Language and speech after prematurity
Conflicting results
Studies of the development of language and speech after
premature birth vary considerably in their findings and con-
clusions. We review selected studies in the literature in terms
of the age of the children at the time of assessment.

Some studies report that children born prematurely pro-
gress normally in terms of language and speech. Reilly and
colleagues conducted a large population-based study of chil-
dren at the very earliest stages of language development,
between 8 and 12 months of age. They found that skills at
8 months of age were good predictors of skills at 12 months of
age, but multivariate regression models accounted for only
about 5% of the variance in the rates of development. In these
models, various risk factors were studied, including gender,
prematurity, multiple birth, sociodemographic indicators,
maternal mental health, vocabulary, and education, non-
English-speaking background, and family history of speech–
language difficulties. Prematurity did not contribute substan-
tially to the modest variance accounted for in these models [8].
The authors concluded that risk factors explained little
variation in early communication trajectories, and therefore
that the early developmental course of young infants was
more likely to unfold based on biological factors. Eilers and
colleagues, also studying the earliest phases of language devel-
opment, found that the onset of babbling in children born
prematurely occurred in line with expectations on the basis of
chronological age rather than on the basis of adjusted age,
suggesting the importance of exposure to the extrauterine
environment in the development of babbling [9]. A study of
a Finnish cohort using the Finnish version of a parent-report
measure followed a group of prematurely born very-low-
birthweight (VLBW) children and full-term controls to age
2 years. They found that the vocabulary size of the groups was
similar and the developmental rate was also comparable.
The only indication of a difference between the premature
and full-term groups was the loss of usual female advantage
for language development in the VLBW group and a differ-
ence in the composition of the vocabulary across groups,
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a finding of uncertain significance [10]. Menyuk and
colleagues followed a group of prematurely born children
(gestational age 27–37 weeks) longitudinally to age 3 years
using language samples as the assessment strategy. They found
that as a group the preterm children developed more rapidly
than peers in terms of vocabulary and grammar [11].

Several studies, by contrast, have found that children born
prematurely show delays in multiple aspects of language and
speech development. For example, in a New Zealand study of
2-year-old children, extremely preterm children (< 28 weeks
GA) scored below very preterm (28–32 weeks GA) and
full-term controls on all scales of a parent-report measure,
including vocabulary, morphosyntactic complexity, and use
of language to discuss the non-here-and-now [12]. Import-
antly, the differences persisted even after adjusting for sub-
stantial socioeconomic differences across the three groups.
However, substantial variability was found within each group,
such that some children born prematurely outperformed peers
born at term.

Vohr and colleagues evaluated language development
in LBW infants with respect to gestational age [13]. They
compared appropriate-for-gestational-age (AGA) and small-
for-gestational-age (SGA) LBW infants to full-term infants
at age 3 years. Though only two (5%) of the LBW infants were
neurologically abnormal at age 3, the LBW AGA infants
continued to lag behind the controls in terms of cognitive
and receptive language measures. In this study, socioeconomic
factors had a significant effect on the language development of
all three groups. Lower gestational age and neurological status
at 8 months continued to have a significant effect on language
performance at 3 years.

Kilbride and colleagues followed a group of extremely low-
birthweight (ELBW) infants who weighed less than 800 grams
at birth to age 5 years and compared them to full-term sibling
controls [14]. The use of this control group was a creative
attempt to control for postnatal macroenvironmental factors
and shared genetic backgrounds. Receptive language skills
were lower in the preterm group than in the full-term controls.
However, other measures, including a well-respected formal
measure called the Preschool Language Scale, did not show
a group difference.

Others have suggested an association of prematurity and
language or speech difficulties using a very different method-
ology. Among Dutch children referred for speech–language
pathology services at age 2–5 years, there was a higher
proportion of children born prematurely and LBW than
would be expected in the general Dutch population. However,
such findings may represent a detection bias rather than a
difference in true prevalence [15].

Language and speech after brain injuries
Brain injuries, including intraventricular hemorrhage (IVH)
and periventricular hemorrhage (PVH) or periventricular
leukomalacia (PVL), have been found to be associated with
language and speech outcomes among children born prema-
turely. Severe grades of IVH, as well as PVH and PVL, are risk

factors for adverse neurodevelopmental outcomes, including
cognitive impairment and cerebral palsy (CP). Among 3-year-
old children, those who had early IVH in association with
prematurity and LBW had significantly higher rates of cogni-
tive impairment and CP than children without early IVH and
prematurity [16]. Children 5–7 years of age with brain injuries
following prematurity had multiple difficulties with narrative
discourse, such as shorter productions, more irrelevant talk,
a limited ability to differentiate types of narrative discourse,
and problems creating integrated discourse. Despite these
difficulties, they continued to develop between ages 5 and 7
in these skills [17].

Language abilities tend to correlate highly with cognitive
abilities in preterm children with perinatal brain injuries.
Language samples of preterm children with PVL at age 2 years
found that the size of the lexicon and the amount of verbal
output correlated with cognitive abilities, though other meas-
ures of language ability did not [18]. In a study that used
analysis of language samples as the evaluation method, a
comparison of three groups matched on cognitive scores –
group 1 with PVL and CP, group 2 with PVL without CP, and
group 3 without PVL – found no differences across groups.
However, in all three groups substantial correlations of lan-
guage measures with cognitive scores were observed [17].
Studies of early low-dose indomethacin treatment to decrease
both the incidence and severity of IVH in VLBW preterm
infants also found that though the treated group had rates
of CP comparable to the untreated group, cognitive scores
were somewhat better. In this study, language abilities also
improved after early indomethacin, and correlated with
improved cognitive outcomes [19]. In addition, there were
significant gender by treatment effects for boys in reducing
IVH, and raising language and cognitive test scores [20]. Addi-
tional language and cognitive outcomes from this study are
discussed later under the section on moderators of language
and speech outcomes.

Academic outcomes after prematurity
Reading and related skills
Numerous follow-up studies of preterm and LBW children
document problems with academic achievement in multiple
areas, including reading, spelling, and writing skills, as well
as mathematics [21–23]. Longitudinal studies document that
difficulties begin with prereading skills and persist through
adolescence. A longitudinal study in southern Germany evalu-
ated cognitive status and prereading skills in a geographically
defined population sample of 6-year-old children who were
born at less than 32 weeks' gestation [24]. Compared with
term peers, preterm children scored approximately one stand-
ard deviation (SD) lower on measures of cognitive and
language skills. The rates of major cognitive deficits (> 2 SD
below the mean) were 10–35 times higher than in controls.
Prereading skills were assessed using adapted measures of
phonological awareness, such as rhyming, sound-to-word
matching, and number and letter naming tasks. Very preterm
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children, regardless of whether major neurosensory
impairment was excluded, were 3–5 times more likely to score
below the 10th percentile in all the prereading tests as well as on
measures of speech articulation. Interestingly, a very specific
deficit in processing of simultaneous information was found
in these very preterm children compared to term controls.
When controlling for this simultaneous information process-
ing deficit measured on the German version of the Kaufman
Assessment Battery for Children (K-ABC), many of the differ-
ences in achievement and language abilities between very
preterm children and term controls did not remain [24].

The longitudinal component of this study found stability
in reading and other academic problems over time. When the
children were again evaluated at the age of 8 years, at the end
of Grade 2, control children outperformed VLBW children on
standardized reading, spelling, and math tests. The differences
in mean reading error and spelling error were approximately
three-quarters of a standard deviation [25]. Multiple stepwise
regression analyses using sociodemographic variables and
measures taken during preschool and kindergarten were con-
ducted to explore the impact on reading, spelling, and math
performance at the age of 8 years. Approximately 50% of the
variance in reading scores and 41% of the variance in spelling
scores were explained by IQ, rhyming skills, and number
knowledge. In these models, after accounting for the other
factors, prematurity did not significantly contribute to the
prediction.

At age 13 years, compared to VLBW children, normal
birthweight (NBW) control children showed higher levels of
academic achievement, a combined measure reflecting level of
educational track within the German school system and per-
formance level within the track. For VLBW/very premature
children, IQ had a substantial indirect effect on reading which
was mediated by phonological processing assessed at age 6.
In addition, IQ differences predicted individual differences in
phonological processing, which in turn impacted reading.
Throughout the study, there was a correlation of birthweight
category and scores. On both phoneme and rhyming tasks,
30% of ELBW children scored below the 5th percentile, com-
pared to 4% of controls. Moreover, 65% of ELBW children fell
in the lowest quartile, compared to approximately 45% of
VLBW children and 25% of LBW children.

Reading in children with neural injuries
Specific brain injuries also affect reading and spelling out-
comes. Downie and colleagues investigated the impact of
periventricular brain injury (PVBI) on reading and spelling
abilities in the late elementary years [21]. They studied a
cohort of preterm children who were born at 23–30 weeks,
weighed less than 1000 g, and had received three head ultra-
sounds during the first 6 weeks of life in order to evaluate for
presence and severity of PVBI. Compared with term control
children, ELBW children without PVBI performed as well on
intelligence (verbal and performance IQ), academic achieve-
ment (word attack, word identification, and spelling), cognitive
ability tests (auditory working memory), and phonological

processing. ELBW children with mild and severe PVBI
received significantly lower scores than either ELBW children
without PVBI or children born at term.

In the previously mentioned indomethacin IVH preven-
tion trial, VLBW preterm children with IVH (after receiving
either indomethacin or saline) were compared to children
without IVH at age 8 years [26]. Children with IVH had
significantly lower cognitive (verbal, performance, and full-
scale IQ) and achievement scores on the Peabody Individual
Achievement Tests–Revised (reading recognition, reading
comprehension, and math) compared to children without
IVH. In this study both biological and environmental factors
(including maternal education and language spoken in the
home) were important predictors of outcome. Although
grades 3 and 4 IVH had significant negative effects on cogni-
tive scores, they did not contribute to models predicting
performance on reading and math achievement tests. Rather,
the presence of ventriculomegaly and/or periventricular
leukomalacia predicted poor performance on achievement
tests [26].

Short-term academic resource use
and outcomes
The impact of these cognitive and academic difficulties is
accompanied by increased utilization rates of educational
resources and supports. In the indomethacin IVH prevention
trial, the presence of IVH was associated with significantly
increased rates of academic resource support or therapy
(62–79%) compared to already high baseline rates in children
without IVH (47–49%) at the age of 8 years. Compared to the
preterm children without IVH, children with IVH received
twice as many individual therapies, were more likely to be in
self-contained classrooms, and were more likely to be receiv-
ing speech or language therapies. There was no difference in
grade repetition among the groups [26].

A population-based cohort study in southern Sweden of
extremely preterm (EPT) infants compared to full-term con-
trols at age 10 years found significant differences of approxi-
mately 1 SD on tests of cognition and visual–motor integration
[27]. The study also found that 38% of the EPT children
performed below grade level, and that 30% of EPT children
attending mainstream schools received special education [27].
More than half of the EPT children with IQs less than 70 were
not previously identified as having mental retardation, and
some were not receiving special education. A study of four
international population-based cohorts of ELBW survivors
(birthweight 500–1000 g) found that school difficulties were
serious sequelae of ELBW in all four countries [28]. Although
there were some differences among the cohorts on cognitive
and achievement measures, more than half of all cohorts
required special education assistance and/or repeated a grade.

Long-term outcomes
The cumulative impact of these cognitive and academic diffi-
culties can be substantial. In a longitudinal study of VLBW
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(< 1500 g) children born in Cleveland from 1977 to 1979,
Hack and colleagues assessed the level of education, cognitive
and academic achievement at 20 years of age compared to
an NBW control group [29]. They found that fewer VLBW
participants had graduated from high school or obtained a
general equivalency diploma. Compared to NBW participants,
more of the VLBW participants had repeated a grade in school
and fewer were enrolled in postsecondary studies. The differ-
ences in educational attainment, grade repetition, and current
educational program remained significant when excluding the
participants with neurosensory impairment or subnormal IQ.
On IQ testing and academic achievement subtests, VLBW
participants had significantly lower mean scores and higher
frequency of subnormal IQ (< 70) and borderline IQ (70–84).
The differences in IQ and achievement remained significant
after excluding those with neurosensory impairment.

A Canadian cohort aged 22–25 years was found to have
more positive outcomes than the Cleveland cohort [30]. In this
sample, 82% of the ELBW young adults graduated from high
school, compared to 87% of the controls, and a substantial
proportion of both groups were pursuing higher education.
The Canadian sample was generally of higher SES, and had
access to better health care and educational services than did
the American counterpart, differences which may contribute
to differences in outcomes.

Moderators of language and speech
outcomes
Language and speech outcomes of prematurity have been
found to vary as a function of the age of assessment. One
dramatic example was reported by Ment et al. [31]. In this
study, a large cohort of infants born weighing 600–1250 g who
had participated in the randomized, placebo-controlled trial of
indomethacin for IVH prevention were serially evaluated at
ages 36, 54, 72, and 96 months, corrected for the degree of
prematurity. The study found that the median standard score
on the Peabody Picture Vocabulary Test–Revised (PPVT-R)
(with a population mean 100, standard deviation 15) increased
from 88 at 36 months to 99 at 96 months. Over half of the
children gained five points or more in test scores from 3 to 8
years, and improvements in full-scale and verbal IQ scores
were also found. Multivariate analyses demonstrated that in
addition to age, residence in a two-parent household and
higher levels of maternal education were significantly associ-
ated with higher PPVT-R scores. Children with early IVH
followed by significant brain injury had the lowest PPVT-R
scores initially and, unlike the majority of the cohort, they did
not demonstrate improvement over time.

Gender is another moderating variable among preterm
and VLBW children. In a large multicenter analysis, boys were
more likely than girls to have adverse outcomes, including
moderate to severe CP and cognitive impairment. In multi-
variate models including both girls and boys, male gender
remained an independent risk factor for cognitive impairment
at 22 months of age, even after consideration of other factors.

Boys appear to be not only at higher risk for perinatal and
neonatal morbidities, but also at higher constitutive baseline
risk for adverse early childhood cognitive and neurologic
outcomes [32]. In follow-up studies, boys continue to have
worse outcomes than girls. Hack and colleagues reported an
interaction between birthweight and gender on an applied
problems subtest in academic achievement testing; the differ-
ence between preterm boys and controls was greater than
the difference between preterm girls and controls [29]. Males
also appear to be more vulnerable to brain injuries associated
with prematurity, including white-matter injury. The volume
of white matter in preterm boys was significantly less than
the volume in term boys, whereas the volumes were compar-
able in girls [33].

Socioeconomic status is highly associated with cognitive
and linguistic outcomes in children born prematurely. Low
maternal education is an independent risk factor for adverse
outcomes in many studies, including those focused on chil-
dren with brain abnormalities such as ventriculomegaly [34].
The contribution of SES to outcomes for term and preterm
infants usually is observed in the toddler years as language is
emerging [9]. In children born prematurely, SES is also asso-
ciated with outcomes beginning in the toddler–preschool
years [14]. The magnitude of the SES effect is substantial.
Kilbride and colleagues found that the mean scores on cogni-
tive and language measures, but not motor skills, of children
with premature delivery in a high-SES family were comparable
to the mean for the low-SES full-term children [14]. The
effects of low SES have been found in all medical risk categor-
ies after premature delivery [35]. SES is not usually considered
to exert a direct influence on language, speech, or reading
but rather to be a marker for various adverse psychosocial
factors, including highly stressful environments, poor access
to health and education services, limited verbal input, and
poor parenting skills. Interventions that improve the level
of parental responsivity also improve social, emotional,
and language development, and the VLBW group has been
shown to benefit more than the term group from maternal
intervention [36].

Language, speech, and reading outcomes
in relation to other developmental domains
Language impairments are associated
with cognitive and motor functioning
The evidence argues against the development of selective
language delays or disorders in the aftermath of preterm
delivery. For example, Caravale and colleagues documented
that in children with no obvious neurological disorders, prob-
lems with receptive vocabulary are accompanied by problems
with intelligence, visual perception, visual motor integration,
memory, and sustained attention [37]. Severe disabilities
including cerebral palsy, cognitive impairment, seizures, hear-
ing impairment, and visual impairment affect 15–25% of
the population of children born prematurely. Language and
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associated skills, such as verbal memory, generally are reduced
in children with these disabilities, commensurate with cogni-
tive impairment [38].

The prevalence of specific language impairment (SLI),
defined as language abilities significantly below what would
be expected on the basis of IQ, is no higher in children born
prematurely than in the general population [39]. In a study by
Aram et al., differences in the prevalence of SLI between LBW
children and controls failed to achieve statistical significance,
once children with other disabilities were excluded from the
analysis [39]. A higher proportion of preterm than control
children had subnormal language abilities, but they were asso-
ciated with an IQ more than one standard deviation below
the mean, hearing impairment, and/or major neurological
impairments.

Some studies have even suggested that language and
speech skills are less severely affected than cognitive and
motor skills after prematurity. Kilbride and colleagues com-
pared a sample of children born prematurely to a comparison
group of siblings born at term [14]. Though the groups
differed on the intelligence and motor tests, they were not
statistically different on expressive language and articulation.

Problems of executive functioning
The relatively poor academic achievement of prematurely
born children may relate to deficits beyond cognitive and
reading abilities, including problems of executive function.
Executive function is an umbrella term referring to multiple
complex and interrelated abilities which are used to direct
purposeful, goal-oriented behavior. These abilities are used
for cognitive, behavioral, emotional, and social functions.
They include, but are not limited to, cognitive flexibility,
inhibitory control, and the ability to hold information on-line
and filter out distraction. Difficulties with executive function
are implicated in learning and neurobehavioral disorders, such
as attention-deficit/hyperactivity disorder (ADHD). Attention
problems are highly associated with reading and learning
problems in the population of children born at term, and
therefore may contribute to academic difficulties in children
born prematurely.

Numerous studies have documented difficulties with
executive and other neuropsychological function in children
born prematurely from early childhood through adolescence.
For example, Caravale and colleagues found problems with
sustained attention and memory for location in children aged
3–4 years [37]. A Finnish cohort of ELBW children at age 5
years demonstrated poorer performance compared to Finnish
population norms on all domains of the standardized Devel-
opmental Neuropsychological Assessment (NEPSY) test,
including attention and executive functions, language, sensori-
motor function, visuospatial perception, and memory and
learning [38]. An Australian study similarly found significant
executive dysfunction at age 8 years in an ELBW/very-preterm
cohort born during the 1990s compared to NBW peers [40].
A US cohort, also born during the 1990s and evaluated at
age 8 years, found similar results [41]. Using a computerized

executive function battery, Luciana and colleagues found that
compared to age-matched controls, 7- to 9-year-old children
born prematurely demonstrated more memory errors on a
spatial working memory task, longer planning times on a task
of spatial planning and organization, poorer pattern recogni-
tion, and shorter spatial memory span [42]. Longitudinal
studies document continued impairments in executive func-
tion skills of VLBW children into adolescence [43,44].

ADHD
Epidemiologic studies find that the prevalence of ADHD is
4–12% in the general population of 6- to 12-year-olds [45].
The true prevalence of ADHD in children born prematurely is
unknown. A retrospective case–control study of clinic-referred
children with ADHD found that ADHD cases were three times
more likely to have been born LBW than non-ADHD controls
[46]. The study accounted for potential family–genetic and
environmental confounders, such as prenatal exposure to
alcohol and cigarettes, parental ADHD, social class, and family
history of comorbid disruptive disorders, indicating that LBW
was an independent risk factor for ADHD [46]. In addition,
Breslau and colleagues found a 2–3.5-fold increased risk of
ADHD among LBW children at age 6 years [47]. At age
11 years, longitudinal follow-up of the same children showed
an association between LBW and clinically significant atten-
tion problems for children from urban, but not suburban,
communities, suggesting an interaction between biologic vul-
nerability associated with premature birth and environmental
risk associated with social disadvantage [48]. Botting and
colleagues reported a threefold increase in risk of ADHD
at age 12 among a cohort of children with birthweight
< 1500 g compared to age-matched classroom controls [49].
A Norwegian study conducted by Indredavik and colleagues
found that 25% of their sample of VLBW children had atten-
tion problems as adolescents, although only 7% met diagnostic
criteria for ADHD [50]. In contrast, a Swedish follow-up study
of 10-year-old children born prematurely (< 29 weeks) found
rates of general behavior problems of 32%, with 20% meeting
DSM-IV criteria for ADHD, compared to rates of 10% and
8%, respectively, in the full-term group [27].

Longitudinal follow-up studies have found an association
between parent-reported attention problems, performance on
tests of attention, and academic achievement in children born
preterm or of low birthweight. In a US study, 7-year-old
children with birthweight < 750 g were compared to a
matched group of children with birthweight 750–1499 g and
term controls on a battery of attention tests [51]. The group
< 750 g performed more poorly on measures of vigilance and
mental set shifting, but not on a test of visual search. The
< 750 g group differed from the comparison groups on only
one attention test measuring vigilance after controlling for
overall cognitive ability. The 750–1499 g group did not differ
from the term group on any measures of attention. Poorer
performance on attention tests in this study was associated
with higher ratings of attention problems and general behav-
ior problems, lower ratings of social adjustment and school
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performance, and lower scores on tests of mathematics and
written language abilities. After adjusting for influences of SES
and general cognitive ability, the attention tests also predicted
achievement skills, indicating that such tests serve as mean-
ingful predictors of outcome [51].

A complication in this literature is that parent-reported
attention problems do not always align with results of object-
ive testing. A Norwegian study by Elgen and colleagues of a
population-based sample of 11-year-old LBW children com-
pared to NBW children showed that mothers reported higher
rates of attention problems on the Child Behavior Checklist
(CBCL), a standardized behavior questionnaire, in LBW chil-
dren [52]. The battery of tasks to assess various aspects of
attention functions, such as inattention, vigilance, impulsivity,
selective attention, and alternating attention, found no specific
attention dysfunction in the LBW group compared to the
NBW group [52]. Davis and colleagues used a similar method
and found that parents reported only 4.4% of VLBW children
had attention problem scores in the clinical range, and another
11% had scores in the borderline range [53]. In this study, the
LBW children had poorer performance on objective measures
of attention than NBW, but their scores did not correlate with
parent-rated attention problems [53].

It has been proposed that the attention problems experi-
enced by children born prematurely and of LBW may differ
from attention issues in other populations, including those
with ADHD defined by strict diagnostic criteria. Fewer
comorbid disruptive behavior disorders have been reported
in VLBW children than in the population of term children
with ADHD [54]. Whereas in otherwise healthy children
ADHD is accompanied by a greater predominance of external-
izing than internalizing disorders, in children born prema-
turely attention problems are associated with increased rates
of shyness, unassertiveness, withdrawn behavior, anxiety,
depression, and social skills deficits [49,55–57].

Neural basis of language, speech,
and reading problems in children
born prematurely
Hypoxic–ischemic injury
One potential explanation for the developmental delays
among prematurely born children could be exposure to
periods of sublethal hypoxia and ischemia (HI). Premature
infants demonstrate physiologic vulnerability to such HI epi-
sodes due to impaired cerebrovascular autoregulation [58].
The typical course of an ill neonate includes clinical episodes
of desaturation, apnea, and fluctuations in blood pressure;
hence disturbances in cerebral blood flow and lack of auto-
regulation are implicated in brain injury. Several studies find
smaller head circumference in children born prematurely than
in children born at term [14], and small head circumference is
associated with adverse developmental outcomes [59,60].
Small head circumference may be caused by a loss of cellular
elements from HI injury. Though there is evidence of global

reduction of brain volumes among children born prematurely,
regional reduction of volumes, particularly of the temporal
lobes, has been associated with a decrease in language func-
tioning [61]. Increased gyrification of the temporal lobe,
another indication of HI injury, has been associated with poor
reading abilities in children born prematurely [62].

It is difficult to reconcile the findings of an association of
temporal lobe injuries with language disorders in children
born prematurely, given the considerable evidence for cortical
plasticity among young children with large lesions in areas of
the brain purported to be associated with language skills
[18,63]. Children with early left-hemisphere cortical lesions
do better on language tasks than do adults with acquired
injuries to those same regions, a difference attributed to the
plasticity of the central nervous system at young ages [64].
In fact, the ability of the brain to reorganize language skills to
the right hemisphere after early left-hemisphere cortical injury
has been demonstrated [65,66]. More research is required
to determine when neural injuries lead to persistent and
severe language disorders, and when recovery and continued
development are possible.

White-matter injury
Another possible explanation for poor developmental
outcomes after prematurity relates to white-matter damage.
Periventricular hemorrhage (PVH) is typically associated with
large IVH and appears to result from a venous infarction
on the side of the IVH [67] (see Chapter 24). Cystic PVL
is characterized by multifocal areas of necrosis deep in the
cortical white matter [67]. This most severe of white-matter
lesions now affects only 1–4% of infants of birthweight< 1500 g,
depending on birthweight category [68].

White-matter damage results from injury to the vulnerable
preoligodendroglial cells and to the elongating and developing
axons. White-matter damage, as well as injury to the subplate
neurons, is thought to result in reduced connectivity and
impaired neuronal differentiation. Thinning of the corpus
callosum is seen following white-matter injury, particularly
in the posterior sections of the corpus callosum [69].

White matter is responsible for rapid communication
among brain regions. Though white matter has long been
regarded as relevant to motor and visual systems, it had been
regarded as irrelevant to higher cerebral function or language
because it lacks inherent computational functions. However,
recent studies have found that reading ability is highly associ-
ated with the integrity of white matter. Using diffusion tensor
imaging (DTI) to assess the integrity of white matter, studies
have found differences in the left temporal–parietal areas
between good and poor readers [70]. Fiber tracking suggests
that the site of the difference is within the corona radiata
[71]. The location of the differences is difficult to interpret,
since these tracts had not previously been thought to contrib-
ute to language or reading functions. Further research will
be needed to explore these associations in children born
prematurely.
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Cerebellar injury
Cerebellar hemorrhagic injury may also be associated with
developmental disorders in language, speech, and reading in
children born prematurely [72]. Traditionally, the cerebellum
was thought to be involved in motor activities and coordination.
However, the cerebellum has now been implicated in cognitive,
language, and reading tasks, though its precise function is not
clear. Reduced right anterior cerebellar volumes have been found
in anatomic studies of poor readers [73]. Cerebellar damagemay
often be part of an extensive pattern of injuries after prematurity
or found as an isolated lesion. Infants with isolated cerebellar
hemorrhagic injury had lower expressive language, receptive
language, and cognitive scores than full-term controls [72].
Children with both parenchymal and cerebellar damage fared
no worse than those with isolated cerebellar injury [72].

Neural organization
Functional neural organization may differ in children born
prematurely in comparison to full-term controls, even in the
absence of frank neural damage. Functional imaging studies
demonstrate patterns of neural activation in response to spe-
cific exposures or specific neuropsychological processes. Ment
and colleagues conducted an fMRI study of phonologic and
semantic processing of language using preterm and term chil-
dren aged 12 years [74]. Their paradigm asked participants to
listen passively to a meaningful story or randomly presented
combinations of speech elements from that story. The pattern
of brain activity in the semantic processing task (the meaning-
ful story) in preterm children resembled the pattern of brain
activity in the phonologic processing task (the disconnected
sounds) in term controls. Children with low verbal IQ scores
and poor language comprehension were more likely than the
others to show this pattern during scanning. These findings
suggest that prematurity alters aspects of language processing.
However, a potential problem with the interpretation is that
the children born prematurely may have been processing the
input differently. The authors attempted to rule out this pos-
sibility by asking comprehension questions at the end of the
semantic task. However, participants may have been able to
answer the questions correctly based on their familiarity with
the story rather than their on-line processing during the scan.
Functional imaging has enormous promise for contributing to
our understanding of language, speech, reading, executive
functioning, and related areas in the aftermath of prematurity.

Clinical implications
In summary, language and speech may be delayed or dis-
ordered in the aftermath of prematurity, LBW, and associated
adverse complications. The evidence suggests that such delays
are not isolated or specific but rather part of a complex of
other developmental problems. In addition, sociodemographic
variables are associated with language and speech disorders;
for instance, these disorders are more prevalent in boys than
in girls, and in children of low socioeconomic status than in
children from the middle class. Language and speech should

be a central component of the comprehensive evaluation of
children born prematurely. Children with early delays in lan-
guage and speech should be referred for early intervention or
speech and language services. Speech and language therapy
has been shown to be generally effective at improving out-
comes for children with language and speech disorders [75].

Problems of reading, spelling, writing, and academic
achievement are also highly prevalent in the aftermath of pre-
maturity. Academic problems are also associated with other
developmental problems, including cognitive impairment and
deficits in executive function. These academic problems are
also more common among boys and children of low socio-
economic status. Given the enormous importance of academic
achievement, follow-up of children born prematurely should
continue until their literacy and executive function skills can be
accurately evaluated. Prematurity must be conceptualized as a
chronic condition for many children. Systematic long-term
follow-up with a strong emphasis on functional assessment
may be required through adolescence to adulthood.

Directions for future research
Learning more about the neural basis of developmental dis-
orders after prematurity is essential. Such information may
explain the developmental disorders that follow prematurity.
Such information may also allow neonatologists and colleagues
to improve clinical care in the newborn period to reduce these
injuries. Studies on the effectiveness of neural protection
require clinical trials with adequate long-term follow-up to
evaluate improvements in outcomes at least until school age.

We must also investigate educational and behavioral inter-
ventions that can improve outcomes in children born prema-
turely. At the present time, infant specialists, speech/language
therapists, and educators generally intervene with children
who have delays on the basis of developmental levels, not on
the basis of etiology or pathophysiology. We need to consider
whether specialized instructional methods for children born
prematurely or children with specific neural injuries would
allow more rapid gains than interventions based on general-
ized approaches. Furthermore, we must evaluate interventions
for school-age children with reading and attentional problems
in the aftermath of prematurity and associated neural injuries.
We must determine whether children born prematurely bene-
fit to the same degree as full-term children from pharmaco-
logical and behavioral management treatments for ADHD.

Finally, continued long-term follow-up of children born
prematurely is important to document the outcomes of medical
management in the newborn period, and education and therapy
throughout childhood. Such studies must consider functional
outcomes in multiple domains, including learning, communi-
cation, socialization and interpersonal relationships, educational
attainment, and success in major life areas. Such follow-up
should utilize a systematic and comprehensive approach,
such as the International Classification of Functioning, Disabil-
ity, and Health [76]. As we uncover more information about
the long-term outcomes of such children, we can further refine
our treatment and management strategies.
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Chapter

48 Neurocognitive outcomes of term
infants with perinatal asphyxia
Steven P. Miller and Bea Latal

Introduction
Neonatal brain injuries represent a group of common yet
heterogeneous disorders, which result in long-term neuro-
developmental deficits. A significant proportion is related to
hypoxic–ischemic brain injury, either diffuse or focal (e.g.,
stroke). Neonatal brain injury is recognized clinically by a
characteristic encephalopathy that evolves over days in the
newborn period [1]. This clinical syndrome includes a lack
of alertness, poor tone, abnormal reflex function, poor feed-
ing, compromised respiratory status, and seizures [2]. Neo-
natal encephalopathy occurs in 1–6/1000 live term births, and
is a major cause of neurodevelopmental disability [1]. Up to
20% of affected infants die during the newborn period, and
another 25% sustain permanent deficits of motor and also
cognitive function [3,4]. Functional motor deficits are often
described as cerebral palsy, a non-progressive disorder of
motor function or posture originating in early life. Cognitive
deficits include mental retardation or learning disabilities, and
impaired executive functions, language skills, or social ability.
Other forms of neonatal brain injury, particularly in the term
newborn, such as stroke, have an incidence as high as 1/4000
live births [5]. More than 95% of infants with neonatal stroke
survive to adulthood, and many have some form of motor or
cognitive disability.

Thus, neurocognitive deficits that follow neonatal enceph-
alopathy are serious problems that frequently result in lifelong
disability with serious impact for the child, family, and society.
In addition, even if neurocognitive deficits are mild, they affect
academic achievement and quality of life. Despite the preva-
lence of these deficits, predicting the long-term outcome of
newborns with encephalopathy in the earliest days of life
remains a considerable challenge. However, recent advances
in newborn brain imaging have yielded important insights
into expected patterns of neurocognitive outcomes. Under-
standing the full spectrum of neurocognitive outcome
following neonatal encephalopathy is critical to applying and
evaluating emerging strategies, such as hypothermia, to protect
the neonatal brain from injury [6–8]. An understanding of the
neurocognitive outcomes following neonatal encephalopathy

needs to consider the etiology of the brain injury, the timing
of this injury, and the selective vulnerability of the neonatal
brain to injury. These factors lead to characteristic patterns of
brain injury in neonatal encephalopathy that are each associated
with different profiles of neurocognitive deficits.

This chapter will focus on describing the brain injuries
leading to neurocognitive deficits following neonatal enceph-
alopathy, including the etiology and timing of brain injury in
this condition, as well as the most commonly observed pat-
terns of brain injury. The spectrum of neurocognitive abnor-
malities following neonatal encephalopathy will be discussed,
and the profile of abnormalities associated with each of the
main patterns of brain injury will be described. A case study
will be used to highlight a typical profile of neurocognitive
outcomes.

Brain injuries leading to neurocognitive
deficits following neonatal encephalopathy
Etiology of neonatal encephalopathy
Neonatal encephalopathy is a heterogeneous condition with
multiple etiologies. It is increasingly clear that most neonatal
brain injury is metabolic, whether from transient ischemia–
reperfusion or from inherited defects in metabolic pathways
resulting in energy failure. Hypoxic–ischemic encephalopathy
(HIE) accounts for a substantial fraction of neonatal brain
injury, yet many cases of neonatal encephalopathy have no
documented hypoxic–ischemic insult [1,9]. Other causes of
neonatal encephalopathy include metabolic abnormalities
such as acute bilirubin encephalopathy, hypoglycemia and
inborn errors of metabolism, infections, trauma, and mal-
formations of cerebral development. As many etiologies
of neonatal encephalopathy have specific therapies, and the
underlying cause of the encephalopathy is an important deter-
minant of neurocognitive outcome, a critical part of clinical
management is to determine the underlying etiology.

Timing of brain injury in neonatal
encephalopathy
Recent studies are beginning to elucidate the antenatal, peri-
natal, and postnatal factors that underlie the vulnerability of
the newborn brain, as well as the mechanisms that contribute
to resilience and recovery. There is continuing controversy as
to whether neonatal encephalopathy from hypoxia–ischemia
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is primarily related to insults sustained in the antepartum or
intrapartum period. Careful epidemiological studies suggested
that neonatal encephalopathy is primarily related to antenatal
risk factors (events well before birth), and that intrapartum
factors (events at or near birth) account for a minority of cases
[10,11]. In a prior study of risk factors for neonatal encephal-
opathy, 69% of cases had antepartum risk factors such as
maternal hypothyroidism, pre-eclampsia, or chorioamnion-
itis, 5% had only intrapartum risks such cord prolapse or
abruptio placentae, and 24% had both antepartum and intra-
partum risks [10]. In recent years, magnetic resonance
imaging (MRI) has emerged as a valuable tool for determining
the timing and etiology of neonatal brain injury. In prospect-
ive studies using MRI in the first days of life, it is increasingly
apparent that most term newborns with encephalopathy pre-
sumed secondary to hypoxia–ischemia have an acquired brain
injury at or near the time of birth that progresses over several
days [12,13]. In one prospective cohort of neonatal encephal-
opathy, more than 90% of affected newborns had evidence of
perinatally acquired insults on MRI, with a very low rate of
long-standing antenatal brain injury [12]. The imaging find-
ings of acquired brain injury in these studies include brain
swelling, loss of gray–white matter differentiation, abnormal
signal intensities in the deep gray nuclei or posterior limb of
the internal capsule, or an acutely developing region of infarc-
tion. The use of diffusion-weighted MRI has also greatly
improved our ability to assess the onset of brain lesions in
term newborns with encephalopathy. The reduction in free
water diffusion in areas of brain injury, reflected in decreased
average diffusivity or decreased apparent diffusion coefficients
on diffusion-weighted imaging, evolves over the first days of
life and normalizes over the second week following acute brain
injury in the term newborn [14,15].

Taken together, it is possible that antenatal factors may
lead to greater susceptibility to perinatal problems in some,
while in others an acute sentinel is documented as a single
perinatal event. These data suggest that because the brain
injury is recent, it may be amenable to postnatal interventions,
such as hypothermia, in the first days of life. With the increas-
ing application of therapeutic hypothermia in newborns
with moderate to severe encephalopathy, it is expected that
the neurocognitive sequelae outlined below will change over
the next 5–10 years. The recent brain imaging data also indi-
cate the urgent need to discover the mechanistic link between
antenatal risk factors and brain injury that occurs near the
time of birth, so that new prevention strategies for encephal-
opathy can be implemented to further improve neurocognitive
outcomes.

As the etiology of a newborn's encephalopathy, and its
treatment, are key determinants of the expected neurodevelop-
mental outcome, this chapter will focus on acquired neonatal
brain injury presumed secondary to hypoxia–ischemia. For
the purpose of this chapter, the term “neonatal encephalo-
pathy” is used instead of “perinatal asphyxia,” as hypoxic–
ischemic insults may not be documented, even when other
causes of encephalopathy are excluded.

Selective vulnerability in the neonatal brain
Neonatal brain injury involves a complex set of interrelated
biochemical and molecular pathways including oxidative
stress, excitotoxicity, inflammation, and genetic effects, as
addressed elsewhere in this volume (see Chapters 1 and 2).
Underlying these mechanisms is a selective vulnerability of
specific cell types at specific developmental stages. Together,
these factors underlie the regional vulnerability of the develop-
ing brain in the human newborn, including the characteristic
patterns of injury and resultant neurodevelopmental outcomes.

Patterns of brain injury in neonatal
encephalopathy
Advanced neuroimaging techniques, such as MRI, can now
be applied in the human newborn to better understand the
heterogeneity of brain injury associated with neonatal enceph-
alopathy. The typical patterns of brain injury in neonatal
encephalopathy are each associated with different patterns of
neurodevelopmental outcomes. In a primate model of term
neonatal brain injury, the specific regional distribution of
injury was associated with different durations and severities
of ischemia: partial asphyxia caused cerebral white-matter
injury, while acute and profound asphyxia produced selective
injury to the basal ganglia and thalamus [16,17]. As changes
on MRI correspond closely to histopathological changes
found on postmortem examination [18–21], MRI can be
applied in vivo to better understand the heterogeneity of brain
injury associated with neonatal encephalopathy. A comparable
regional vulnerability is observed in the brain of term new-
borns following hypoxia–ischemia, resulting in two major
patterns of injury detectable by MRI: (1) a watershed-
predominant pattern involving the white matter, particularly
in the vascular watershed, extending to cortical gray matter
when severe, and (2) a basal-nuclei-predominant pattern
involving the deep gray nuclei, perirolandic cortex, and hippo-
campus, extending to the total cortex when severe [1,22–25].
These patterns reflect the predominant regions of injury, with
frequent overlap in affected newborns. Involvement of the
hippocampus has been linked to specific neurocognitive def-
icits later in childhood [26]. As expected from the primate
models, newborns with basal nuclei patterns of injury have
the most intensive need for resuscitation and the most severe
clinical encephalopathy. Focal infarctions of the brain, either
arterial or venous, are an additional but under-recognized
pattern of injury in the term newborn, occasionally occurring
in the setting of neonatal encephalopathy [12,27]. Consistent
with observations of childhood stroke, many newborns with
stroke have multiple risk factors for brain injury, including
intrapartum complications [28].

Spectrum of neurocognitive abnormalities
following neonatal encephalopathy
The neurocognitive outcome following neonatal encephalo-
pathy is variable and may include deficits of neuromotor,
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neurosensory, and cognitive functions. Cognitive deficits may
result from the cerebral cortical injury that frequently accom-
panies basal nuclei injury. In contrast, the watershed pattern of
injury is most commonly associated with cognitive impair-
ments that are not accompanied by major motor deficits [25].
The clinical correlate of the basal nuclei pattern of injury in
the neonatal period is a severe encephalopathy, while the
watershed pattern more frequently manifests as a more mod-
erate encephalopathy. While both patterns may be accompan-
ied by neonatal seizures, these are seen in almost 90% of
those with the basal nuclei pattern and closer to half of those
in whom watershed injury predominates [25]. The cognitive
deficits associated with watershed injury may not be apparent
in early infancy and often need more prolonged follow-up for
detection. It should be stressed that abnormal outcome
following neonatal encephalopathy is not limited to cerebral
palsy and often requires follow-up beyond 1 year of age to be
detected [25]. Postnatal factors such as socioeconomic status
also have important effects on neurodevelopmental outcome
following brain injury in the term newborn [29].

The American College of Obstetricians and Gynecologists
task force on neonatal encephalopathy and cerebral palsy
concluded that an acute intrapartum event could result only
in cerebral palsy of the spastic quadriplegic or dyskinetic type,
and could not account for cognitive deficits alone [30]. Our
clinical experience and recently reviewed data suggest that the
outcome of neonatal encephalopathy includes cognitive
deficits as a prominent feature, even in the absence of cerebral
palsy, and that this is associated with the watershed pattern
of injury and white-matter damage [25,29,31]. A number of
studies examining the long-term outcomes of children with
neonatal encephalopathy or children with risk factors for
hypoxia–ischemia have described isolated cognitive deficits
in the absence of functional motor deficits [26,29,32–36]. In
this era of increasing medical litigation, it is critical to stress
that these studies address the outcomes of critically ill new-
borns with overt encephalopathy, rather than children identi-
fied later in life on the basis of isolated cognitive impairments.
In addition to these clinical reports, experimental studies
using a variety of large and small animal models demonstrate
the selective vulnerability of the developing brain to hypoxia–
ischemia. In the immature brain exposed to hypoxia–ischemia,
injury predominates in the hippocampus, striatum, and para-
sagittal cortex [23]. The resulting hypoxic–ischemic injury
often causes impairments in memory, learning, and spatial
orientation, frequently in the absence of gross motor deficits
[31]. The learning and behavior abnormalities may not be
evident early in life but may only become apparent in adoles-
cence. These studies highlight the need for a better under-
standing of the early brain lesions that underlie long-term
neurodevelopmental impairments in this population. In add-
ition, it is mandatory to assess the full spectrum of specific
neurocognitive outcomes following neonatal encephalopathy,
which include the following domains: (1) neuromotor (cere-
bral palsy and other motor abnormalities), (2) neurosensory
(vision and hearing), (3) epilepsy, (4) cognitive abilities

(general, memory, executive function, language), (5) behavior,
and (6) quality of life.

Specific neurocognitive outcomes
following neonatal encephalopathy
Compared to the extensive literature on outcomes of other
populations at risk for neurodevelomental impairment such as
children born preterm, the body of literature is remarkably
small for term-born survivors of neonatal encephalopathy.
Previous publications on long-term outcome described
children who suffered from “asphyxia” defined by abnormal
biochemical or clinical markers (pH, base excess, Apgar, intra-
uterine distress with bradycardia, abnormal cardiotocogram),
but in whom the neurologic impairment after birth was not a
defining criterion [37,38]. It is thus difficult to compare out-
comes in these studies to those from studies using the severity
of neonatal encephalopathy as a defining criterion [34,39,40].
The current definition of hypoxic–ischemic encephalopathy
mandates clinical signs of neonatal encephalopathy in the
absence of other etiologies. While recent imaging studies sup-
port the assumption that once other causes of neonatal
encephalopathy are excluded, such as genetic syndromes or
congenital infections, the remaining cases are primarily related
to hypoxia–ischemia, few of the outcome studies rigorously
document intrapartum asphyxia (according to ACOG guide-
lines) in all subjects. Overall, studies of outcome following
neonatal encephalopathy presumed secondary to hypoxic–
ischemic injury have focused on mortality, neurologic disabil-
ity, and, to a much lesser extent, cognition.

In addition to the major motor and cognitive disabilities
that can be diagnosed in early childhood, a complete assess-
ment of neurocognitive outcomes needs to consider domains
that are more readily assessed as children develop to school
age: learning (including writing, reading, and math), executive
functions, behavior, and social competence. Impairments in
these domains are often only detected with the increased
demands of school and peer groups. Neurocognitive or intel-
lectual abnormalities are increasingly recognized as important
long-term sequelae, even in the absence of major motor
impairments [31]. Intellectual abilities and in particular execu-
tive functions such as planning, organization, flexibility, and
attention play an increasingly important role in today's soci-
ety. In addition, specific dysfunctions such as attention-deficit/
hyperactivity disorder, developmental coordination disorder,
autism spectrum disorder, or specific language impairment
may follow neonatal brain injury, either in isolation or more
often in conjunction with each other [41].

“Quality of life,” an individual's subjective perception of
physical and psychological health, is an important aspect of
outcome that is only beginning to be probed following neonatal
brain injury. Thus the assessment of long-term neurocognitive
outcomes needs to consider the child's function in a variety of
environments – family, school, employment, and society.

Many studies on neurocognitive sequelae after neonatal
encephalopathy report outcomes at an early age [33,42]. Early
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cognitive testing has limited predictive value for later func-
tioning, in part because early developmental testing relies on
cognitive concepts that differ from those later intellectual
assessments where memory, executive function, language
and visuomotor functions are specifically tested. Thus early
prognosis of later cognitive functioning is difficult, and may
be impacted by a host of other factors such as genetic and
environmental, in particular socioeconomic, factors [29,40].
Very few studies report long-term outcome into adolescence
or young adulthood [40,43–45]. These studies, however, usu-
ally did not perform detailed neonatal brain imaging, limiting
our ability to link long-term outcomes with patterns of injury
in the newborn. Knowledge on long-term outcome of these
children is crucial not only for parental counseling but also for
tailoring follow-up services and appropriate therapies, and
for advising teachers and therapists, caring for these children.

Neuromotor outcome
Cerebral palsy
In survivors of HIE, cerebral palsy or severe disability ranges
from 13% to about 36% [1,25,32–34,36,44,46], but strongly
depends on the severity of encephalopathy. Survivors of a
severe neonatal encephalopathy face a high risk of cerebral
palsy. In one study, all surviving children after severe enceph-
alopathy had a severe disability [36]. A more recent study
reported that 42% of children with severe encephalopathy
were diagnosed with cerebral palsy at age 7 years [34]. At
school age, spastic quadriparesis is the most common severe
neurologic disability, although athetoid or spastic hemiparesis
may also occur. Other disabilities often co-occur with cerebral
palsy, including sensorineural hearing loss, cortical blindness,
and learning difficulties [34].

Motor function in the absence of cerebral palsy
Few studies have examined motor functioning in the absence
of cerebral palsy in children with neonatal encephalopathy.
Their results indicate that motor problems in the absence of
cerebral palsy may occur, and may also occur in children after
mild neonatal encephalopathy. Parents reported an increased
rate of minor motor impairments and fine motor problems
for school-age children with low Apgar scores and signs of
neonatal encephalopathy (seizures, feeding difficulties, and/or
ventilator treatment) [35]. The presence of a neonatal enceph-
alopathy seems to be a critical risk factor for impaired motor
skills. In a cohort with mild intrapartum fetal asphyxia, but
without neonatal neurological signs in the majority, no differ-
ences in gross and fine motor performance were seen at 7 years
of age (assessed by the Bruinicks–Oseretsky Test of Motor
Proficiency and the Motor Accuracy Test) [47]. A recent study
examined motor performance using a standardized motor test
(Movement Assessment Battery for Children) in 61 9- to
10-year-old children with neonatal encephalopathy but with-
out cerebral palsy and related motor performance to corpus
callosum size on MRI. Definitely abnormal motor perform-
ance (� 5th percentile) was more frequently diagnosed in
children with moderate, but importantly also in children with

mild encephalopathy (37.5% and 29% respectively) [48]. Simi-
lar findings were reported for 5- to 6-year-old children: 23.5%
of children with neonatal encephalopathy without cerebral
palsy were diagnosed with minor neurological dysfunction
and/or perceptual–motor difficulties [32].

Neurosensory outcome
Vision
Impaired visual function after neonatal encephalopathy can be
due to (1) “cortical visual impairment,” resulting from injury
in the posterior visual pathway, including the primary visual
cortex [49], or (2) injury in other central nervous system
structures (e.g., optic radiation, basal ganglia, or thalamus)
[50] that may then affect acuity, visual fields, or stereopsis.
Severe visual impairment or blindness occurs in 11–25% of
children after severe or moderate encephalopathy, most often
in association with neurological disability [51,52]. Abnormal-
ities can be detected in the first years after birth and are related
to the extent of cerebral injury on MRI, in particular to basal
ganglia involvement [50]. Visual abnormalities persist to school
age and are highly related to early visual abnormalities [53].

Hearing
Children with neonatal encephalopathy are at increased risk
for sensorineural hearing loss [36,51]. Hearing loss may be
associated with neurological disabilities, but not necessarily
[1,52,54]. The pathophysiology of sensorineural hearing loss
after HIE is not fully understood; it may be due to selective
injury to brainstem and dorsal cochlear nuclei [1,55]. It
appears that hearing loss is not associated with gentamycin
treatment or familial deafness [54]. While there is no increase
in parentally reported hearing impairments in children with
low Apgar scores and signs of encephalopathy [35], survivors
of moderate encephalopathy without cerebral palsy are at
substantial risk of hearing loss, with up to 18% affected, by
parental report [44].

Epilepsy
Post-neonatal epilepsy frequently occurs after moderate or
severe neonatal encephalopathy, affecting 20–50% of survivors
[56,57]. Two recent studies reported a significantly lower
incidence of epilepsy, 9.4%, in infants who were treated for
both clinical and subclinical seizures in the neonatal period
[58,59]. The occurrence of post-neonatal seizures is strongly
related to the diagnosis of cerebral palsy and developmental
delay [59].

Cognitive ability
General
A limited number of studies have presented results on cogni-
tive abilities. Overall, cognitive functions may also be impaired
in the absence of cerebral palsy or major disability [34,36].
Overall, 30–50% of children with moderate (grade 2) HIE have
mental deficits at follow-up [60]. Marlow et al. demonstrated
that intellectual performance in children with severe encephal-
opathy without cerebral palsy is significantly poorer than in
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controls, with a mean difference of 11 IQ points [34]. Another
study including children after aEEG detected neonatal seizures
(moderate and severe encephalopathy) showed that 11% of
children with moderate encephalopathy manifested global
delay in the absence of cerebral palsy at 5 years of age [59].
Robertson and Finer found that 42% of non-disabled children
(that is, in the absence of cerebral palsy, mental retardation,
severe neurosensory deficits, or seizure disorders) in the mod-
erate encephalopathy group were delayed on school-readiness
tests [61].

In addition to generally diminished intellectual perform-
ance, children in the moderate encephalopathy group were
more likely to have problems in reading, spelling, and arith-
metic compared to those with mild encephalopathy or controls
at 8 years of age [36]. No difference was found between mildly
encephalopathic newborns and controls [36]. A large study by
Moster and colleagues from Norway compared children with
low Apgar scores (0–3) and signs of neonatal encephalopathy
to those with normal Apgar scores and no neonatal signs.
Neurodevelopmental and behavioral outcomes were assessed
by parental questionnaire. Children with major neurological
disabilities were excluded. The authors found that childrenwith
low Apgar scores and signs of neonatal encephalopathy had a
sevenfold increased risk of need for extra resources in kinder-
garten and a threefold increased risk of intervention at school.
They also were judged by their parents to perform below
average in reading, writing, spelling, and mathematics [35].

It appears that the proportion of children with cognitive
deficits may rise with increasing age of follow-up and increas-
ing intellectual demands: a study examining 28 children at age
15–19 years detected definitive cognitive dysfunctions in 71%
of the children [44]. These dysfunctions are coupled with
educational problems, which may continue into adulthood,
leading to a higher unemployment rate and a lower propor-
tion of survivors obtaining a university degree [43].

Memory and executive functions
Little information is available on specific neurocognitive
deficits after neonatal encephalopathy. However, short- and
long-term memory problems, in particular auditory memory,
are prevalent in survivors of moderate or severe neonatal
encephalopathy. A study by Lindström et al. showed that
64% of parents of children with moderate encephalopathy
reported short-term memory problems and problems with
time perception, interfering with the child's daily life [44].
Deficits in short- and long-term memory may not be detected
following a mild encephalopathy [47]. However, Robertson
and Finer showed that cognitive function of children after
moderate encephalopathy was particularly affected in areas
of auditory memory, attention, and short-term recall. They
also demonstrated for children after mild encephalopathy that
visual attention for letters and objects (assessed by the Detroit
Tests of Learning Aptitude) was significantly diminished
compared to a neonatal and peer comparison group [40].
Marlow and colleagues confirmed these findings in a cohort
of 65 children at 7 years of age, 50 of whom were free of motor

disability. Although childhood survivors of moderate neonatal
encephalopathy had similar overall IQ scores compared to
control children, specific cognitive impairments were detected:
language and auditory memory (narrative memory, sentence
repetition) on a standardized neuropsychological assessment
scale (NEPSY) [34].

Language
Language development may also be impaired after neonatal
encephalopathy [54]. Children following moderate encephal-
opathy are reported to have more problems in speaking and
listening, reading and spelling compared to those with mild
encephalopathy or controls [34,36]. Similar results were
reported at school age for children with low Apgar scores and
signs of neonatal encephalopathy compared to children with
normal Apgar scores and no neonatal encephalopathy [35].

Behavior
Childhood survivors of neonatal encephalopathy without
motor disability are at increased risk for behavioral problems
such as hyperactivity and emotional problems [34]. Children
with low Apgar scores (0–3) and signs of neonatal encephal-
opathy were more likely to manifest behavioral problems such
as aggressivity, passivity, and anxiety as assessed by parental
questionnaire using the Yale Children's Inventory Scale [35].
They were also almost four times more likely to need follow-up
by a special resource center for children with educational or
behavioral problems [35]. However, from this study it is
unknown if these behavioral outcomes differed in individuals
with mild or moderate encephalopathy. Other studies suggest
that behavioral differences are not detected at 8 years of age in
survivors of perinatal asphyxia (defined by an umbilical artery
base deficit greater than 12 mmol/L) with only mild or no
encephalopathy [47]. It is increasingly clear that behavioral
problems following amoderate encephalopathymay persist into
late adolescence. Comparing adolescents after moderate neo-
natal encephalopathy to a sibling comparison group, significant
differences are seen on the Conners scale (p< 0.003), on the
inattention subscale of the ADHD Rating Scale IV (p< 0.006),
and on the Asperger Syndrome Screening Questionnaire [44].

Quality of life
Quality of life is a multidimensional construct integrating
an individual's subjective perceptions of physical, social, emo-
tional, and cognitive functioning [62]. Quality of life can be
assessed by means of self- or proxy-reports. No study has been
published on long-term quality of life of children after neo-
natal encephalopathy using instruments that reflect the above-
mentioned construct. One study examined social interaction
using standardized questionnaires (Conners 10-item scale,
Asperger Syndrome Screening Questionnaire) [44]. Difficul-
ties making friends or interacting with peers were reported
more frequently for teenage children with moderate neonatal
encephalopathy compared to their siblings [44]. In a study of
family stress and function in 7-year-old children after mild
neonatal encephalopathy no difference in the number of
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major life events (e.g., divorce, loss of job, etc.) was found
between affected children and controls [47]. This finding is
not unexpected, since major life events have been associated
only with major child disabilities, but not with minor neuro-
cognitive problems.

Patterns of brain injury in relation
to neurocognitive outcomes
The severity of clinical encephalopathy in the first days of life
is an important predictor of neurodevelopmental outcome
[2,30]. Children with mild encephalopathy do not appear to
have an increased risk of neurocognitive sequelae compared to
normal children [40,63], even when selected motor functions,
short- and long-term memory, and behavior are tested [47].
At the other end of the spectrum, the majority of children with
severe encephalopathy die, and the remainder suffer from
severe disabilities such as cerebral palsy, mental retardation,
or epilepsy [36]. Determining the outcome of moderate
encephalopathy is more difficult, as the spectrum of neuro-
cognitive disability is broad. In this context, neonatal brain
imaging, with MRI in particular, is emerging as a powerful
tool to accurately predict neurocognitive outcomes.

While it is accepted that the risk of an abnormal neuro-
developmental outcome increases with the severity of brain
injury detected by MRI, the pattern of injury also conveys
important prognostic information regarding the pattern of
neurodevelopmental outcomes [25,64]. Abnormal signal inten-
sity in the posterior limb of the internal capsule on MRI, and
injury predominantly in the basal ganglia and thalamus, are
associated with severely impaired motor and cognitive out-
comes [25,65]. In fact, the pattern of brain injury on MRI is
even more predictive of neurodevelopmental outcome than is
the severity of brain lesions, and is often associated with specific
profiles (or patterns) of neurocognitive impairments [12,25].

The basal-nuclei-predominant and watershed-predomin-
ant patterns of injury are associated with impairments
in different developmental domains. Both the basal-nuclei-
predominant pattern and abnormal signal intensity in the
posterior limb of the internal capsule on MRI have been
associated with severely impaired motor and cognitive out-
comes [25,64–66]. As the basal-nuclei-predominant pattern of
injury is frequently accompanied by cerebral cortical and
white-matter injury in a watershed distribution [25], and with
cerebellar injury [67,68], cognitive deficits with this pattern of
injury may result from damage to areas outside the deep gray
nuclei themselves. In contrast, newborns with the watershed
pattern have predominantly cognitive impairments, which
often occur without functional motor deficits [25].

It is important to recognize that the detection of cognitive
deficits in survivors of neonatal encephalopathy, with or with-
out co-existing motor deficits, may be delayed beyond the first
year of life. In one cohort, cognitive deficits associated with
the watershed pattern of injury were detected at 30 months,
but were largely under-recognized at 12 months of age [29].
Additionally, term newborns with encephalopathy and an

abnormal MRI are more likely to have neurological impair-
ments such as minor perceptual–motor difficulties at 5 years of
age, even in the absence of gross motor deficits or differences in
IQ [32]. Newborns with the watershed-predominant pattern of
injury on neonatal MRI in the setting of an overt neonatal
encephalopathy appear to be at highest risk of long-term cogni-
tive deficits in the absence of overt motor signs. It is also
important to note that some survivors of neonatal encephal-
opathy with persistent white-matter damage on follow-up
MRI at 2 years of age still have normal outcomes at this time
point [69]. The child's postnatal environment, including socio-
economic conditions and access to rehabilitative services, will
also directly impact the presentation and severity of abnormal
neurocognitive outcomes, especially at later time points [29].
It is at these later time points in childhood that some of
the specific neurocognitive deficits described above, such as
impaired executive functions, may be most readily examined.

Advanced quantitative brain imaging techniques, such as
MR spectroscopy and diffusion tensor imaging, can now be
applied to measure subtle brain injuries, such as white-matter
injuries, and determine their association with long-term
neurocognitive outcomes [29,70,71]. For example, in a recent
case series using advanced volumetric techniques, five
survivors of neonatal encephalopathy examined between
8 and 14 years of age with delayed recall, in the setting of
intact semantic memory and motor function, were found to
have bilateral hippocampal atrophy on MRI [26].

Conclusions
Childhood survivors of neonatal encephalopathy are at risk of
a broad spectrum of neurocognitive and behavioral–social
deficits. With sophisticated and detailed measures of cognition
there appears to be an association between specific cognitive
deficits, such as language and memory deficits, with the sever-
ity of neonatal encephalopathy and the pattern of brain injury.
This recognition allows physicians and caregivers an oppor-
tunity to optimally care for infants following neonatal enceph-
alopathy by identifying those who may benefit most from
rehabilitative services and early intervention, to maximize
educational and social function and thus independent func-
tion throughout development. In this era of potential therapies
for neonatal brain injury, including hypothermia, we need
a better understanding of the full spectrum of motor and
cognitive outcomes of survivors of neonatal encephalopathy.
Studies into the mechanisms that contribute to resilience and
recovery from neonatal brain injury offer further promise to
prevent neurocognitive deficits following neonatal encephal-
opathy. In addition, a better understanding of the postnatal
factors impacting neurocognitive outcomes, including envir-
onmental and social influences, will ultimately lead to better
interventions to improve the outcome of affected newborns.

Case study
Baby Girl M was born to a healthy 31-year-old primigravid
mother, after an uneventful pregnancy at 40 weeks’
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gestation. Before delivery, the mother noted decreased fetal
movements. Because of an abnormal fetal heart tracing and
meconium-stained amniotic fluid an emergent cesarean
section was performed. The Apgar scores were 1 and 5 at
1 and 5 minutes respectively; the arterial cord pH was 6.98.
The birthweight was 3130 g, length was 50 cm and head
circumference was 35 cm (all 50th–90th percentile). The
newborn required positive-pressure ventilation for a few
minutes before breathing spontaneously. Multifocal clonic
seizures were noted clinically at 12 hours of life and treated
with phenobarbital. The child was neurologically abnormal
on the first day of life, with poor spontaneous movements,
hypotonia, a high-pitched cry, and decreased suck and gag
reflex. These abnormalities persisted until discharge on
day 17 of life, when the child manifested limited respon-
siveness to visual and auditory stimuli, marked truncal
hypotonia with hyperextension of the lower extremities,
poor spontaneous movements of the extremities, and exag-
gerated muscle stretch reflexes. MRI of the brain on the
fourth day of life revealed moderate watershed injury

accompanied by mild signal abnormalities in the basal
ganglia and thalamus.

The child was serially examined until 12.5 years of age with
attention to the domains outlined in Table 48.1. By 2 years of
age a mild cerebral palsy (level 1 on the gross motor function
classification system for cerebral palsy, GMFCS [72]) was
evident, with significant cognitive delay (MDI¼ 70), in the
setting of microcephaly (head circumference below the 3rd
percentile). At 5 years of age generalized tonic–clonic seizures
occurred and were treated with valproate.

At 6 years of age the child manifested an intellectual deficit
with an IQ of 75 as assessed by the Kaufman Assessment
Battery for Children [73]. Working memory (visual and audi-
tory) was particularly affected. Language performance was
even more delayed than the overall cognitive functional level;
a dysarthria accompanying her mild cerebral palsy was also
noted. Motor functioning was impaired, classified as level 1
on the GMFCS. She received speech and language therapy,
occupational and physical therapy, and she went to a special
kindergarten.

Table 48.1. Proposed follow-up template for survivors of neonatal encephalopathy. Examination ages and intervals are suggestions and may be increased
if clinically necessary. For each developmental domain, options for standardized examination tools are listed; they can be replaced by other standardized tests.
The choice of appropriate assessment tools for specific cognitive testing should be discussed with a neuropsychologist.

Age Domain Assessment tool

3 months Neurology Standardized neurological examination including clinical assessment of hearing and vision

9–12 months Neurology Standardized neurological examination; for cerebral palsy: gross motor function classification system [72]

Cognition Bayley Scales of Infant Development III – Cognitive or equivalent [74]

Motor Bayley Scales of Infant Development III – Motor or Alberta Infant Motor Scale [74,75]

2–3 years Neurology Standardized neurological examination; for cerebral palsy: gross motor function classification system [72]

Cognition Bayley Scales of Infant Development III – Cognitive or equivalent [74]

Motor Bayley Scales of Infant Development III – Motor or equivalent [74]

Behavior/social Bayley Scales of Infant Development III – Adaptive Behavior; optional: screening for autism
(e.g., childhood autism checklist) [76]

Specific Language: Bayley Scales of Infant Development III – Language [74], or other, e.g., the clinical linguistic and auditory
milestone scale in infancy [77]

4–6 years Neurology Standardized neurological examination; for cerebral palsy: gross motor function classification system [72]; acuity
and hearing

Cognition Wechsler Preschool and Primary Scale of Intelligence 3rd edn. [78] or Kaufman-ABC [73]

Motor Standardized motor test: Movement-ABC II [79], Bruinicks-Oseretsky Test of Motor Proficiency [80], or Zurich Neuromotor
Assessment [81]

Behavior/Social Screening for behavioral abnormalities, e.g., strength and difficulties questionnaire [82]

Specific Language (standardized test or questionnaire)

10–12 years Neurology Standardized neurological examination; for cerebral palsy: gross motor function classification system [72]; acuity
and hearing

Cognition Wechsler Intelligence Scale for Children, 4th edn. [83] or Kaufman-ABC [73]

Motor Standardized motor test: Movement-ABC II [79], Bruinicks–Oseretsky Test of Motor Proficiency [80], or Zurich Neuromotor
Assessment [81]

Behavior/ Screening for behavioral abnormalities, e.g., strength and difficulties questionnaire [82]; Youth Self Report [84]; quality
of life [85,86]

Quality of life

Specific Testing of specific intellectual functions: reading, writing, working memory, executive function, using standardized tests
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From 6 until 12 years of age, she continued in a special-
education school and received the same therapies. At 12 years
of age the motor impairment was evident on standardized
testing (Zurich Neuromotor Assessment) and intellectual
functioning further decreased compared to 6 years of age

with an IQ of 62 on the Wechsler Intelligence Scale for
Children–revised version [83]. Her behavior was normal and
she was a happy and contented girl with a good quality of life
according to her parents. Her special interests were animals
and flowers.
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Chapter

49 Appropriateness of intensive care application

William E. Benitz, David K. Stevenson, and Ernlé W. D. Young

Introduction
Ethical questions in medicine revolve around three core
topics: what needs to be decided, on what basis, and by whom.
These matters are not unique to the perinatal period, nor to
patients with brain injury, but both of those circumstances
may have ethical implications in the decision-making process,
and in combination they raise questions that are unique.
Because these situations touch so many critical aspects of
human existence – birth, death, personhood, parenthood,
etc. – it is not surprising that ethical matters related to the
perinatal period have garnered a disproportionate amount of
attention in the public discourses on medical ethics, nor that
brain integrity lies at the core of so many of the contentious
cases. The philosophical underpinnings of medical ethics have
been reviewed exhaustively in many other venues, so this
discussion will focus on aspects that are unique to or uniquely
framed by brain injury or dysfunction in the perinatal period.

What is to be decided?
In the lay literature, ethical dilemmas are often framed as “life-
or-death” decisions, with the implication that death or survival
are options to be freely selected by patients, family members,
or care providers, and that the ultimate outcome is within
their control. In reality, that is rarely the case. In the case of a
patient whose vital signs are rapidly failing despite full appli-
cation of intensive care measures, this fact is obvious and there
is no (or at most a very short-lived) ethical problem. Ethical
problems arise when there is no detectable brain function
(including spontaneous respiratory effort) but otherwise stable
vital signs, when brain function is severely impaired but vital
signs are sustained without aggressive medical interventions,
when there is no realistic prospect for recovery from a life-
threatening illness (independent of neurological condition),
when the anticipated future quality of life is so dismal as to
be outweighed by the burdens of life-sustaining medical meas-
ures, or when medical interventions for other conditions pose
risks to neurological integrity or may result in prolonged
survival with substantial neurological impairments due to
associated or coincident neurological injuries. In all of these

situations, the questions confronted can be reduced to two
items: the objective of medical intervention and the methods
to be applied to achieve that objective. In the United States,
and other societies in which active euthanasia is not overtly
practiced, these choices do not translate directly to decisions
about life or death.

In general, the “default” objective of medical care, and
neonatal intensive care in particular, is restoration of patients
to health, at least to the extent that they are able to leave the
hospital and resume (or in the case of an infant, assume) their
role in society. This is almost always assumed to be the goal
of medical care at the time that an infant is admitted to a
neonatal intensive care unit. For the infant, this means becom-
ing a member of a family, with the ability to recognize, interact
with, and experience family members. For most, it also implies
a capacity for developmental progression, with acquisition of
new behaviors, such as language, locomotion, and self-care. In
the rare circumstances in which the severity of known neuro-
logical disorder – anencephaly or intractable seizures in an
infant with trisomy 18, for example – makes it clear that these
expectations cannot be met, the goal of restoration to health
is not realistic, and identification of alternative objectives
becomes mandatory. The consequences of failure to do so
are exemplified by the case of “Baby K” [1]. This anencephalic
child was born at Fairfax Hospital in Falls Church, Virginia,
on 13 October 1992. Nationally, the standard of care for
anencephalic infants requires only the provision of comfort
measures: nutrition, hydration, warmth, human companion-
ship, and being allowed to die peacefully. When they experi-
ence respiratory distress, they are not offered mechanical
ventilation. In this case, however, the child's mother, believing
that “all life should be protected” [2], wanted her child to
have cardiopulmonary resuscitation and mechanical ventila-
tion when she had trouble breathing. Despite the fact that
“the hospital and physician concluded that such treatment
was medically and ethically inappropriate” [1], leading to a
protracted litigation further discussed below, Baby K was
intubated and supported with mechanical ventilation. She
was eventually weaned from the ventilator and discharged
to a nursing home. In this instance, the national standard of
care that warrants withholding of aggressive treatment – at
the outset – was circumvented. This was, at least in part, a
consequence of asynchrony between the goals of Baby K's
physicians (based on their recognition that she could not be
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restored to health and social function) and her mother (who
either denied that assessment or was satisfied with more
limited results). From her perspective, merely prolonging life –
an alternative goal for her medical care – appears to have been
appropriate.

The objective of restoration to health may also be deemed
unrealistic when medical conditions, independent of coinci-
dent neurological disease, are incompatible with survival with-
out ongoing intensive care measures, such as mechanical
ventilation, continuous drug infusions to support the circula-
tion, or dialysis. The extreme difficulty of reaching consensus
in these situations is demonstrated by Ryan Nguyen [3], who
was born “six weeks before his due date, asphyxiated, and with
barely a heart beat.” The initial resuscitation attempt was
successful, but weeks later the infant's physicians at Sacred
Heart Medical Center in Spokane, Washington, when con-
fronted with Ryan's multiple medical problems, including
“kidney failure, bowel obstructions, and brain damage,”
decided that aggressive medical treatments “would only pro-
long his suffering and that he would never survive infancy.
They suggested that his life support be withdrawn.” Clearly,
they had concluded that the continued application of intensive
care technology was inappropriate, for two reasons: even with
intensive care, the child would not survive beyond infancy,
and applying the technology was cruel, since the burdens
imposed by treatment would be disproportionately massive
relative to any possible benefits. Other medical experts (from
the Children's Hospital and Medical Center in Seattle) con-
curred with this assessment by the child's neonatologists at
Sacred Heart Medical Center. This suggests that the initial
recommendation to forgo further intensive care was not
impulsive or arbitrary but was carefully considered and had
the unequivocal support of colleagues in the field. However,
even as one group of physicians was attempting (for what
seemed to them good reason) to say no to the continued
application of intensive care, another group was willing to
say yes. Neonatologists “at a medical center in Portland,
Oregon [Legacy Emmanuel Children's Hospital], reading
about the baby in a newspaper, said they were willing to treat
him and that he was likely to survive. Almost immediately,
Ryan was transferred to their care.” The parents' wishes,
reinforced by their pro-life lawyer and a court order requiring
continued hemodialysis for the infant's kidney failure
(obtained before the baby's transfer from Spokane to Portland)
prevailed over the professional judgment (and integrity) of the
original perinatal team and their consultants. Five months
after admission to the Portland hospital, Ryan was discharged
home and was reported to be doing well. In this case, the
conclusion that recovery to the point of survival without
intensive care was impossible may have been incorrect (in
retrospect). Nonetheless, a key difference between Ryan's
physicians at Sacred Heart and Emmanuel lies in the different
goals for his care: minimizing suffering in the first instance
and restoration to health in the second. His parents' unwilling-
ness to adopt the goals recommended by his doctors in
Spokane lay at the heart of the ensuing conflict.

These cases frame the choices of objectives for intensive
care: restoration of health, minimizing suffering, and prolong-
ing life. When there is consensus that the first of these is not
achievable, either of the latter may be ethically appropriate,
depending upon specific circumstances. These objectives are
not mutually exclusive; the desire to prolong life may be
tempered by respect for the burden imposed on the patient
by life-sustaining interventions, for example. If consensus on
the objectives of medical care can be achieved, conflicts and
ethical problems related to the second group of decisions –
how best to care for the patient in question – often dissolve.
The necessity for careful attention to those choices does not.

The objective of restoration of health – supported by
realistic expectations of success among the medical team –
typically will dictate choices driven by medical expertise rather
than by family members' desires. That is not to say that the
choices confronted are devoid of ethical or moral dimensions.
This is exemplified by the circumstance of the extremely
low-birthweight infant with an intraparenchymal cerebral
hemorrhage and necrotizing enterocolitis with extensive bowel
infarction. For this infant, the probability of survival is low
and that for significant neurodevelopmental impairment
is high [4]. For some families, this prospect is sufficiently
unpalatable to lead to choice of an alternative objective of care
(minimal suffering), based upon both the immediate suffering
endured during intensive care and long-term suffering related
to complications of short-bowel syndrome and sequelae of a
major neurological injury. For others, the potential for sur-
vival and hope for a better-than-expected neurodevelopmental
outcome may be the basis for continuation of aggressive
intensive care. Such choices clearly are contingent upon the
values brought to the situation by each family.

Evolving medical technologies have created new challenges
for parents and practitioners, who now must consider the
neurodevelopmental implications of interventions primarily
designed to address non-neurological conditions. For exam-
ple, technical advances over the last two decades have made
palliative and curative neonatal heart surgeries possible,
substantially increasing the number of newborns being treated
surgically for congenital heart disease (CHD). Babies with
previously lethal cardiac anomalies can now be palliated or
even cured of their heart disease, leaving them with repairs
(sometimes incomplete), and potentially a legion of other
associated neurologic and physical injuries, defects, or limita-
tions. The relationship between congenital heart disease and
cerebral injuries is complex and multifaceted. The same
pathological processes may lead to disturbances of early fetal
development of both heart and brain. This may arise in
well-described genetic disorders, such as the DiGeorge/
velocardiofacial syndrome (VCFS) or Down syndrome, or
with congenital infections such as rubella, but congenital
heart disease is also associated with developmental brain mal-
formation in ways that appear to be independent of discrete
syndromes. Whether this association is a consequence of
shared antecedents, a reflection of altered intrauterine hemo-
dynamics, or both, in different instances is unknown. There is
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certainly great potential for cerebral injury as a complication
of congenital heart disease in the perinatal period, from severe
hypoxemia (in transposition of the great vessels with intact
septum and a restrictive foramen ovale, for example), reduced
cerebral perfusion (in left-heart obstructive lesions, in particu-
lar), and from paradoxical emboli or cerebral abscesses (asso-
ciated with intracardiac right-to-left shunts). These events can
occur before, during, or after interventional catheterizations
or heart surgery. The complex relationship between cardiac
surgery (including the potential cerebral sequelae of intra-
operative cardiopulmonary bypass) and the brain is discussed
in Chapter 38. In short, some brain abnormalities are inheri-
ted in association with congenital heart disease, and others
are acquired in association with it, sometimes in the process
of diagnosis or treatment.

Whatever the mechanisms of injury, the decision makers
for these vulnerable patients have to decide between
impending death of the child, if intervention is not under-
taken, and substantial risks for brain dysfunction (intrinsic or
acquired) and often-lifelong disabilities because of other phys-
ical and functional incapacities. Late sequelae of hypoplastic
left heart repairs, for example, include intractable seizures,
neurodevelopmental delays, failure to thrive, and diminished
exercise tolerance [5–8]. These decisions are not easy, and
there is no universal right answer as to whether cardiac sur-
gery should be undertaken in lethal complex CHD, such as
hypoplastic left heart syndrome (HLHS). Moreover, the deci-
sions are made more difficult because conditions like HLHS
are not uniform. They vary across a developmental spectrum
of structural cardiac malformations and are associated with
a variety of concomitant conditions. For these immediately
lethal anomalies, a choice to do nothing beyond comfort care
remains understandable, but willingness to recommend
non-intervention varies enormously between physicians in
different specialties (with neonatologists much more likely to
support non-intervention than intensivists, cardiologists, or
surgeons) [9]. For less likely lethal anomalies which have
protracted natural histories leading to later disability or death,
the choice to do nothing seems less acceptable, because it
would entail prolonged suffering and possibly avoidable death.
For these conditions, for which it is possible to correct the
defect and prevent protracted disability or death, discussions
to restrict intervention seem less defensible morally. What
is not ethical is the assumption that just because a lethal
condition is technically amenable to palliation a surgical pro-
cedure must be undertaken. The fullest context of the patient,
including co-existence of any other anomalies or developmen-
tal disabilities, is also relevant, and might render the palliation
or even curative surgery futile or produce only a prolongation
of suffering.

Recent clinical trials that have provided evidence that
hypothermia ameliorates the neurodevelopmental impair-
ments that follow acute intrapartum asphyxial events raise
the possibility of a new kind of ethical challenge [10–12].
This is the first intervention with demonstrated efficacy
for improving outcomes for infants who have sustained

hypoxic–ischemic insults, requiring treatment of approxi-
mately six infants to produce one additional neurologically
intact survivor. This treatment is quite tempting for families
and medical professionals confronted with an infant with low
Apgar scores, metabolic acidosis documented at or soon after
birth, and behavioral or electroencephalographic evidence of
cerebral dysfunction. At this writing, however, it is premature
to recommend this treatment without qualification. While the
data seem convincing, it is not clear whether the perceived
benefits are real or only artifacts of palliation bias. The criteria
for selection of the best candidates for treatment have not been
identified, and the most severely injured infants may benefit
least. Fortunately, these early reports suggest that the risk of
survival with severe neurological debilitation is not increased
by induced hypothermia. As these and other treatments
evolve, parents and physicians will have to balance the prom-
ise of benefit against potential, and as yet unknown, adverse
consequences.

If there is agreement that the goal is to minimize suffering,
it may be easy to reach a decision to discontinue mechanical
ventilation, remove the endotracheal and nasogastric tubes,
and use opioid analgesics liberally but judiciously. Most
importantly, agreement on this goal allows attention to be
refocused on palliative care. The fact that the “life-or-death”
decision about survival of the infant is not entirely within the
control of the family or medical team should not lead to a
nihilistic conclusion that the situation is completely out of
control. On the contrary, decisions about the timing or
manner of discontinuation of presumably life-sustaining treat-
ments (e.g., mechanical ventilation) may facilitate the presence
of parents or those who provide their social supports and
permit the infant the benefit of comfort measures. For a
neonate, these include being clean, dry, warm, pain-free, not
hungry (if feeding is medically feasible), human companion-
ship, and relief from the indignities of continued invasive
medical interventions. The latter does not equate to “with-
drawal of care,” however. This language, which has been a part
of the ethical literature in neonatology for many years [13], is
best discarded, as it implies and creates reasonable fears of
abandonment of the patient by the medical care team. Even if
all medical measures are discontinued, the team should con-
tinue to provide emotional support for the family and atten-
tion to the continuing needs of the infant. In many instances,
this may include medical measures that enhance comfort, as
well as management of pain or other distressing symptoms,
such as gentle suctioning of the oropharynx for a baby who
cannot swallow oral secretions. Such medical interventions
should be chosen or adapted carefully to minimize noxious
effects. For pain relief, sublingual administration of fentanyl is
preferable to subcutaneous injections of morphine. Providing
family members – grieving parents, in particular – an oppor-
tunity to hold and comfort their dying baby, in a quiet and
private setting, with the support of others of their choosing
(family, friends, clergy, social workers, or other members of
the medical team) has become a routine but extremely impor-
tant part of this process. For infants whose demise can be
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anticipated to fall hours or days after elimination of aggressive
medical interventions, or whose anticipated rapid demise fails
to materialize, the support of the medical team may be
extended to allow the family to escape from confinement in
a hospital room, to the hospital chapel, garden, or other more
pleasant location. The recent expansion of hospice programs
to encompass dying neonates now enables discharge of such
infants home or to a hospice facility, with all necessary services
to maintain comfort and support the family. The medical team
must be familiar with all of these options to advise the family
and guide their choices.

The patient for whom the objective is simply prolongation
of life may be the most problematic, as neither the purpose of
that choice nor the measures used for that purpose are always
obvious. In some instances, this may be only a short-term
objective, with a clear intent to continue intensive care meas-
ures only for a defined period – until family members can
come to support the parents or perhaps until a religious ritual
is completed. The potential for conflict is much greater when
the goal is open-ended. Many instances of conflict between
care providers and family members hinge on unspoken but
critical differences in expectations that follow from imprecise
communication on this issue: frustration, anger, and rejection
on the part of care providers who mistake a request for life-
prolonging care for a demand for rescue of an unsalvageable
patient, or similar responses by family members who mis-
apprehend acquiescence to such a request for tacit affirmation
of their unreasonable hopes for recovery. We will return to
this problem in the discussion of futility later in this chapter.
Nonetheless, explicit articulation of this aim will facilitate
more appropriate decisions about the details of the medical
care provided. Fundamentally, this becomes the technical
problem of identifying and applying measures that maintain
vital signs, physiological homeostasis, consciousness, or what-
ever signs of “life” are deemed confirmatory that life is, in fact,
being sustained. (Problems related to disagreements on this
matter are addressed below.) In this context, however, appli-
cation of medical interventions may differ from the way in
which the same measures might be incorporated into care of a
patient for whom recovery is expected. For instance, worries
about the impact of tracheostomy on speech acquisition might
be irrelevant for an infant who is not expected to survive
beyond a year (even with life-prolonging intensive care) or
for one with profound cranial nerve deficits (Moebius syn-
drome) not compatible with acquisition of speech. In general,
slowly accruing adverse effects, such as development of opiate
dependence and tachyphylaxis or oxygen-associated lung injury,
may be more acceptable to enhance comfort in the short term
in this setting than might be the case if recovery to discharge
from intensive care or from the hospital were the goal.

What is the basis for ethical decisions?
It is not the conclusion of the decision-making process that
makes a decision ethical or not, but rather the process by
which it is reached, and, to some extent, the rationale for

the ultimate decision. For example, a recommendation to
discontinue hospital care for a handicapped infant precipitated
by exhaustion of his insurance coverage would likely be
viewed as driven by the physician's self-interest (or greed)
and, therefore, unethical. On the other hand, a similar decision,
leading to exactly the same outcome, but reached jointly with
the family after consideration of the infant's intractable pain
and dependence upon invasive medical procedures, would not
raise ethical concerns. What, then, are the requirements for a
process to be seen as ethical? Although there are some broad
principles that can be invoked as generic answers to this
question, their application will often depend upon the specific
situation at hand. Rather than attempt to cover all of those
possibilities, we will focus on a few circumstances that high-
light problems specific to brain injury in the perinatal period.

Establishment of the concept of brain death has simplified
management of patients who are unresponsive, without signs
of cortical or brainstem function. When it can be established
that there has been irreversible cessation of brain function,
most would argue that discontinuation of intensive care is not
only permissible, but mandatory. Despite an ongoing debate
about whether such individuals are actually dead or the label is
merely a “convenient semantic construct” [14], this concept
has proven helpful, perhaps by allowing family members to
recognize that their beloved relative is no longer present,
despite persisting signs of physiological functioning of other
organs (particularly the heart). Criteria for recognition of
brain death, defined as irreversible cessation of brain function,
initially developed for adults, have been adapted for applica-
tion in children [15], but diagnosis of brain death in newborn
infants is fraught with both false-positive and false-negative
conclusions [16], particularly in the first 7 days after injury
[15]. Even advocates for the feasibility of diagnosing brain
death recognize special requirements, involving use of com-
binations of observations and longer periods of observation, in
these patients [17]. For this reason, it is rarely possible to
invoke this concept in support of withdrawal of intensive care
measures in neonates.

There are situations, though, in which the medical care
providers believe that there is virtually no chance that
an infant will survive, even with continuation of intensive
care. The key word here is “virtually.” The second usage of
“virtually” in the Oxford English Dictionary (second edition) is:
“In effect, though not formally or explicitly; practically, to all
intents, as good as.”While it may seldom be possible to assert,
with absolute certainty, that an infant has no chance of sur-
viving, even with continued intensive care, it may be said that
the probability of surviving is so low as to make death prac-
tically, or to all intents, or as good as, certain. Although, in
theory, probability can approach but never be synonymous
with certainty, in practice the effect or result of causal factors
with an extremely high level of probability may be almost
always the same as certainty. Hence, use of the term “virtually”
no chance of surviving – even with intensive care.

In practice, determination that there is virtually no possi-
bility of survival almost always depends upon synthesis of
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numerous clinical data elements, not all of which are necessarily
related to neurological assessments. A determination that a
given outcome is virtually certain has to be based on empirical
data, not subjective belief or bias alone. This is why physicians
may find themselves at odds with nurses in the intensive care
nursery. Nurses, at the bedside for 24 hours a day, 7 days a
week, tend to intuit sooner than physicians (who attend their
tiny patients more episodically) that an infant is or is not “going
to make it.” Physicians have to be persuaded of this by empir-
ical evidence: not only the evidence the particular infant is
providing, but also its corroboration by similar findings by
their peers in similar circumstances as documented in the
medical literature. This is how a “national standard of care”
comes to be developed, on the basis of repeated and consistent
empirical clinical findings. Stahlman has argued that:

The decision to withhold or withdraw life-sustaining treatment
can be justified only if one has a set of medical (not social or
emotional) circumstances whose outcomes can be predicted with
accuracy. This accuracy has been significantly increased by certain
types of modern technology, and by long-term follow-up studies on
medical and behavioral outcomes of a wide variety of neonatal
conditions, including extreme prematurity, chronic lung disease,
and many congenital abnormalities [18].

Where these findings, in the case of a given neonatal patient
with specific medical complications or conditions, suggest
that survival is unprecedented – the application of neonatal
intensive care technology notwithstanding – a physician may,
with confidence and in good conscience, recommend that
aggressive treatments be withdrawn. The use of the phrase
“virtually no chance of survival,” with the implication that
the recommendation is based on probability rather than abso-
lute certainty, may prompt a few parents to refuse the recom-
mendation and to insist on continued aggressive treatments.
Statistical probability applies to groups and has little to say
about discrete individuals. Even odds of winning as low as one
in several million do not deter multitudes of people from
buying lottery tickets. Nevertheless, most reasonable people
accept the fact that a prognosis of “virtually” no chance of
survival is to all intents indistinguishable from one where
there is “absolutely” no chance at all.

In the Nguyen case, not all the physicians consulted agreed
that little Ryan had virtually no prospect of surviving his
multiple medical problems [3]. There was also no generally
agreed-upon standard of care for babies in his condition.
Although, as the case of Baby K brings home, having a
national standard of care is not an infallible means of limiting
aggressive treatments considered inappropriate, it is more
often true that the lack of a medical consensus is commonly
the reason why doing this is difficult and, at times, impossible.
The challenge to academic neonatal medicine, in particular, is
to establish national standards of care for patients in more and
more categories. One of the positive benefits of managed care
and its emphases on cost-effectiveness, outcome assessment,
and evidence-based medicine is that it is driving research
of this kind. Without the backing of a community standard

or, even better, a national standard of care, the individual
neonatologist who is convinced that an infant has virtually
no chance of surviving even with continued aggressive treat-
ments, and who accordingly recommends their withdrawal, is
out on a limb, and very much at the mercy of the whims and
wants of parents or family members.

The approach to these conundrums has often been framed
in terms of futility, since the care providers typically see
continuation of intensive care measures as pointless. Unless
those measures fail to maintain the presence of vital signs
(such as when CPR does not restore a heart beat or where
vasopressors fail to maintain blood pressure), however, family
members may perceive the situation differently. As Moseley
and colleagues have pointed out, if an intervention is truly
futile, “it will generally be provided for only a short period of
time before it fails” [19]. From this perspective, it is apparent
that futility is largely in the eye of the beholder, as family
members may rightly apprehend that intensive care measures
that have not yet failed are demonstrably effective in main-
taining signs of life in their baby. In effect, then, the only way
to determine whether an intervention is futile is to try it out
and see if it works. Consequently, it may not be helpful to
inform a desperate parent that a requested intervention is
futile or pointless. On the other hand, it would be an abroga-
tion of the physician's moral responsibility to acquiesce to
requests for interventions that are not medically plausible
(i.e., can reasonably be expected to alter some relevant aspect
of physiology or pathology in that particular patient). Asking a
physician to rub an untested herbal mixture on the child's
brow in order to get rid of the brain damage does not fall
within the boundaries of a treatment with proven medical
efficacy. And asking the physician to keep the child alive for
the sole purpose of allowing God to perform a miracle is, from
a physiological standpoint, to prolong the dying process.
While the principle of non-maleficence prohibits the medical
team from providing care that would actually be harmful, it
may nonetheless be acceptable to permit or even facilitate
activities of a non-medical nature – rites or ceremonies of
religious or cultural significance, for example – as long as
the risk of harm is absent or minimal, even though those
measures are, from a medical perspective, futile.

Morreim has pointed out that the so-called futility debate
“turns on intractable conflicts of deeply held beliefs about the
value of life” [20]. On one hand are the “vitalists,” who believe
that all life is fully, even infinitely, valuable, regardless of its
quality. On the other are those whom Morreim describes as
“qualitists” (for want of a better term), “who believe that there
are some conditions under which a life is no longer of value to
the person who has it – that such a person would be better off,
or at least not worse off, dead.” Central to this controversy is
the fact that vitalists conflate the meanings of “human life”
and “personal life,” while qualitists insist on distinguishing the
two concepts. Those in the latter camp do not regard the terms
“human life” and “personal life” as synonymous, and attempt
to emphasize what to them seems to be an important distinc-
tion: we are human by virtue of our membership of the human
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species (by having human DNA), but we are persons only as
we have actual or potential capacities for sentience (being able
to experience pain or pleasure), responding to external and
internal stimuli, relating to our environments and to one
another, and for being, at least in some slight measure, self-
determining moral agents. These capacities, so far as we can
tell, depend entirely on neocortical function. For qualitists, if
neocortical function is absent, we are not persons, though we
continue to be human beings. On the other hand, vitalists
equate human life with personal life. This fosters the view that
a fertilized egg, a fetus, a severely neurologically impaired
neonate, or – at the other end of the life cycle – a permanently
vegetative adult, simply by being a member of the human
species, are all persons. Persons are sacred; their right to life
is inviolable. Therefore, except in the case of those with afflic-
tions incompatible with survival, everything that can be done
technologically must be done to ensure their survival. With-
holding and withdrawing life-sustaining treatments are not
seen as moral options; indeed, the implication of this position
is that it is mandatory to continue all treatments until the
patient has died.

The ramifications of the vitalist view are evident in the
public discussion of the matter of 8-week-old twins joined at
the pelvis in Great Britain. Unless surgically separated, both
were expected to die; if separated, one would die and the other
might survive. An appeals court in London ruled, over the
opposition of the babies' parents, that they must be separated.
Writing in the New York Times [21], Sirico remarked, “Here,
as in the case of abortion, one simple principle applies: There
is no justification for deliberately destroying innocent life.
In this case, the court has turned its back on a tenet that
the West has stood by: Life, no matter how limited, should
be protected.” It comes as no surprise to the reader to learn
that Sirico is a Roman Catholic priest. He exemplifies the
vitalist position perfectly.

The two views of what constitutes personal life may be
further described, respectively, as passive and active. The vital-
ist view is passive: personhood is acquired simply by virtue of
being a member of the human species. The qualitist sees it
differently: we become persons, not merely by being endowed
with human genes, but by becoming actively involved in
reacting and responding to stimuli within our various envir-
onments, forming relationships, and, eventually, making
choices. Dworkin refers to this as the “investment” each of
us has made, is making, and will continue to make to become
the persons we are [22]. If these kinds of activity are pre-
empted because the neocortex is either absent or has been
destroyed, personhood either is not or is no longer possible.
For example, Dworkin writes:

The life of a single human organism commands respect and
protection, then, . . . because of the complex creative investment it
represents and because of our wonder at the divine or evolutionary
processes that produce new lives from old ones, at the processes of
nation and community and language through which a human being
will come to absorb and continue hundreds of generations of

cultures and forms of life and value, and, finally, when mental life
has begun and flourishes, at the process of internal personal creation
and judgment by which a person will make and remake himself,
a mysterious, inescapable process in which we all participate, and
which is therefore the most powerful and inevitable source of
empathy and communion we have with every other creature who
faces the same frightening challenge [22].

The vitalists gained the upper hand during the “Baby Doe” era.
The Federal Rehabilitation Act of 1973 was invoked to warn
healthcare providers that to withhold services from handi-
capped infants (the term then in vogue) that ordinarily would
be provided to others would constitute a violation that could
render their institutions ineligible for federal financial assist-
ance. In order to implement the threat of action under the
Rehabilitation Act, the Department of Health and Human
Services issued an “interim rule” in March 1983; the final rules
were promulgated in January 1984. These regulations (named
for “Baby Doe”, from whom life-sustaining treatments had
been withheld in 1982 at the request of the parents, against the
advice of their pediatrician and the hospital) [23] expressly
excluded “quality of life” from the decisional process in the
intensive care nursery [24]. These rules were eventually struck
down by the Supreme Court, but their legacy endures in the
Federal Child Abuse Amendments of 1984 and, more signifi-
cantly, in the Americans With Disabilities Act of 1990. The
Americans With Disabilities Act expands the Rehabilitation
Act in several respects. As Greely points out, “Perhaps most
importantly, it includes physicians along with other health-
care providers as ‘public accommodations’ under the Act who,
subject to a few limitations, have to make services available
regardless of a patient's disability” [25].

Despite these developments, there is a widespread consen-
sus among adults that supports the qualitist position.
Although some, like the husband of Helga Wanglie, who
refused to allow discontinuation of assisted ventilation despite
her permanent vegetative state, do make other choices [26],
many – if not most – of us would not want biological existence
extended mechanically (in our own case) when personal life, as
we understand it, is no longer possible. The fear that this could
happen as a result of physicians mindlessly subscribing to the
technological imperative gave impetus to the so-called “right
to die”movement; so-called because, strictly speaking, death is
not so much a right as a destiny. What the term “right to die”
means is the right to die with some measure of control,
dignity, and humanity. This right is now recognized and may
be expressed in legally binding advance directives, such as the
Durable Power of Attorney for Health Care or California's
Advance Health Care Directive (or its equivalent in other
states), which allow competent adults to specify, beforehand,
that they desire life-sustaining treatments to be withheld or
withdrawn when these will merely maintain biological exist-
ence in the absence of qualities they deem necessary for a
personal life. These legal provisions are of little help when
the patient is an infant, however. What they do provide to
those responsible for decision making for infants with severe
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neurological injuries is the legal and moral authority to decide,
on their behalf, to discontinue medical measures, including
those that are potentially life-sustaining, when there is consen-
sus that those measures are no longer appropriate.

These are the broad lines of the debate between the two
camps. As Morreim observes: “At every juncture, each side's
argument presupposes as true its distinctive view about the
value of fetal [or neonatal] life” [20]. The debate hinges on
deeply held beliefs, and the values to which they give rise.
These may not be amenable to rational persuasion. They
may have to be accepted as givens by which people in both
groups live and for which, if necessary, they might be prepared
to fight and die. Consequently, neither futility nor the concept
of personhood has led to consensus positions that help resolve
disagreements about requests for aggressive interventions for
neurologically compromised infants.

Parallel arguments about parental demands for withholding
interventions, however, have been more productive, and –
fortuitously – the results are more generally applicable,
independent of the direction of the parent–physician disagree-
ment. While the focus of this public debate has often been
more on who should decide (as discussed below) than on why
or how, the conversation has produced a reasonable consensus
that the basis of ethical decisions for patients who cannot
speak for themselves, and children in particular, should be
the best interests of the patient. This concept was implicit
in the assertion in the 1924 Geneva Declaration of the Rights
of the Child that “mankind owes the child the best that it has
to give” [27] and was made explicit in the 1959 United Nations
Declaration of the Rights of the Child in the statement that
“In all actions concerning children, whether undertaken by
public or private social welfare institutions, courts of law,
administrative authorities or legislative bodies, the best inter-
ests of the child shall be a primary consideration” [28]. By
1983, this principle had been incorporated into consensus
statements issued both by a Presidential Commission and by
the American Academy of Pediatrics [29,30]. What remained,
then, was to work out what is meant by “best interests” and how
they might be determined.

Most would agree that the best interests of the patient
would lie in selection of medical and other care measures that
offer the greatest potential for benefit and the least prospect of
harm, but every attempt to help entails some risk of harm.
Every intervention, however safe and efficacious it may be in
the majority of cases, will sometimes prove neither safe nor
effective. Vaccination provides a good example of this. While
millions of children benefit from being vaccinated, there are
rare exceptions – children who develop damaging and some-
times lethal reactions to the vaccines. Therefore, between the
two cardinal biomedical ethical principles of non-maleficence
(requiring that, above all else, the physician do no harm)
and beneficence (mandating the attempt to benefit or to help
the patient) there is the moral notion of proportionality.
The challenge for those responsible for care of an infant with
brain injury is therefore to find the optimal balance between
beneficial and noxious consequences of care.

For the most part in neonatal medicine, the risk or
probability of harm is outweighed by the prospect of benefit-
ing the patient. However, there may come a time in the
aggressive treatment of some patients when the balance shifts.
Harms, mostly iatrogenic in nature, may begin to outweigh
the help that is being afforded, becoming disproportionately
burdensome relative to meager benefits. At this juncture it is
not merely ethically permissible to stop treating the infant
aggressively, it is obligatory. To continue on an aggressive
course that is doing more harm than good is cruel. This is
morally as well as medically reprehensible, as it violates the
principle of non-maleficence.

But how are harms to be defined? The infant has no
language, except body language, with which to communicate.
In a neonate with a neurological injury, even these tenuous
signals may be attenuated. The assessment of harms and
benefits, of necessity, must be made by those caring for the
infant rather than by the patient him- or herself. Adult obser-
vers will rely on both subjective and objective indicators of
harm, and these may be in conflict with one another. Nurses
are commonly the first to protest that an infant is being
harmed rather than helped by aggressive treatments, claiming
that their tiny patients are “being tortured.” Physicians, on the
other hand, may dismiss these assertions as overly subjective,
as emotional rather than empirical deductions, because they
see objective signs of improvement in the data being provided
by their patients. While acknowledging the unfortunate side
effects of their treatments, they may continue to insist that
these are more than outweighed by the actual and hoped-for
benefits [31]. This is particularly likely to happen when clin-
icians are also investigators, and have enrolled their patients
in clinical trials. In a recent study, Catlin and Stevenson
found that “despite awareness of the high morbidity and
mortality, 96% of the physicians [interviewed] offered resusci-
tation to all ELBW neonates in the delivery room. The main
factors affecting their decisions were ‘the role of physician;’
having been ‘trained to save lives;’ the belief that ‘if called,
I resuscitate;’ the inability to determine gestational age;
requests from parents to ‘do everything;’ and the need to move
from a ‘chaotic’ delivery room to a controlled neonatal inten-
sive care unit” [31].

How can these opposing points of view be reconciled in the
best interests of the patient being treated? One criticism of
the claim that infants are not being harmed because there are
objective signs of improvement is that those making this claim
are looking at isolated trees, but not at the forest as a whole.
The infant's renal function may be somewhat improved, or her
lungs may appear marginally better, or the intracranial bleed
may seem slowly to be resolving, but the patient may not be
getting better at all. Treatments may have effects without
necessarily providing benefits. The tendency to focus on isol-
ated organ systems rather than the whole person can blind
even the most objective observer to the fact that, overall, less
good than harm is being done. The role of the nurse as
advocate for a holistic view of the patient may be to teach
physicians, who are generally more oriented to an objective
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perspective, how to observe the subtle nuances of the infant's
body language over time. This body language may eloquently
proclaim the disproportionality of harms to benefits. The
same may be true for parents who visit their child infrequently
and continue unrealistically to insist, despite all evidence to
the contrary, that the child is getting better and that aggressive
treatments cannot be forgone. Requiring these parents to
spend uninterrupted time at their child's bedside is often the
most effective way of breaking through their denial, and
winning their agreement that the time has come to switch
from a curative to a palliative course. Conversely, parents
who are able to spend substantial time at the bedside are often
better able to recognize and describe the signs of suffering
exhibited by their own baby.

The necessity for involvement of multiple members of the
nursing staff to provide round-the-clock care for a neonatal
patient provides a valuable safeguard against an overly sub-
jective assessment of an infant's distress. If not one nurse,
but every nurse, who spends a shift of 8 or 12 hours with a
patient agrees that, on balance, the infant is being harmed
rather than helped, this admittedly subjective point of view
becomes powerfully compelling. Those who dispute it on
the basis of the objective data being monitored have to be
challenged to spend as much time at the infant's bedside as
those who claim that the moment has arrived when shifting
from an aggressive to a more palliative course is warranted.
Besides, the subjective view may correlate well with the
aggregate data, if not with the indications for particular organ
systems.

Determination of “best interests” must also balance imme-
diate and short-term benefits against long-term harm and vice
versa. Short-term pain during recovery from surgery to repair
a bowel atresia may be easily justified by long-term, pain-free
survival, but the immediate benefit of prolongation of life with
palliative surgery for complex congenital heart disease may
not outweigh the later burdens of survival with major neuro-
logical impairments from coincident brain injuries. Evaluation
of the long-term impacts of survival with severe neurosensory
and developmental impairments, often compounded by
significant ongoing medical problems, is especially difficult.
The views of medical professionals, parents, and (later on) the
affected infants in this regard may be quite disparate. This
disparity is evident in the observation that self-reported
health-related quality of life is not related to birthweight
or presence of disability among extremely low-birthweight
survivors followed up at 21–25 years of age [32]. It was stated
more poignantly by a young man in his early twenties, blind
from retinopathy of prematurity and dependent on a wheel-
chair for ambulation but attending college, who inquired of
a panel discussing strategies for “avoiding bad outcomes”
(i.e., withholding of intensive care), “Am I a bad outcome?”
The answer to this question is not self-evident. Because it
is laden with value judgments, different observers can be
expected to reach different conclusions.

The key to discerning the infant's best interest, and to
implementing the moral notion of proportionality in the

trade-off between harms and benefits, is teamwork. As Stevenson
and Young stated:

The fact that there is a treatment team, rather than a solitary
treating physician, can be a useful check and balance against overly
subjective interpretations – one way or the other. In this respect,
many heads (and hearts) are better than one. When a consensus
begins to emerge among all who are participating in the care of
an infant that the harms of continued treatment (or nontreatment)
are outweighed by the benefits, then it becomes difficult for any
one member of the group to make claims to the contrary;
increasingly persuasive arguments in support of such claims
will be necessary [33].

Continuous involvement of the parents in these processes, as
advocated by the AAP [30,34], will provide the greatest oppor-
tunity for successful resolution.

It is generally assumed that the interests of the child can be
and should be determined independently of the interests of the
other members of the family. Hardwig has argued that there is
a “presumption of equality” between the patient and the
family which requires that the interests of both, whether they
be medical or non-medical, must have equal consideration
[35]. And Blustein has observed that “to treat the patient in
the family appropriately, the physician must be cognizant of
the patient in the family” [36]. These comments by Hardwig
and Blustein suggest that the interests of the child and of the
parents should not be viewed in isolation from one another.
The 1983 American Academy of Pediatrics statement on treat-
ment of critically ill newborns emphasized the limitations of
this view, however:

While the needs and interests of parents, as well as of the larger
society, are proper concerns of the pediatrician, his or her primary
moral and legal obligation is to the child-patient. Withholding or
withdrawing life-sustaining treatment is justified only if such a
course serves the interests of the patient. When the infant's
prospects are for a life dominated by suffering, the concerns of
the family may play a larger role. Treatment should not be
withheld for the primary purpose of improving the psychological
or social well being of others, no matter how poignant those
needs may be [30].

The revised (2007) AAP statement on non-initiation or with-
drawal of intensive care for high-risk newborns essentially
reiterates this position:

The physician's role is to present the treatment options to the
parents and provide guidance as needed. The parents' role is to
participate actively in the decision-making process. Decisions to
continue, limit, or stop intensive care must be based only on the
best interest of the infant . . . the physician's first responsibility is to
the patient. The physician is not obligated to provide inappropriate
treatment or to withhold beneficial treatment at the request of the
parents. Treatment that is harmful, of no benefit, or futile and
merely prolonging dying should be considered inappropriate.
The physician must ensure that the chosen treatment, in his or
her best medical judgment, is consistent with the best interest of
the infant [34].
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These comments are tempered, in the more recent statement,
by recognition that such decisions often cannot be made
totally independent of parental wishes and values, however:

There may be cases . . . in which the prognosis is uncertain but likely
to be very poor and survival may be associated with a diminished
quality of life for the child; in these cases, parental desires should
determine the treatment approach . . . The physician . . . must be
sensitive to the parents' concerns and desires, which are often
based on a complex combination of values and influences derived
from their cultural, religious, educational, social, and ethnic
backgrounds [34].

When parental interests do appear to be clearly contrary to
the medical needs of the child, responsibility for the care of the
child may be taken away from the parent. However, this
cannot be done with a fetus. In past years, the clinical status
of the fetus could only be determined indirectly by examining
the pregnant woman. This produced a single-patient model in
which the benefits and burdens of care were identical for both
the fetus and its mother. This unitary model has yielded to one
in which the woman and fetus can be viewed as separate
individuals with distinct medical needs. The shift from a
unitary to a dyadic concept occurred for two reasons, one
political and the other medical. The political reason was the
effect of the discourse employed by the anti-abortion move-
ment, which, in response to the US Supreme Court decision in
Roe v. Wade, promulgated the view that the fetus is a person
with a right to life from the moment of conception. The
medical reason was improvement in medical diagnostic
capabilities. The array of diagnostic tools that have become
available has helped, as Fasouliotis and Schenker observed,
“penetrate the opaque environment and reveal the fetus to
clinical observation in all its anatomical, physiological, and
biochemical particularity” [37].

The goals of the obstetrician are to promote the health of
both the pregnant woman and the developing fetus. In most
instances, these objectives are consonant, as the well-being of
the fetus is dependent on the health of the mother. There are
circumstances in which they may diverge, however, such as
when maternal inattention to her own health compromises
fetal health or when concerns about fetal integrity lead to
consideration of invasive procedures, such as cesarean delivery
or fetal (and therefore, necessarily, maternal) surgery, which
have health risks but few or no health benefits for the mother.
If the mother chooses to accept those risks for the benefit
of her fetus, or if the benefits for the fetus are minimal,
hypothetical, or unknown, there may be no conflict of any
consequence. When the mother is unable or unwilling to
consent to procedures intended to benefit her fetus (such as
emergency cesarean section to rescue a fetus experiencing an
acute hypoxic–ischemic event), or is requesting interventions
that may benefit herself but compromise the fetus (such as
elective induction of labor before term, which might alleviate
her of the burdens of continuation of pregnancy but expose
the fetus to complications of prematurity), maternal and fetal
interests do come into conflict. Is there any approach that

can morally justify an action in favor of the fetus that is
incompatible with the woman's interests or needs, or con-
versely? One approach, claiming that the fetus's right to life
trumps all needs or desires of the pregnant woman except her
own right to life, justifies overriding the autonomy of the
woman in order to take care of the fetus. Another denies that
the fetus has any rights at all, focusing on the medical prob-
lems of the woman whatever the attendant cost to the fetus.
The critical issue is whether coercive measures can justifiably
be used to compel maternal interventions for fetal benefit [38].
Because treating a woman against her will would be an excep-
tion to the legal rule against battery and a violation of the
moral rules of autonomy and bodily integrity, and would
destroy the pregnant woman's ability to trust the physician,
there is now consensus that there is no ethical basis for such
coercion. But this does not mean that the pregnant woman is
entirely free of obligation. As Nelson and Milliken observed,

Persuasive arguments can be made that a pregnant woman not
intending to have an abortion has an ethical obligation to accept
reasonable nonexperimental medical treatment and to behave
otherwise in a manner that will benefit and not harm her fetus . . .
Nevertheless it is quite another matter to transfer this obligation into
a legal duty by enforcing it with the coercive power of the law [38].

What has been suggested is that treatment of the pregnant
woman and of the fetus as separate beings does not, in case of
a conflict, call for coercive measures being brought to bear
against the woman. The costs of such tactics outweigh the
benefits. In these situations, the only recourse for the phys-
ician may be to pursue persuasion.

Who decides?
In countries like Sweden, where the provision of medical care
is the responsibility of the state, and where savings in one area
can effectively be allocated to provide needed services else-
where, the government, acting on the advice of experts in the
field and after paying attention to lobbyists (parents and
people with disabilities), may ultimately decide when provid-
ing neonatal intensive care is inappropriate. The ethical foun-
dation of these decisions is the principle of distributive justice,
which calls for the fair distribution of medical resources
among potential recipients. In such societies, the question at
hand then becomes the extent, if any, to which treatment of
brain-damaged infants can be justified, given the competing
claims for treatment of other patients.

In the best of all possible worlds, we would not experience
pain, suffering, or debilitation, and therefore would not have
to expend our wealth on health care. In the second-best world,
we would always receive the best of care for all of our medical
needs. As Hume, the eighteenth-century philosopher observed,
“If nature supplied abundantly all our wants and desires . . .
the jealousy of interest, which justice supposes, could no
longer have a place” [39]. Thus, in this world, we would utilize
an economy of abundance in which the way medical resources
are distributed would be irrelevant. But, in our own real world,
we must employ an economy of scarcity in which the patterns
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of distribution are of importance, not only from the stand-
point of economic efficiency but also from the standpoint of
fairness or distributive justice.

In an economy of scarcity, there are two general sorts of
decisions that are called for: macro allocation and micro alloca-
tion. In the USA, macro allocation decisions are made by the
Federal Government for medical research, for medical schools
and hospitals, for Medicare and Medicaid, and by state agencies,
health organizations, private foundations, and insurance com-
panies. These are the product of two important questions:
(1) How much of our economic resources should be allotted
for health care, with the more specific issue being the relative
importance of such care in comparison to other social goods,
such as education, housing, law enforcement, and food pro-
grams? (2) How should what is allotted be distributed to specific
undertakings such as research, crisis care, and technological
innovation? Micro allocation decisions, or rationing, are made
by doctors and hospitals when there is a scarcity of resources
relative to demand. Our concern will be with the issue of
rationing as it applies to brain-damaged infants. This will
require us to ask whether the resources expended in the treat-
ment of these infants satisfy the principle of distributive justice.

When we deal with problems of allocation, we are con-
cerned to know what portion of the economic pie is to be
designated for health care. When we deal with problems of
medical rationing, we are concerned to know what portion of
the allocated portion of the economic pie is to be designated for
different parts of the healthcare system. One approach is to
recognize that since almost all people want to live, and since
almost all parents want their children to survive, the rationing
of resource should be based on a lottery [40]. This offers each
patient in the lottery an equal chance to win or to lose. But there
is a limiting condition in its use. Let us suppose that allocations
have allowed us to identify those patients for whom insufficient
resources are available and who are therefore legitimate partici-
pants in the lottery. Once the lottery is run and appropriate
distributions have been made, we are in no position to know
what distribution should be made to the next new patient.

The second approach is to measure the outcome of our
monetary investments in health care against the costs involved
in these investments. This allows us to compare the relative
efficiencies of different treatments. For instance, when we
compare extremely low-birthweight infants in the NICU with
elderly patients in the ICU, we find clear evidence that expend-
itures for treatment of the infant population are much more
cost-effective than for the adult population [41].

Other results based on quality-adjusted life year (QALY)
assessments indicate that care for low-birthweight infants is
“significantly more cost effective than . . . coronary artery
bypass surgery, treatment for severe hypertension, or routine
Pap smears for women aged 20 to 74” [42]. The population
that was studied by Cutler and Meara included brain-damaged
infants. This suggests that the cost efficiency of treating hyp-
oxic children is similar to that of treating low-birthweight
infants. But this evidence must be treated with caution, since
not all hypoxic infants are of low birthweight.

In the USA, which does not have a centralized system and
where there is no effective mechanism for transferring savings
achieved in one sector to another where an infusion of
resources could be of obvious benefit, authority for deciding
when intensive care is inappropriate and for what reasons is
more diffuse. The experts may line up on one side of the issue,
to find themselves opposed by parents or other experts, on the
other, with the state remaining neutral. At the present time,
infants enter the NICU on a first come first served basis,
limited only by the availability of staff and beds. In those
instances in which the infant is discovered to have malforma-
tions such as anencephaly or pulmonary hypoplasia, or genetic
conditions such as epidermolysis bullosa, or an injury such as
chronic lung disease or liver failure, parents will often consent
to the withdrawal of life support. The studies mentioned above
appear to support the conclusion that continued treatment of
infants surviving hypoxic insults is cost-efficient. Given this
result, the burden of proof falls on those who would deny that
the treatment of hypoxic infants is cost-efficient. In societies
that have not chosen to prohibit medical interventions for
brain-injured neonates as a matter of resource allocation,
decisions about initiation and continuation or discontinuation
of such measures fall to the parents and treating physicians,
and there inevitably are times when the parents and medical
professionals cannot agree upon the best course of action. The
case of Baby K reminds us how it may be almost impossible to
say no, and how little help is provided by appeal to the
principle of distributive justice.

When dealing with competent adult patients, the answer to
the question of “who decides” is determined by the moral
principles of autonomy, self-determination, and bodily integ-
rity. It is obvious that the newborn infant is unable to exercise
autonomy on his or her own behalf, so it must fall to another
party to do so. In the early days of neonatal intensive care,
difficult decisions about care of infants – particularly those
related to end-of-life care or withholding of potentially life-
sustaining measures – were mostly left up to the baby's
parents, who were considered to be acting as the baby's surro-
gate. The deference of the medical profession to parental
wishes to withhold treatment is evident in the 1963 “Johns
Hopkins case,” in which surgical repair of duodenal atresia in
a 33-week-gestation premature infant with trisomy 21 was not
undertaken when the parents declined to consent to the sur-
gery [43]. The baby died of starvation 15 days later. By report,
“the physicians acquiesced to this decision, even though
allowing the baby to starve to death created great consterna-
tion among the staff” [44]. This case, and undoubtedly others
like it, received little public attention until the 1971 release of a
documentary film [45], based on this and at least one similar
case [43], that publicly raised questions about the appropri-
ateness of such decisions and, in doing so, provided much of
the impetus for development of the field of biomedical ethics.
Despite the negative public reaction to the non-treatment
decision [46], physicians continued to defer to parents’
requests for non-intervention, with 80% of pediatricians
responding to a 1977 survey indicating that they thought
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parents should have the right to refuse consent for surgery for
an infant with trisomy 21 and duodenal atresia [47]. Another
1977 survey of pediatric surgeons and pediatricians indicated
that more than 90% of the surgeons and more than 80% of the
pediatricians would acquiesce to parental refusal to consent to
surgery in this circumstance [48]. These attitudes embodied
the idea that parents should be universally entitled to make
medical decisions on behalf of their children, and particularly
those too young to speak for themselves. Although infants are
incapable of defining for themselves an acceptable (or
unacceptable) quality of life, it seems not unreasonable to
allow their parents a degree of freedom to do this for them.
After all, parents are at liberty to impart their values to
their children in virtually every other aspect of their lives.
If infants either lack or are likely not to have those capacities
(for responsiveness to stimuli, for relationships, and for self-
determination) that their parents believe necessary for
the attainment of personhood, it is arguably their right to
forgo the artificial support systems that will not restore these
capacities but merely prolong biological existence.

After the much-publicized and controversial case of Baby
Doe in 1982 [23], a public consensus began to emerge that
unlimited deference to parental wishes might not be appropri-
ate. In that case, the parents refused surgery to repair esopha-
geal atresia in their newborn son, who also had trisomy 21.
Triggered by disagreement from the family's pediatrician, the
hospital went to court, unsuccessfully seeking an order to
override the parents' right to make this decision and to compel
performance of the surgery. While this court decision seemed
to be a victory for advocates for complete parental autonomy,
the ensuing controversy drew the attention of President
Reagan, who ordered promulgation of the ill-fated “Baby
Doe rules” discussed previously. Although these rules did
not survive the scrutiny of the Supreme Court, they did create
a precedent for denial of parental pre-eminence, and subse-
quent public discussion of the matter seems to have assumed
that parental choices no longer had primacy. The 1983 AAP
policy statement on treatment of critically ill newborns [30],
issued to voice strong opposition to the Baby Doe regulations,
advocated delegation of responsibility for such decisions
to institutional review committees, suggesting that “parents
should be involved” “at each step of [the] review.”

In the 1992 case of Baby K, however, the child's mother,
believing that “all life should be protected” [2], wanted her
anencephalic child to have cardiopulmonary resuscitation and
mechanical ventilation when she had trouble breathing. The
hospital filed a declaratory judgment action to determine its
obligations to provide this kind of emergency medical treat-
ment to Baby K, “since the hospital and physician concluded
that such treatment was medically and ethically inappropriate”
[1]. A panel of the Fourth Circuit Court of Appeals ruled, by a
margin of two to one, “that federal patient anti-dumping law,
EMTALA [Emergency Treatment and Active Labor Act of
1986], required that all patients with emergency conditions
be treated and stabilized, even when the medical standard was
not to treat.” The hospital argued against application of the

statutory language of EMTALA, but the court rejected all
arguments. Legal analysts were dismayed. Barry Furrow, pro-
fessor at theWidener University School of Law inWilmington,
Delaware, wrote:

The court's focus on stabilization under the Act, in the case of an
anencephalic newborn, misses the point of the Act. Since Baby K
is not a case of “patient dumping” for economic reasons, and the
standard of care is generally accepted as to non-treatment, this is
a better case for a judicial interpretation of the statute that is not
stubbornly literal, but rather attentive to both medical practice
and the congressional intent in passing EMTALA [49].

Although Baby K was eventually weaned from the ventilator
and discharged to a nursing home, she required readmission on
several occasions. Baby K, aka Stephanie Harrell, died at 2 years
of age, after her sixth return to the emergency department at
Fairfax Hospital for resuscitation because of respiratory dis-
tress. While the case of Baby Doe led to limitations on parental
autonomy in making decisions on behalf of infants with neuro-
logical disabilities, the case of Baby K exemplifies the limitations
of the resulting diffusion of responsibility among parents,
medical professionals, ethics committees, and public entities.

Indeed, neither this diffusion of authority nor its redelega-
tion to ethics committees has eliminated conflicts between
family members and care providers. Even when a consensus
of treating physicians and the medical team in general is
supported by an ethics committee review, families may cling
to hope and refuse withdrawal of medical interventions, as
demonstrated by the recent Gonzales case in Texas [50]. Emilio
Gonzales was an incapacitated, deaf, blind 17-month-old with
Leigh syndrome who spent 5 months on life support in a
pediatric intensive care unit. After determination by his phys-
icians that his condition was hopeless, his physicians exercised
the process defined by the Texas Advanced Directives Act, also
known as the Texas Futile Care Law. Under this 1999 law [51]:
(1) The physician's refusal to comply with the patient's or

surrogate's request for treatment must be reviewed by a
hospital-appointed medical or ethics committee in which
the attending physician does not participate.

(2) The family must be given 48 hours' notice and be invited to
participate in the consultation process.

(3) The ethics-consultation committee must provide a written
report detailing its findings to the family and must include
this report in the medical record.

(4) If the ethics-consultation process fails to resolve the
dispute, the hospital, working with the family, must make
reasonable efforts to transfer the patient's care to another
physician or institution willing to provide the treatment
requested by the family.

(5) If after 10 days (measured from the time the family
receives the written summary from the ethics-consultation
committee) no such provider can be found, the hospital
and physician may unilaterally withhold or withdraw
therapy that has been determined to be futile.

(6) The patient or surrogate may request a court-ordered
time extension, which should be granted only if the judge
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determines that there is a reasonable likelihood of finding
a willing provider of the disputed treatment.

(7) If the family does not seek an extension or the judge fails to
grant one, futile treatment may be unilaterally withdrawn
by the treatment team with immunity from civil and
criminal prosecution.

(Similar laws have been enacted in California, Virginia, and
other states.) After obtaining review by the ethics committee
and approaching 31 other institutions, all of which declined to
accept a transfer for further care, the treating physicians and
hospital were prepared to discontinue care after the required
10-day waiting period. Emilio's mother sought and obtained
an injunction to extend that deadline. Emilio died while still
receiving intensive care before the court issued its final ruling,
so the legal status of this law remains ambiguous. The court's
willingness to delay withdrawal of care suggests that the
judicial system remains reluctant to override the wishes of
families. As Truog has pointed out, “the law's effectiveness
for achieving closure . . . relies on a due process approach that
is more illusory that real and that risks becoming a rubber-
stamp mechanism for systematically overriding families'
requests for care that seem unreasonable to the clinicians
involved” [52]. It should not be surprising that families may
mistrust a process (review by a hospital-appointed ethics
committee) that almost always agrees with the treating phys-
icians' assessment of futility, as demonstrated by the report of
affirmation of that position in 43 of 47 cases reported from
another Texas hospital [53]. It should be apparent that this
approach, though well intended and thoughtfully designed, fails
to bring resolution to these dilemmas. Truog has summarized
this well in his conclusion that “Rather than jeopardize the
respect we hold for diversity and minority viewpoints, . . . we
should seek to enhance our capacity to tolerate the choices of
others, even when we believe they are wrong” [52].

Implementing the recommendation that parents be
regarded as the principal decision makers regarding forgoing
potentially life-sustaining care for their infants will require
a high degree of unanimity among all the nursery staff that,
in a given case, an infant's capacities for personal life are so
profoundly diminished that the parents' request to forgo life-
sustaining treatment is appropriate and ought to be respected.
In the absence of unanimity there could be repercussions, both
for the attending neonatologists and for the institution, not
only in terms of litigation but also, and this is of perhaps

greater concern, unwanted media attention and the adverse
publicity that can be associated with it. These practical consid-
erations may in the end prevail over the moral and medical
judgment of the physicians and, hence, the parents. It is
generally assumed that the interests of the child can and
should be determined independently of the interests of the
other members of the family who normally serve as its surro-
gates. This is a questionable assumption, particularly for a
mother or father suddenly confronted with the birth of
a neurologically damaged child. Given the shock and stress
that ensues, in which parents have to absorb the technical
information about the conditions of their child and also their
often dizzying roles as caretakers, asking the parent for a
dispassionate assessment of the interests of the child may not
be a reasonable request [54,55]. But there does not appear to
be a better alternative.

So what is the state of affairs at this point in time? We can
decide which medical interventions to apply or withhold, but
decisions about life and death are out of our hands. Decisions
should be based upon the “best interests” of the patient, but
these are value-laden, often difficult to determine, and some-
times the subject of intense disagreement. Arguments based
on the moral principles of distributive justice, autonomy,
surrogacy, and substituted judgment have failed to produce
consensus on who should have final authority for decisions
when conflicts cannot be resolved, and attempts to diffuse this
responsibility through constructs like infant care review com-
mittees have not succeeded in eliminating intractable disagree-
ments. The courts have shown some willingness to compel
medical treatments against parental wishes, but not to the
extent of mandating maternal interventions for fetal benefit,
nor have they formally condoned cessation of intensive care
against parental wishes, despite legislation in several states
providing legal mechanisms for doing so. As these issues
remain unresolved, the de facto authority for decision making
continues to rest with parents, unless there is compelling
evidence that their choice to withhold treatment is contrary
to the best interests of the infant.

Nearly 2500 years ago, Hippocrates (ca. 460–370 BCE) said,
“Life is short; art is long; opportunity fugitive; judgment difficult.
It is the duty of the physician not only to do that which immedi-
ately belongs to him, but likewise to secure the cooperation of the
sick, of those who are in attendance, and of all external agents”
[56]. It has been hard to improve upon that advice.
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Chapter

50 Medicolegal issues in perinatal brain injury

David Sheuerman

Introduction
Perinatal hypoxic-ischemic brain injury is an important and
often troublesome medicolegal problem for practicing physi-
cians. Brain injury to infants occurring during the perinatal
period is probably the most common cause of severe long-
term neurological deficit in patients, and consequently the
incentive for legal action is high.

Although vast advances in care have taken place during
the past several decades in the practice of perinatal medicine,
the incidence of brain injury and its sequelae has not seen a
significant decline. Litigation involving these types of injuries
has remained a constant over many years despite endeavors in
education of both physicians and patients, and improvements
in care. This chapter will attempt to explore and explain
the manner in which legal principles are applied to complex
medical issues in the medicolegal examination of perinatal
brain injury. The rules of law in this chapter refer either to
California law or to general medical negligence principles in
the USA.

The term “medical malpractice,” often misused and
frequently misunderstood, refers to any professional act or
omission to act that encompasses or represents an unreason-
able lack of knowledge, care, or skill in carrying out one's
professional duties. As used herein the term “malpractice” is
synonymous with “negligence.”

Although there are a number of legal theories which may
be brought against a physician for allegedly fault-worthy con-
duct in perinatal or other medical contexts, the vast majority
of such legal actions are based on allegations that a physician
or other practitioner was negligent – that is, that he or she did
not perform in a reasonable manner as compared to other
practitioners of similar standing acting under the same or
similar circumstances.

Duty
The first element of the theory of negligence as malpractice is
establishing that a duty was created by the practitioner–patient
relationship. In certain instances, whether such a “duty” has
been created is a contested legal issue. Such circumstances

might include where an informal communication which
might be construed as a consultation takes place, or where a
physician volunteers to help in an emergency situation. Once a
sufficient relationship has been established, the practitioner
has a duty to possess and utilize that degree of knowledge,
care, and skill exercised by a reasonable and prudent physician
under the same or similar circumstances. A physician owes the
patient a duty to act in a manner consistent with the standards
established by his or her profession, commonly referred to as
the “standard of care.”

There is no clear or precise definition of the duty of a
particular physician under each factual scenario. Thus,
because most medical malpractice cases, especially those in
the perinatal area, are highly technical, the standard of care is
defined by witnesses who profess to carry special medical
qualifications and who are asked to provide guidance to the
judge or jury. In general, the finder of fact is instructed to base
its decision solely on the opinions of such experts in deciding
whether the physician in question acted with ordinary
prudence [1] (Box 50.1). Instructions are also given to the jury
on physician duty [2] (Box 50.2).

Breach of duty
The second element of a cause of action for medical malprac-
tice is proof, only more likely than not, that the physician did
not comply with the duty described above. It is thus alleged
that the physician breached his or her duty by failing to act
within the applicable standard of care. This is obviously a
vigorously contested issue in each medicolegal case, with a
variety of criteria to be examined in supporting the plaintiff or
the defense case, mostly surrounding the opinions of the
various experts. In the perinatal arena, consensus statements
and guidelines such as those published by the American Col-
lege of Obstetricians and Gynecologists (ACOG) and the
American Academy of Pediatrics (AAP) are frequently utilized
to clarify the standard of care in the community. Of course, it
is not possible for any consensus statement or clinical practice
guideline to encompass or anticipate each clinical scenario or
to speak to the important aspect of physician judgment
employed in each case. The jury is instructed by the court
to utilize a specific framework in evaluating whether the
physician deviated from the standard of care [3] (Box 50.3).

Physicians asked to consult on a given case and to render
their opinion whether the practitioner(s) met the standard of
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care commonly apply very different standards in the application
of the “standard of care” to a given set of facts and circum-
stances. Many consultants are misled into believing that if
the practitioner in question acted in a manner which deviated

from the treatment the consultant believes he or she would
have given, the standard must have been breached. This is
clearly an incorrect application of the law, which provides that
different methods may be employed by different practitioners
and, where no uniformity of opinion exists, the physician is not
negligent merely because he or she chooses a method different
from or not favored by other physicians [4] (Box 50.4).

A generally accurate description by a testifying expert
witness is “a physician must use the care a reasonable phys-
ician might employ in the same or similar circumstances.”
An error in judgment does not constitute negligence. Inten-
tionally, and by necessity, the legal definition of the “standard”
to be met is vague. The author proposes that if one may
logically surmise that the practitioner has demonstrated
adequate knowledge to apply the necessary skills and has
utilized that knowledge in a logical manner in an attempt to
achieve the desired result, the physician has met the standard
of care, regardless of the outcome of the treatment.

Causation
The third element that must be proved by the plaintiff, again
by a preponderance of the evidence, is that the act or omission
said to be negligent by the physician was a cause of the
resulting injury. The closeness of this connection is described
as “legal” or “proximate” cause. In the law, the concept of
causation differs markedly from the concept of etiology in
medicine. The law requires only that a particular act or omis-
sion be a “substantial factor,” and not necessarily the major or
most immediate cause of the injury, as a physician would
apply the term to describe the etiology of an injury.

Physicians involved in the legal process, whether as
defendants, retained experts, or treating physicians, often con-
fuse (or allow themselves to be confused) when they are being
cross-examined regarding their opinions on causation. Plain-
tiffs' burden of proof to show something did or did not
happen by a “preponderance” of the evidence requires only
that the “likelihood” of the occurrence or non-occurrence is
greater than 50%. Thus, words such as “probably” or “likely”
have critical meaning in the legal forum. Physicians are to be
cautioned that use of these words in an answer (or a response
linked to a question containing these words) constitutes a
medical opinion which may make or break the legal case.
The jury receives instruction on causation [5] (Box 50.5).

Causation is a critical element in the evaluation of most
perinatal brain-injury cases. Numerous criteria are evaluated
in an attempt to prove the likelihood or lack of causation in

Box 50.1 Medical negligence: standard of care determined
by expert testimony

You must determine the standard of professional learning,
skill, and care required of the defendant only from the opin-
ions of the physicians (including the defendant) who have
testified as expert witnesses as to such standard.
You should consider each such opinion and should weigh

the qualifications of the witness and the reasons given for his
or her opinion. Give each opinion the weight to which you
deem it entitled.
(You must resolve any conflict in the testimony of the

witnesses by weighing each of the opinions expressed against
the others, taking into consideration the reasons given for the
opinion, the facts relied upon by the witness, and the relative
credibility, special knowledge, skill, experience, training, and
education of the witness.)

Source: California BAJI 6.30 [1]

Box 50.2 Duration of physician's responsibility

Once a physician has undertaken to treat a patient, the
employment and duty as a physician to the patient continues
until the physician withdraws from the case after giving the
patient notice and a reasonable time to employ another
doctor, or until the condition of the patient is such that the
physician's services are no longer reasonably required.
A physician may limit his or her obligation to a patient by

undertaking to treat the patient only for a certain ailment of
injury or only at a certain time or place. If the employment is
so limited, the physician is not required to treat the patient for
any other ailment or injury or at any other time or place.

Source: California BAJI 6.05 [2]

Box 50.3 Duty of physician

A physician performing professional services for a patient
owes that patient the following duties of care:
(1) The duty to have that degree of learning and skill ordinarily

possessed by reputable physicians, practicing in the same
or a similar locality and under similar circumstances.

(2) The duty to use the care and skill ordinarily exercised in like
cases by reputable members of the profession practicing in
the same or a similar locality under similar circumstances.

(3) The duty to use reasonable diligence and his/her best
judgment in theexerciseof skill andtheapplicationof learning.

A failure to perform any one of these duties is negligence.

Medical perfection not required
A physician is not necessarily negligent because he or she errs
in judgment or because his or her efforts prove unsuccessful.
The physician is negligent if the error in judgment or lack
of success is due to a failure to perform any of the duties as
defined in these instructions.

Source: California BAJI 6.00.1, 6.02 [3]

Box 50.4 Alternative methods of diagnosis or treatment

Where there is more than one recognized method of diagno-
sis or treatment, and no one of them is used exclusively and
uniformly by all practitioners of good standing, under the
same or similar circumstances, a physician is not negligent if,
in exercising his or her best judgment, he or she selects one of
the approved methods, which later turns out to be a wrong
selection, or one not favored by certain other practitioners.

Source: California BAJI 6.03 [4]
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the perinatal period, including epidemiology, indicators of
intrauterine injury, evaluation of fetal heart-monitor tracings,
consideration of alternative causes of brain injury to those
occurring in the perinatal period, correlation of clinical findings
and timing of the hypoxic–ischemic event by use of Apgar
scores, blood gases, brain imaging, placental pathology, hemato-
logic markers such as nucleated red blood cells [6], and the like.

Damages
The fourth element of the medical malpractice lawsuit is
plaintiffs' proof of the nature and extent of damages. During
the perinatal brain-injury case, damages may include a wide
range of financial, physical, and emotional injury to the patient.

General or non-economic damages are awarded for pain
and suffering, mental anguish, grief, and emotional conditions
which are thought to flow inevitably from the injury caused by the
defendant as a natural and foreseeable consequence of the injury.

“Special” or “economic” damages in the perinatal brain-
injury case are presented by a team of experts on each side,
which has grown into a cottage industry, often thought by
the defense to represent extreme departures from reason.
The plaintiffs' bar, on the other hand, argue that defense
experts are hired to unreasonably reduce just compensation
for legitimate injuries. Economic damages in a severe perinatal
injury case will generally include:
� Healthcare services, often including those of a pediatrician,

internist, dentist, podiatrist, nutritionist, vision specialist,
occupational and physical therapist, speech therapist,
psychological services, behavioral intervention, therapeutic
recreation, lab, emergency room, case manager, financial
manager, and acute hospitalization.

� Medical supplies, including medications, bowel and
bladder supplies, gastrostomy supplies, respiratory
supplies and equipment, medical equipment including
wheelchair, orthotics, mechanical bedding, bedside
equipment and supplies.

� Diagnostic testing, chest, hips, spine, and other x-rays,
neurodiagnostic studies such as magnetic resonance
imaging/computed tomography of the head,
electroencephalograms, and various laboratory work are
claimed as intermittent needs.

� Attendant care, often alleged to be necessary around the
clock, can, alone, easily generate damages of several
hundred thousand dollars per year for life. The level of care
required is a frequently contested issue, often involving
millions of dollars, depending on whether the jury finds
care should be provided by a trained attendant, a licensed
vocational nurse, or a registered nurse.

� Home modifications, such as access ramps, widened
hallways, lowered cabinets, and specialized bathroom
facilities are commonly prescribed.

Inmany cases, such lifetime damages are funded by the purchase
of an annuity, generally at a small fraction of the expenses
projected by the plaintiffs. An exemplar of such damages can
be found as part of a typical life care plan (Box 50.6).

Documentation
No discussion of medicolegal issues in any area of medicine
can ignore the critical importance of careful and accurate
charting. One must recognize that the practitioner's primary
responsibility is to provide quality care to the patient, even if
that endeavor detracts from accurate charting. The ability to
time precisely particular events or to record all “significant”
information is highly dependent on clinical circumstances.
However, when trying to defend one's actions years after an
event has taken place, failure to record, as recommended by
obstetric and nursing organizations, makes it far more likely
that a lay jury will infer a negative event is represented by lack
of documentation. Often the issue in a perinatal case brought
years after the event involves when the status of the fetus was
compromised. Long time periods of undocumented fetal heart
rates often simply reflect long periods of fetal well-being.
Plaintiffs will argue, perhaps supported by suboptimal blood
gases or low Apgar scores, that the lack of documentation
reflects lack of adequate monitoring. Both ACOG and NAA-
COG (the organization for obstetric, gynecologic, and neo-
natal nurses) have published standards requiring specific
frequency of recording as well as specifying the characteristics
required to be noted. For instance, ACOG provides that
auscultated fetal heart rates should be recorded in the chart
after each observation [7]. The practitioner must recognize that
the events of labor, delivery, or neonatal care often are not even
examined by lawyers or consulting experts until several years
after the events. Substandard record keeping alone, where the
actual care was adequate, has led to many malpractice suits.

Terminology matters
Accurate and consistent use of terms (or the reverse) is often
the difference between the filing or the successful prosecution
of cases alleging substandard perinatal care. The term “fetal
distress” is most commonly misapplied in medical charts to
the reaction of the fetus to the stress of labor, and the term's
indiscriminate use can lead to confusion or worse.

ACOG has stated, “Terms such as asphyxia, hypoxia, and
fetal distress should not be applied to continued electronic
fetal monitoring or auscultations” [8].

Box 50.5 Cause: substantial factor test

The law defines cause in its own particular way. A cause of
injury, damage, loss, or harm is something that is a substantial
factor in bringing about an injury, damage, loss, or harm.
There may be more than one cause of an injury. When

negligent or wrongful conduct of two or more persons con-
tributes concurrently as (a) cause(s) of an injury, the conduct
of each is a cause of the injury regardless of the extent to
which each contributes to the injury. A cause is concurrent if it
was operative at the moment of injury and acted with another
cause to produce the injury. It is no defense that the negligent
or wrongful conduct of a person not joined as a party was also
a cause of the injury.

Source: California BAJI 3.76, 3.77 [5]
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Box 50.6 Exemplar: future medical needs, neonatal brain injury

I. Future medical care
A. Physicians

1. Internist: four times a year over life expectancy after age 18.
2. Pediatrician: 4–6 times a year until age 18.
3. Other (neurologist, ophthalmologist, immunologist, gastroenterologist, hematologist, pulmonologist, rehabilitation

medicine, orthopedist, etc.): 10–12 visits per year over the patient's life expectancy.
B. Ancillary medical care

1. Dentist: cleaning 3–4 times per year. Currently, seeing a special pediatric “special needs” dentist. Because of oral tactile
defensiveness, as patient ages, will likely need examination and cleaning under anesthesia.

2. Podiatrist 1–2 times per year over the patient's life expectancy.
3. Nutritionist: two times per year over the patient's life expectancy.
4. Low-vision specialist: one time per year until age 18.

C. Counseling
1. Individual counseling for mother six times per year over the patient's life expectancy.
2. Family counseling for parents as a couple six times per year over the patient's life expectancy.
3. Sibling (5-year-old brother) four times per month for 3 months, then one time per month until age 18.

D. Behavioral intervention
1. A behavioral specialist to assist with a program of environmental and behavioral modification to extinguish negative

self-mutilating behavior and the behavior of kicking, pinching, and biting others. Initial intervention at 6–12 sessions for
the first 6 months, supervised by a psychologist. Thereafter, two visits per year over the patient's life expectancy.

II. Diagnostic testing
A. Routine blood chemistry

1. Complete blood count: six times per year on average over the patient's life expectancy, exclusive of inpatient lab.
2. Sequential multiple analyzer count (SMAC) 20: two times per year over the patient's life expectancy.
3. Valproic acid levels: two times per year over the patient's life expectancy.
4. Immunoglobulin G levels.

III. Neurodiagnostic studies
A. Magnetic resonance imaging/computed tomography head scans

4–6 more times over the patient's life expectancy.
B. Electroencephalogram

4–6 more times over the patient's life expectancy.
IV. Radiologic studies

A. Chest x-ray
2–4 per year over the patient's life expectancy. Based on this track record thus far, this is a conservative estimate.

B. Joint x-ray/spine x-ray
Approximately 1–2 per year over the patient's life expectancy to follow scoliosis; rule out fractures/dislocation secondary
to anticipated falls.

V. Gastrointestinal studies
A. Upper gastrointestinal endoscopy

4–6 per year over the patient's life expectancy for recurrent obstruction, gastrointestinal bleeding, and vomiting.
VI. Rehabilitation therapy

A. Physical therapy
One time per week until age 18. Then four times per year over the patient's life expectancy to re-evaluate lower-extremity range
of motion, mobility status, and equipment.

B. Occupational therapy
Two times per week until age 18. Thereafter, four times a year to re-evaluate equipment, upper-extremity range of motion, and
self-care potential.

C. Speech therapy
One time per week until age 18. Thereafter, re-evaluations are appropriate once every 3–5 years.

D. Therapeutic recreation
One time per year over the patient's life expectancy, to assist with the selection of developmentally appropriate recreational
activities.

VII. Equipment
A. Feeding supplies

1. Gastrostomy tubes (Mic Key buttons with adapters for both J-tube site and separate G-tube site). Buttons are changed every
3–4 months.

2. Feeding bags with tubing.
3. Intravenous pole.
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Practitioners have been cautioned by ACOG against indis-
criminate use of the term “fetal distress.” Instead, the term
“non-reassuring fetal status” is recommended [9].

Another term used with consistent imprecision is “peri-
natal asphyxia.” According to ACOG, “long usage prevents its
abandonment” [10]. The current AAP and ACOG guidelines
state that “asphyxia” should be reserved to describe neonates
with all the following conditions:
(1) acidemia, pH below 7.0 on arterial cord blood
(2) Apgar score of 0–3 for longer than 5 minutes
(3) objective neonatal neurological signs and symptoms

(seizures, coma, hypotonia, etc.)
(4) multisystem organ dysfunction (cardiovascular,

gastrointestinal, hematologic, pulmonary, or renal) [11]
It should be noted, effective in 1998, the International Classi-
fication of Diseases (ICD) dropped “all inclusion terms” for
“fetal distress” except metabolic acidemia.

Similarly, the term “hypoxic–ischemic encephalopathy”
(HIE) is frequently applied indiscriminately by perinatal

providers as it occurs with other such “diagnoses.” Once the
term is applied to the patient by one practitioner it is com-
monly repeated in subsequent chart entries by others, without
appropriate consideration of whether the neonate displaying
neurological depression actually had evidence antepartum or
intrapartum of events likely to compromise oxygen supply to
the fetus. Once the term is used in the chart (and frequently
buttressed by multiple entries simply parroting it) it is
extremely difficult for the defense team to demonstrate to a
jury of lay people that the infant's depression is more likely
a result of perinatal ischemic stroke, congenital metabolic
condition, infectious etiologies, or placental vasculopathies.
Litigation experience shows that, once discovery ensues,
comparison of records of the neonate's siblings can uncover
similar developmental delays, demonstrating a likely genetic
cause of the original neurological compromise and subsequent
delay. However, because these causes are often difficult
to prove, the diagnosis of HIE is often applied by default.
A more complete review of the factors to be considered in

Box 50.6 (cont.)

4. Feeding pump.
5. Syringe.
6. 2	 2 dressings for both G-tube and J-tube sites.
7. Stockinette (wrapped around abdomen to secure G-tube and J-tube dressings).

B. Incontinence supplies
1. Diaper wipes.
2. Diapers (approximately eight per day).
3. A&D ointment.
4. Gloves.
5. Bactroban ointment.

C. Respirator equipment
1. Suction machines, portable.
2. Yangauer suction handle.
3. Pulse oximeter.
4. Pulmoaide.

D. Mobility aids
1. Wheelchair: pediatric manual Quickie wheelchair with head rest, lateral trunk and lateral thigh supports, hip abduction

wedge, detachable foot rests, anti-tip bars, heavy-duty wheels, back support with lumbar insert, chest and lap belts,
handles on back for parents to push chair.

2. Bilateral ambulatory foot orthotics: will require a new pair every 12 months until age 18. Thereafter, replace every 2–3 years.
E. Equipment

1. Hospital bed.
2. Bath equipment: shower chair and hand-held shower hose will be needed after age 8–10 years. Currently, parents lift him in

and out of bathtub.
F. Safety equipment

1. Restraint jacket to use in any bad conditions (traveling).
2. Helmet.
3. Vail bed enclosure.
4. Bilateral arm splints to hold elbows in extension to prevent self-mutilation.
5. Other: Porto-Cath, implanted. Change? How often?

VIII. Medications
A. See attached.

In addition, is frequently on antibiotics several times per year. These include Keflex, Septra, etc., per J-tube, and Rocephin,
intramuscularly as an outpatient.

IX. Tube feeding
A. Vivonex via J-tube at 65 ml/hx24H/day.
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the “cause and effect” analysis of perinatal depression can be
found in Chap ter 1.

Authorities, including Nelson, have advocated that when
encephalopathy and/or later cerebral palsy occurs in a term or
near-term infant without the obvious antecedent asphyxial
events, a diagnosis of neonatal encephalopathy (NE) is the
appropriate term [12]. This appears to be a preferred approach
from both the therapeutic and the medicolegal perspective.

The absence of subsequent markers of HIE, including
positive findings on magnetic resonance imaging, should also
be noted as significant in the diagnostic process and accom-
panying documentation.

Case study: obstetrics/labor and delivery
In a case alleging negligent care by two obstetricians, the
hospital nursing staff, and the anesthesiologist, the minor
plaintiff brought this action for severe brain injury following
uterine rupture.

The mother of the baby was a 25-year-old gravida 3 para 1
with a relatively uncomplicated prenatal course admitted to
the subject hospital for induction at 40 4/7 weeks' gestational
age due to a low amniotic fluid index. The patient had no
known risk factors for the eventual complication, a uterine
rupture. She had previously delivered a 3500þ g infant by
uncomplicated vaginal delivery.

The patient was in the hospital for induction for approxi-
mately 12 hours on the day prior to delivery. During that time
she received oxytocin augmentation, which was discontinued
around midnight to allow her to rest overnight. On the
following day, the obstetricians began a trial of misoprostol
for induction. After approximately 7 hours of relatively
normal, albeit slow progress of labor (there was dispute
whether the fetal monitors reflected fetal well-being and
whether there was evidence of hyperstimulation), the mother
requested her labor epidural. She testified, as compared with
her previous pregnancy, that she felt delivery was imminent.

The external fetal monitor belt was removed for placement
of the epidural. A few minutes after the epidural was in, the
mother reported a tearing sensation and severe pain, which
the experienced nursing staff interpreted as labor pain. The
fetal monitoring Doppler was being reattached; however, the
nurses had not obtained a fetal heart beat since attempting to
replace the external fetalmonitor belt following the epidural. The
next 6–8 minutes passed as the nursing staff attempted to obtain
a fetal heart rate, without success. The obstetrician was called,
arrived within 5 minutes, and delivered the baby from the
abdomen by cesarean section within 20 minutes of her arrival.

Allegations against prenatal obstetrician
Plaintiff alleged the prenatal care was negligent in that the
position of the baby at 29 weeks was confirmed as transverse
and that no accurate testing regarding presentation was done
thereafter until the uterine rupture occurred. Plaintiff com-
plained the obstetricians did not assess the position of the fetus
sonographically on several visits leading up to the delivery and

failed to document that the fetus was in vertex position
throughout the period of induction at the hospital.

Plaintiff complained various drugs were used to promote
cervical ripening and dilation without any descent of the fetus
and without dilation in the mother. Plaintiff claimed these
drugs, rather than promoting ripening, induced hypercontrac-
tility. Plaintiff alleged the prenatal obstetrician was negligent
in failing to confirm a vertex presentation during the last
few prenatal visits. That obstetrician testified he most probably
conducted a Leopold's maneuver to determine fetal presenta-
tion, given the mother's excessive weight gain and the fact
that the first baby was nearly macrosomic. However, that
obstetrician failed to document in the medical record that he
had performed a Leopold's maneuver, nor did he document
fetal presentation. Plaintiff alleged, had the examination been
performed, it would have likely diagnosed a transverse lie
requiring cesarean rather than vaginal delivery.

Plaintiff further claimed that the patient was not
adequately informed concerning the risks and benefits of
oxytocin under the circumstances of having a low amniotic
fluid index, and that the obstetricians further failed to explain
the risks involved in the use of misoprostol.

Allegations against labor obstetrician
Plaintiff complained the obstetrician managing the labor and
delivery was negligent in failing to consider the potential for
uteroplacental insufficiency, and thereby discontinue the use
of misoprostol; failing to confirm fetal presentation before
ordering the use of misoprostol; and failing to observe
the patient adequately to “insure” normal fetal heart rate
and uterine contraction patterns in a patient laboring under
misoprostol induction. Plaintiff alleged the mother of baby was
hyperstimulated, and that according to misoprostol protocols
the patient's dosage should have been reduced or discontinued.

Allegations against anesthesiologist
Plaintiff claimed the anesthesiologist was negligent in ignoring
complaints of severe pain at the time the epidural was admin-
istered despite two preceding doses of narcotic medications
without relief; plaintiff alleged removal of the fetal monitor
during epidural administration was negligent in the face of
“abnormalities” present on the fetal heart-rate monitor and
with contractions occurring every 1–2 minutes.

Plaintiff contended it was the responsibility of the anesthe-
siologist practicing in the labor and delivery department to
know the status of both mother and fetus and to be “sure” that
both were stable at all times. Plaintiff complained of the
anesthesiologist that he made no inquiries of the status of
the fetus and that he prematurely left the patient's room
shortly after giving the epidural. Plaintiff alleged the standard
of care required the anesthesiologist to remain in the room for
15–20 minutes following epidural administration. Had he
done so, plaintiff alleged, he would have been aware of the
report by the mother of baby that she felt a rip or tearing pain
and that this would have alerted him to the occurrence of a
uterine rupture. Plaintiff complained that when the nurse,
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following the epidural, was unable to obtain a fetal heart rate,
the anesthesiologist should have immediately contacted the
obstetrician rather than allowing the nursing staff to evaluate
the reasons for loss of fetal heart rate.

Allegations against hospital (nursing staff )
Plaintiff alleged the hospital nursing staff failed to determine
fetal position on vaginal exams, failed to contact the obstetrician
to report decelerations in the absence of uterine contraction,
failed to detect hyperstimulation, failed to administer terbuta-
line to reduce the frequency of contractions, failed to evaluate
the patient's complaints of pain described as hallmarks of
uterine rupture, and delayed contacting the obstetrician once
the fetal heart tones were found to be undetectable.

The prenatal obstetrician defended his actions by arguing
that he did in fact determine this fetus was in a vertex presen-
tation based on the fact that he had written in his record
the location of the fetal heart rate and had performed an
abdominal examination. An ultrasound examination was done
shortly before admission for the primary purpose of deter-
mining the amniotic fluid volume. He argued that he certainly
would not have scheduled the patient for an induced labor had
there been a transverse lie at the time of his examination.
He testified he utilized four methods to determine the vertex
presentation on his final prenatal visit: (1) location of the fetal
heart rate in the lower quadrant; (2) palpating the fetal back
through the abdominal wall; (3) vaginal examination with pal-
pation of vertex; (4) ultrasound confirmation of vertex presen-
tation. However, only heart-sound location was documented.

He testified that misoprostol is a synthetic prostaglandin
E1 analog which can be administered intravaginally or orally
for cervical ripening and induction; it had been studied in
randomized clinical trials, and had been found to be an effect-
ive agent for induction of labor. Reports of uterine rupture in
use of misoprostol had occurred, he argued, only in patients
with prior cesarean section.

The labor and delivery obstetrician argued that she most
likely did discuss the risks of induction with the patient despite
the fact that she had made no note of such. She also argued
that fetal presentation was vertex at the time of her initial
evaluation although, again, she did not make a note of that.
She argued that the fetal heart rate and contraction patterns
were adequate and reassuring. She saw no evidence of hyper-
stimulation. She argued that she was paged stat and that she
arrived in 5 minutes' time. The baby was delivered within
20 minutes of her arrival.

The anesthesiologist defended his case by responding to
the plaintiff 's contention that he should have “questioned the
indication for the epidural” by pointing to the mother's own
testimony that she did feel as though she was in labor at the
time of the epidural and had compared this labor to her
previous delivery. He argued that the nursing staff, far more
experienced in managing labor than he, also felt the patient
was in labor.

The anesthesiologist responded to the plaintiff's criticism
that the fetal heart monitor should not have been moved during

epidural administration by pointing to the fact that there is no
standard or guideline requiring such monitoring in the face of
many hours of a reassuring heart-rate pattern. He argued that
it would be substandard either not to remove or to move the
fetal monitor strap to place the epidural and such would violate
the sterile field. The nursing staff would then have been
free to position the Doppler on the patient's abdomen during
placement of the epidural if that was felt to be warranted.

The anesthesiologist argued that he did not prematurely
exit the patient's bedside and that his chart reflected he
recorded the patient's blood pressures every 5 minutes from
the time he first saw her until the time of delivery. Thus, he
argued, the plaintiff 's testimony that he left the room and did
not return was due to faulty memory.

The anesthesiologist responded to the allegation that he
had failed to contact an obstetrician under emergency circum-
stances by arguing that the nurses were making constant
attempts to locate the fetal heart rate and that the normal
interaction between the obstetrician and the staff is that the
notification to obtain an obstetrician for a problem is made by
the nurses, not the anesthesiologist. He argued it is not the role
of the anesthesiologist to assume the tasks of the labor and
delivery nurses, whose roles are carefully coordinated, with
certain responsibilities assigned to them.

Discussion
This case points out several common areas in which plaintiffs
may make allegations of substandard care. First, failure to
adequately document fetal presentation by the obstetricians
left them open to claims that the baby was inappropriate for
induction despite the logical inference that trained obstetrical
personnel, including physicians and nurses, would not induce
a patient for vaginal delivery in a transverse lie. In fact, the
prenatal obstetrician would not have even been in the case had
he documented fetal position. The physicians' and nurses'
failure to document their informed-consent discussions or
even the fact that such discussions took place with the patient
left them open for criticism that they had not advised the
patient as to the risks of induction with a low amniotic fluid
index. Informed consent should always be documented. In
many jurisdictions, the jury is instructed that a failure to give
informed consent may subject the physician to liability for any
injury caused by the treatment, even if the treatment itself is
provided appropriately [13] (Box 50.7).

Serious questions arose in this case as to the time of the
uterine rupture and the ability of the team to respond to this
catastrophic event. The defendants argued that the baby and
the placenta were both extruded into the abdomen at the time
of the rupture. Thus, regardless of whether the baby had a
heart rate at that time, the rupture of the placenta resulted in
complete and total asphyxia of the child from the point of
rupture. Utilizing the mother's testimony and the chart to
establish this timing, it became difficult to conceive of a
scenario where this child could have been delivered without
having suffered severe brain damage unless an obstetrician
was present at the time of the rupture.
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Demonstrating their awareness of this weakness in their
case, the plaintiffs were highly motivated to find flaws in the
prenatal care and in the early labor pattern to circumvent the
causation defense which became operative at the time of
rupture. Thus the plaintiff was motivated to focus less on the
delay in diagnosis after the rupture had occurred. This was an
area that was problematic for the defense where substantial
delays took place between the time of the apparent rupture
and notification to the obstetrician.

This case also illustrates how allegations of negligence may
shift in focus if, for instance, at a particular time, causation
cannot be proven to be linked with a particular act or mission.
Here, it was likely that the infant suffered severe irreparable
brain damage within 8–10 minutes of the rupture, making a
therapeutic response to the event virtually impossible. Delay
in notification to the obstetrician was thus less significant. The
focus of the case therefore shifted to the weaker negligence
arguments, such as the allegation that a 29-week prenatal
ultrasound showing the baby was transverse indicated the
baby was transverse at the time of induction.

The case against the hospital and the anesthesiologist
settled before trial with approximately 80% of the payment
coming from the hospital. The case went to trial against the
two obstetricians. There was a finding of negligence by the
jury, who also concluded that this negligence (by the prenatal
obstetrician) was not a cause of injury to the child. The
resulting judgment was for the physicians.

Case study: obstetric discharge/pediatric
follow-up
This action was brought by a 5-year-old child with severe
athetoid cerebral palsy from bilirubin encephalopathy which

developed between 3 and 5 days after birth. Plaintiff alleged
“early discharge” resulted in missed hyperbilirubinemia.

Plaintiff was delivered with Apgars of 9/9 at approximately
36 weeks' gestational age (a few days short of the AAP defin-
ition of “term”). The child was observed for approximately
32 hours in the hospital without any indication of jaundice.
During that time, the child voided and stooled normally, had
normal feeding habits, normal laboratory values, including
hematocrit and hemoglobin levels, had frequent normal vital
signs, normal skin color, normal activity, and normal tone.
A cephalohematoma of unspecified size was noted.

Mother and child were discharged by the obstetrician
with instructions to the mother to observe for color, feeding,
activity, sleep, voiding, stools, and signs of illness. The mother
was shown a videotape with similar instructions, which
included a section on jaundice. At the time of discharge the
mother was instructed to return to the pediatrician's office in
“1–2 days.”

The medical records and the mother's deposition
testimony reflect that the child did well at home until approxi-
mately 3 days following discharge. The medical records and
the mother's testimony also reflected the child exhibited symp-
toms of opisthotonos, the hallmark of bilirubin encephalo-
pathy, on the third evening following discharge. The testimony
demonstrated the mother had not returned to the pediatri-
cian's office during that 1- to 2-day period as instructed at the
time of discharge.

The records indicated the mother called the pediatrician's
office for the first time 4 days post-discharge. The child was
seen by the pediatrician at approximately midday on the fifth
day of life. The pediatrician charted a relatively benign new-
born exam, except that the child was jaundiced to the mid-
abdomen. The pediatrician sent the patient to the hospital
laboratory for a bilirubin level, which came back in approxi-
mately 2.5 hours, revealing a bilirubin level of 32 mg/dL.
In light of the relatively benign physical examination, the
pediatrician elected to order a retest stat to determine if there
was lab error. The entire process between the completion of
the pediatrician's first exam and the completion of the second
blood test was approximately 4 hours. When the retest came
back at the same level, the parents were sent immediately to
the nearest neonatal intensive care unit. In the meantime, the
pediatrician called the neonatologist at the neonatal intensive
care unit for the purpose of preparing the staff for accepting
the child for treatment. The neonatologist in charge ordered
blood from the blood bank and began preparations for treat-
ment. Because of the time required to obtain the blood, the
transfusion did not take place for approximately an additional
4 hours.

Allegations against obstetrician
Plaintiff 's experts alleged the obstetrician had violated the
standard of care in the “early” discharge because the patient
was at increased risk for potential elevated concentration
of free (“toxic”) bilirubin due to (1) prematurity, (2) cephalo-
hematoma, (3) breastfeeding, (4) mother's receipt of oxytocin

Box 50.7 Duty of disclosure

It is the duty of the physician to disclose to the patient all
material information to enable the patient to make an
informed decision regarding the proposed treatment.
Material information is informationwhich the physician knows

or should knowwould be regarded as significant by a reasonable
person in the patient's positionwhendeciding to accept or reject
a recommended medical procedure. To be material a fact must
also be one which is not commonly appreciated.
When a procedure inherently involves a known risk of death

or serious bodily harm it is the physician's duty to disclose to
the patient the possibility of such outcome and to explain in
lay terms the complications that might possibly occur.
Even though the patient has consented to a proposed

treatment or operation, the failure of the physician to inform
the patient as stated in this instruction before obtaining such
consent is negligence and renders the physician subject to
liability for any injury caused by the treatment if a reasonably
prudent person in the patient's position would not have con-
sented to the treatment if he or she had been adequately
informed of all the significant perils. (Italics added)

Source: California BAJI 6.11 [13]
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during labor, and (5) Asian ancestry. Plaintiff also alleged the
obstetrician deviated from the standard of care in failing to
educate the mother “vigorously” regarding her need to watch
for jaundice, contending that the baby had a 50% increased
risk of hyperbilirubinemia at the time of discharge. Plaintiff
relied heavily on ACOG and AAP literature advocating
against “early discharge.”

Allegations against pediatrician
Plaintiff alleged the pediatrician was negligent because he
failed to: (1) obtain a complete history of symptoms in a baby
at “very high risk” for hyperbilirubinemia, and therefore did
not conduct the appropriate physical examination; (2) did not
order the initial bilirubin test stat; (3) did not inform the lab to
phone with the results of the bilirubin in the initial order; and
(4) that he reordered the bilirubin test after receiving the result
of 32 mg/dL, without having the mother stay at the hospital to
receive the results.

The plaintiff 's attorney retained two experts on the subject
of hyperbilirubinemia. One, a nationally recognized expert in
the pathophysiology of hyperbilirubinemia, with extensive
writings on the subject, was called to express opinions only
on causation. This physician gave testimony which contra-
dicted much of the causation testimony of the second plaintiff
expert. The defense argued that had the mother followed the
obstetrician's instructions to return the baby to the pediatri-
cian in 1–2 days, the treatment would have been available.
Plaintiff expert 1 admitted that had this child been treated with
the standard therapies in the 3 days following discharge, she
would have had no great injury whatsoever. Plaintiff expert 1
also acknowledged that, based on the serum bilirubin lab
values taken at the time of the first test, the child's level had
either peaked or was on its way down when the pediatrician
first examined the child. This expert further admitted that
if the child was truly exhibiting opisthotonic movements,
characterized by back-arching on the previous evening, this
would be an indication of bilirubin brain toxicity even before
the pediatrician saw the child.

Plaintiff expert 2, a retired physician, clearly was an advo-
cate for the plaintiff. Causation was strenuously contested
throughout the cross-examination of this expert. Plaintiff
expert 2 refused to acknowledge that the back-arching move-
ments witnessed by the parents before the child was seen at the
pediatrician's office were characteristic of opisthotonos. This
expert claimed that most, or all, of the brain damage would
have been avoided and/or reversed if treatment had been
initiated by the pediatrician on the first visit. Plaintiff expert
2 produced a self-generated “table” of neonatal signs of
bilirubin-induced neurological dysfunction progressing to
kernicterus, purporting to correlate clinical signs in three
stages, with those stages being (1) reversible, (2) partially
reversible, and (3) irreversible. This table was not the product
of any controlled studies, nor had it been submitted for publi-
cation. Both plaintiff experts admitted that bilirubin encephal-
opathy does occur at levels over 20%. Expert 1, along with the

defense experts, testified that the bilirubin level had peaked or
was on the way down at the time the mother presented the
child to the pediatrician's office. Thus, the bilirubin level on
the morning before the child arrived at the pediatrician's office
was approximately 30mg/dL. Bilirubin toxicity to the brain
cells, it was acknowledged, may occur even before clinical
symptoms are present. Following the expert depositions,
the plaintiff dismissed the case and refiled it in a different
jurisdiction before the running of the statute of limitations.
Plaintiff 's expert 1 was not to be called in the refiled case.
Thereafter, the case was settled for a small fraction of the
proffered damages.

Discussion
The defense had legitimate fears of how the jury might react to
specialty society (e.g., ACOG, AAP) guidelines advocating
against early discharge. While the practitioners here sought
to balance the discharge with early pediatric follow-up, devi-
ations from such guidelines can be devastating at trial.

The hospital staff had documented (twice) the discharge
instructions to the mother, to return the child to the pediatri-
cian's office in 1–2 days. Moreover, they had the mother sign
the discharge instructions, acknowledging receipt and under-
standing. That follow-up instructions were given is frequently
denied by plaintiffs. Signed instructions are a valuable and
effective way to rebut such denials. However, the doctor is
protected from liability only for injury resulting solely from
the negligent failure of the patient to follow instructions [14]
(Box 50.8).

This case illustrates the enormous impact a thorough
analysis of the causation elements of the case may have on
the ultimate result. Objective evidence utilizing the natural
progression of the bilirubin levels led to a strong conclusion
that the child's encephalopathy had occurred before the visit to
the pediatrician's office. This strong causation defense again
caused the plaintiffs to focus arguments against the obstetrician,
whichmay not have beenmade otherwise. The fact of the serious
contradictory testimony between the two plaintiff experts also
weighed heavily on the ultimate outcome of the case.

Box 50.8 Patient's duty to follow instructions

A patient has a duty to follow all reasonable and proper advice
and instructions regarding care, activities, and treatment given
by such patient's doctor.
A doctor is not liable for any injury resulting solely from the

negligent failure of the patient to follow such advice and
instructions.
However, if the negligence of the doctor is a cause of injury

to the patient, the contributory negligence of the patient, if
any, in not following such advice and instructions does not bar
recovery by the patient against the doctor, but the total
amount to which the patient would otherwise be entitled shall
be reduced in proportion to the negligence attributable to the
patient. (Italics added)

Source: California BAJI 6.28 [14]

Section 6: Assessing outcome of the brain-injured infant
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210, 211, 213, 214–216

DHCA (deep hypothermic
circulatory arrest) 446

diabetes mellitus 96–97
childhood/adulthood
effects 97

embryonic effects 96–97
fetal effects 97
gestational diabetes 96
IUGR 97
macrosomia 97
management of diabetes in

pregnancy 96
neonatal effects 97
pregestational diabetes 96
teratogenic effects of
hyperglycemia 96

transient neonatal diabetes
mellitus 78, 83

dietary supplements,
neuroprotective
potential 42

diffuse brain injury in HIE 192
diffuse encephalopathy, use of

EEG 201

DiGeorge syndrome 443
see also 22q11.2 deletion

dihydropyrimidine
dehydrogenase (DPD)
deficiency 395

diplegia development, and
GMH-IVH 289–290

diving reflex 2, 7, 8
DNA damage as cell death

trigger 22
dobutamine use in newborn

intensive care 473
dopamine use in newborn

intensive care 472–473
Doppler flow velocity

waveforms of fetal
circulation 81

Doppler ultrasonography
antepartum fetal evaluation
169–170

techniques 209, 210
Down syndrome (trisomy 21),

congenital heart disease
443

drugs taken in pregnancy,
IUGR risk 80
see also substance abuse
in pregnancy

DTI (diffusion tensor imaging)
211, 213

ductal shunting, detection of
474–475

DWI (diffusion-weighted
imaging) 211, 213

dysmaturity syndrome
137–138

dysmorphic syndromes,
association with IUGR 78

dystonia without EEG seizures
in neonates 507–508

E. coli see Escherichia coli
early gastrointestinal priming

529–530
eclampsia 130
ECMO (extracorporeal

membrane oxygenation)
incidence of intracranial
hemorrhage 292

treatment for PPHN
424–425

use of EEG 203
ECMO outcome for PPHN

428–435
comparison with
conventional medical
therapy 432–434

follow-up studies
429–432

infants with CDH
(congenital diaphragmatic
hernia) 434–435

risks associated with ECMO
428–429

EEG (electroencephalography)
abnormal findings in
neonates 7–8

amplitude-integrated EEG
(aEEG) 203–204

burst–suppression pattern
201, 202, 203

HIE features 189
indications for 196
information about neonatal
brain function 196

interpretation of EEG
recordings 198

low-voltage undifferentiated
pattern 201, 202, 203

prognostic significance
of EEG patterns 201,
202, 203

prognostic value in
encephalopathy 201–204

specificity of the
encephalopathic EEG 201

timing of a brain insult 203
timing of the EEG 196
timing of neonatal brain
injury 257–258

use in diffuse
encephalopathy 201

use in ECMO (extracorporeal
membrane oxygenation)
203

use ingradingencephalopathy
201, 202, 203

value in assessment of
neonatal brain function
196

video-EEG/polygraphic
monitoring 499–500,
508–510

EEG correlation with specific
disorders

Aicardi syndrome 204
brain malformation 204
encephalitis 205
holoprosencephaly 204
hyperammonemia 204
infectious disease 205
intraventricular hemorrhage
204–205

lissencephaly 204
maple syrup urine disease
204

maternal drug use 205
meningitis 205
metabolic encephalopathies
204

non-ketotic
hyperglycinemia 204

periventricular–
intraventricular
hemorrhage 204–205

periventricular leukomalacia
205

pyridoxine dependency 204
stroke 205

EEG epileptiform transients
493

effects of hypothermia
therapy after HI injury
490–492

EEG maturational features
198–201

changes in EEG with age
198–199

delta brush wave pattern
200

discontinuity of the
background 199–200

frontal sharp transients
200–201

midline rhythms 201
ontogeny of sleep states

199, 200
specific wave patterns

200–201
sporadic sharp waves

200–201
theta bursts 201
time of rapid brain

maturation 198
EEG technical considerations

196–198
age of the infant 198
artifacts in the recording

198
challenging environment

of the NICU 198
display of recordings 197
documenting behaviour

when recording 198
duration to obtain sleep

states 197–198
EEG technologist 198
electrode application 197
electrode placement 197
general description of EEG

function 196–197
international 10–20 system

of placement 197
interpretation by the

electroencephalographer
198

sedation 197
simultaneous recording

of physiologic variables
197

EEG technologist 198
EFM (electronic fetal

monitoring)
and incidence of cerebral

palsy 174–175
current ACOG

recommendations for
use 183

detection of metabolic
acidemia 182–183

detection of metabolic
acidosis 174, 175

diagnosis of preterm
labor 61

during labor and delivery
139–140

effects on CP and neonatal
seizure rates 182–183

history of EFM 174–175
history of FHR monitoring

174–175
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influence on cesarean
delivery rate 174

management of non-
reassuring FHR 183

observer variability in
interpretation 182

prediction of fetal hypoxia 64
role in predicting perinatal
asphyxia 182–183

studies of efficacy 174–175
use to identify HIE 175
widespread use 174–175

ELBW infants see extremely
low birthweight (ELBW)
infants

electrical stimulation, use in
CP management 559–560

electroencephalogram see EEG
electroencephalographer,

interpretation of EEG
recordings 198

electroencephalography
see EEG

electronic fetal monitoring
see EFM

en caul vaginal delivery,
preterm 63

encephalitis, EEG diagnosis 205
encephalocele 266
encephaloclastic lesions

272–273
encephalopathic period 470
encephalopathy
HIV encephalopathy in
infants 380–382, 391

see also hypoxic – ischemic
encephalopathy (HIE),
neonatal encephalopathy

endocrine disorders, role in
IUGR etiology 78

endocrine measurements of
maternal serum or urine,
IUGR detection 81

endogenous neuroprotection
post-insult adaptive
hypometabolism 492–493

sympathoinhibition after HI
492–493

endoplasmic reticulum (ER),
role in apoptosis 19, 20

enteral feeding, premature
infant 527–530
see also necrotizing
enterocolitis pathogenesis

Enterobacter cloacae, cause
of neonatal sepsis
333, 341

enterococcal group
D streptococci
(enterococcus), cause of
neonatal sepsis 342

environmental factors, role in
IUGR etiology 80

ephedrine use in pregnancy
see sympathomimetics

epilepsy, neonatal
encephalopathy outcome

578 see also neonatal
seizures; seizures; status
epilepticus

epinephrine (adrenaline)
use in cardiopulmonary
resuscitation of the
newborn 458

use in newborn intensive
care 473

erythroblasts see nucleated red
blood cell count

erythropoietin (EPO), cellular
response to injury 41

Escherichia coli
cause of neonatal meningitis
348–349

cause of neonatal sepsis 332,
333, 341

ESPGN guidelines for feeding
the preterm infant 529

ethanol abuse in pregnancy
112–114

adverse effects on fetus and
neonate 112, 113

alcohol-related birth defects
(ARBD) 112, 113

alcohol-related
neurodevelopmental
disorder (ARND) 112, 113

effects on the developing
fetal brain 112

ethanol in breast milk 114
ethanol withdrawal in
neonates 114

fetal alcohol spectrum
disorders (FASD) 112, 113

fetal and postnatal growth
deficiency 114

fetal cardiovascular
abnormalities 114

fetal functional
abnormalities 113–114

fetal genitourinary
abnormalities 114

fetal visual and hearing
defects 114

incidence 112
incidence of fetal alcohol
syndrome 112

long-term effects on the
child 114

neonatal exposure through
breast milk 114

partial fetal alcohol syndrome
(PFAS) 112, 113

recommendations on
alcohol use in pregnancy
114

teratogenic mechanism
112–113

ethchlorvynol use in
pregnancy 118

ethical decision making
see medical ethics in
intensive care

ethnicity, and risk of preterm
birth 59, 60

excitatory amino acids (EAAs)
receptor inhibitors
479–480

excitotoxic cell death 22 –23
excitotoxicity after HI, effects

of hypothermia therapy
490–492

executive function deficits
and language and speech
disorders 569

neonatal encephalopathy
outcomes 579

extended management
following resuscitation

adjuncts to management of
HIE 478–481

afterload reduction 473
barbiturates 478–479
calcium-channel blockers
480

cerebral edema
management 476–478

cyanotic congenital heart
disease 476, 477

detection of ductal shunting
474–475

dobutamine administration
473

dopamine administration
472–473

encephalopathic period 470
epinephrine (adrenaline)
administration 473

excitatory amino acids
(EAAs) receptor
inhibitors 479–480

fluid management 470
growth factors 481
hyperoxia test 474
hypothermia 481
hypoxemia evaluation
and management
473–481

identification of infants
who require intensive
care 470

iNO (inhaled nitric oxide)
therapy 472

inotropic drugs 472–473
lazaroids (21-
aminosteroids) 480–481

management of anemia 473
monosialgangliosides 480
oxygen-free radical
inhibitors 480–481

pulmonary arterial
disease 476

refractory hypoxemia
evaluation and
management 473–481

severe pulmonary
parenchymal disease
475–476

supporting ventilation
470–472

surfactant replacement
therapy 471–472

sustaining cardiac output
472–473

window of opportunity for
intervention 470

external cephalic version 139
extracorporeal membrane

oxygenation see ECMO
extremely low birthweight

(ELBW) infants
costs of medical support 544
potential

neurodevelopmental
outcomes 544

survival rates 544
see also neurodevelopmental

outcomes of preterm
birth; preterm birth

face presentation for birth 138
family history, risk of neonatal

encephalopathy 3, 4
Fas mediation of cell death 22
fast and ultrafast MRI

techniques 211
fatty acid oxygenation defects

396–397
feeding see nutritional support
fetal acidosis see metabolic

acidosis
fetal adaptations to asphyxia

145
adaptations to intrauterine

conditions 145
defense mechanisms 145

fetal alcohol spectrum
disorders (FASD) 112, 113

fetal alcohol syndrome (FAS)
11, 80, 112–114

adverse effects of maternal
ethanol consumption
112, 113

cardiovascular
abnormalities 114

effects in adulthood 114
effects on the developing

brain 112
ethanol withdrawal in

neonates 114
fetal and postnatal growth

deficiency 114
functional abnormalities

113–114
genitourinary abnormalities

114
incidence 112
incidence of ethanol abuse

in pregnancy 112
long-term consequences

for the child 114
teratogenic mechanism

112–113
visual and hearing defects 114

fetal anemia 243
fetal anomalies, risk of preterm

birth 60
fetal demise, and cocaine use

in pregnancy 117
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fetal distress 64
fetal effects of antihypertensive

medications 131–132
fetal effects of chronic

hypertension 128
fetal effects of hypertensive

disease in pregnancy
127, 131

fetal effects of maternal
medications 131–132

fetal effects of pre-eclampsia 129
fetal factors in IUGR etiology

77–78
fetal growth 76–77
fetal growth factors 76–77
maternal influences 76
placental growth factors
76, 77

fetal growth and well-being,
evaluation 81–82

fetal growth classification
75–76
see also intrauterine
growth restriction
(IUGR)

fetal growth factors 76–77
fetal growth hormone
(GH) 77

insulin 76–77
insulin-like growth factors
(IGF-1, IGF-2) 77

leptin 77
fetal growth hormone (GH) 77
fetal heart rate
absent or minimal
variability 181–182

accelerations 177–178
baseline features 177–179
baseline rate 177
bradycardia 177, 180–181
changes in baseline rate
180–181

early deceleration 179
episodic decelerations 179,
180

fetal response to hypoxia/
asphyxia 178–179

late deceleration 179
management of non-
reassuring FHR 183

normal characteristics
177–179

observer variability in EFM
interpretation 182

periodic patterns 179–181
prolonged decelerations
179, 180

sinusoidal patterns 181, 182
tachycardia 177, 181
variability 177
variability absent or
minimal 181–182

variable decelerations
179–180

variant patterns 179–182
fetal heart-rate abnormalities,

IUGR complications 82

fetal heart-rate (FHR)
monitoring 5, 64

current ACOG
recommendations for
use 183

during labor and delivery
139–140

evaluation of FHR
patterns 64

history of 174–175
see also EFM

management of FHR
patterns 64–65

measures to improve fetal
status 64–65

timing of neonatal brain
injury 256–257

fetal heart-rate physiology
characteristics of normal
fetal heart rate 177–179

effect of gestational age on
FHR 176

factors influencing cardiac
output 176

fetal oxygenation 175–176
fetal response to hypoxia

176
parasympathetic NS
influences 176

response to blood pressure
changes 176

role of baroreceptors 176
role of chemoreceptors 176
role of the autonomic
nervous system 176

sympathetic NS influences
176

fetal hemolytic anemia, and
hydrops fetalis 325

fetal hemorrhage 243
fetal hydantoin syndrome

80, 100
fetal hypoxemia, effects of

tobacco use in
pregnancy 114

fetal indications for operative
vaginal delivery 65

fetal injury during labor and
delivery, incidence 134

fetal ischemic stroke
clinical manifestations 296
definition 296
see also perinatal stroke

fetal lung maturity
administration of
corticosteroids 130

administration of
glucocorticoids 130

antenatal steroids for
preterm birth 62

fetal malnutrition and disease
in adult life 87–88

fetal monitoring 63–64
Apgar scores 64
auscultation 63
chronic hypertension 128
continuous EFM 64

evaluation of FHR patterns
64

fetal heart-rate (FHR)
patterns 64

management of FHR
patterns 64–65

measures to improve fetal
status 64–65

prediction of fetal hypoxia 64
umbilical cord blood
gases 64

see also fetal heart-rate
(FHR) monitoring

fetal mortality rate 163–164
fetal oxygenation 175–176
fetal predisposition to adult

diseases (Barker
hypothesis) 127

fetal pulse oximetry 184
fetal responses to asphyxia

147–153, 178–179
acute on chronic hypoxia/
asphyxia 151, 152

brief repeated asphyxia
experimental studies
150–151

brief repeated asphyxia
with uterine contractions
149–150

clinical implications 148–149
decompensation 147, 148, 149
factors affecting 143, 144
gender differences in
responses 152–153

initial rapid responses
147–148

maturational changes in
responses 147, 148,
151–152

slow onset asphyxia 149
uterine contractions and
brief repeated asphyxia
149–150

fetal responses to blood
pressure changes 176

fetal responses to hypoxia
145–146, 176, 178–179

effects of prolonged hypoxia
146

maturational changes in
response 146–147

fetal stress see intrauterine
stress

fetal trimethadione
syndrome 80

fetal vascular thrombosis
247, 248

fetal warfarin syndrome 80
fetomaternal hemorrhage

320–322
clinical presentation 321
diagnosis 321
etiology 321
incidence 320–321
Kleihauer–Betke test 321
outcomes 321–322
treatment 321

FHR monitoring see fetal
heart-rate (FHR)
monitoring

FLAIR (fluid attenuation
recovery technique)
211, 212

fluid management following
resuscitation 470

FMRI (functional MRI) 211,
212–213

focal brain injury in HIE 192
folinic acid-responsive seizures

394–395
forceps delivery 135–136
Foresight monitor 233
fractional anisotropy 211, 213
Frank–Starling mechanism in

the fetus 176
Fukuyama congenital

muscular dystrophy 280
funisitis 137

GABA transaminase
deficiency 395

gastric feeding, premature
infant 527

gastroesophageal reflux,
premature infant 527

gastrointestinal priming
529–530

gastrointestinal tract
development 527, 528, 529

gender differences
effects of brain injury and

therapeutics 40
fetal responses to asphyxia

152–153
language and speech

development after
prematurity 568

response to therapies 40
risk for neurodevelopmental

sequelae 551
genetic control of cell death

18–19
genetic disease and fetal

development 101
genetic disorders

see neurogenetic
disorders of the brain

germinal matrix hemorrhage–
intraventricular
hemorrhage (GMH–IVH)
285

classification system 286
diagnosis 286–288
diplegia development

289–290
effects of birth location 286
effects of cardiovascular and

respiratory problems 286
effects of cesarean section

285
effects of delayed cord

clamping 285–286
effects of maternal

pre-eclampsia 286
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hemiplegia development
289–290

incidence 286
intracerebellar hemorrhage
288

management 288–289
neuropathology 285
outcome 289–290
pathogenesis 285
PHVD 287, 288–289
risk factors in the pre- and
perinatal periods 285–286

ventriculomegaly 289
germinal matrix hemorrhage–

intraventricular
hemorrhage (GMH–IVH)
prevention 290

antenatal prevention 290
antenatal steroids 290
effects of NICU
characteristics 290

general care and handling
290

ibuprofen 290
indomethacin 290
magnesium sulphate 290
phenobarbital 290
postnatal prevention 290
vitamin K 290

gestational age, effects on
FHR 176

gestational hypertension 128
absence of proteinuria
128–129

course of the disease 128
definition 128
diagnosis 128

gestational timing,
classification of
developmental
abnormalities 214–216

glucocorticoids for fetal lung
maturity 130

gluconeogenesis disorders
399

glucose administration after
neonatal
cardiopulmonary
resuscitation 459

glucose metabolism disorders
82–83

GLUT-1 deficiency syndrome
395

glutamate excitotoxicity, role
in preterm brain injury
50–51

glycine encephalopathy (non-
ketotic hyperglycinemia)
394

glycogen storage disorders
398–399

gonococcus infection 61
grading (staging) of

encephalopathy, use of
EEG 201, 202, 203

Grave's disease, effects on fetal
development 98

Gross Motor Function
Classification System
(GMFCS) 561

Gross Motor Function
Measure (GMFM) 561

group A beta-hemolytic
streptococcus (GAS),
cause of neonatal sepsis
332, 341–342

group B beta-hemolytic
Streptococcus (GBS) 61

group B streptococcus (GBS)
336–341

cause of neonatal meningitis
347, 348–349

cause of neonatal sepsis
332–333

chemoprophylaxis 340
clinical presentation 337–338
diagnosis 338
epidemiology 337
IAP 339–340
immunoprophylaxis 340–341
nature of the organism
336–337

outcome 338
pathogenesis 337
prevention 338–341
risk factors 332, 337
treatment 338

growth factor therapies 10
use in HIE management 481

growth restriction, definition 59
guanidinoacetate

methyltransferase
(GAMT) deficiency 395

HAART (highly active
antiretroviral therapy)
382–383

hearing loss, neonatal
encephalopathy outcome
578

heart disease see congenital
heart disease

heart surgery see pediatric
cardiac surgery

hematologic problems,
IUGR complications
82, 83–84

hematological abnormalities,
timing of neonatal brain
injury 258, 259

hemimegalencephaly 269
hemiplegia development, and

GMH-IVH 289–290
Hemophilus influenzae, cause

of neonatal meningitis 349
hemorrhagic perinatal stroke

296
clinical manifestations 297
see also perinatal stroke

hereditary hemorrhagic
telangiectasia 282

heroin use in pregnancy
see opioid abuse in
pregnancy

herpes, congenital infection 9
herpes simplex virus (HSV)

infection 371–373
clinical manifestations
371–372

consequences of perinatal
and intrauterine
infections 371–372

diagnosis 373
incidence of neonatal
infection 371

neonatal disease
manifestations 371

prevention 372–373
recommendations 372–373
transmission to the fetus
and newborn 371

treatment 373
herpes zoster 369, 370
heterotopias 269, 270
HHH syndrome 398
HI see hypoxia–ischemia
HIE see hypoxic–ischemic

encephalopathy
high altitude hypoxia and

IUGR 80–81
high-frequency ventilation

(HFV) techniques 471
treatment for PPHN 422

high hematocrit, IUGR
complication 83–84

history of poor outcome in
pregnancy, and IUGR
risk 79–80

HIV (human
immunodeficiency virus)

association with IUGR
77–78

see also perinatal HIV
infection

holoprosencephaly 267–268
EEG diagnosis 204

human error see patient safety
human milk, benefits for

premature infants
535–536, 539

hydantoin, fetal hydantoin
syndrome 80, 100

hydranencephaly 272
hydrocephalus 274
communicating
hydrocephalus 274

genetic forms 274
neurogenetic causes 282–283
non-communicating
hydrocephalus 274

hydrocephalus with stenosis of
the aqueduct of Sylvius
(HSAS) 282–283

hydrops fetalis
antenatal management 327
definition 325
diagnosis 325
fetal hemolytic anemia 325
immune hydrops 325
management (antenatal) 327
management (perinatal) 327

management (postnatal)
327–328

mechanisms of edema
formation 325–326

neurologic injury 326–327
non-immune hydrops

325, 326
outcome of hydropic

infants 328
perinatal management 327
postnatal diagnostic

studies 327
postnatal management

327–328
prognosis 325

hyperammonemia, EEG
diagnosis 204

hyperbilirubinemia
clinical features 311, 312
effects of early hospital

discharge after birth 314
exchange transfusion

313–314
management 313–314
phototherapy 313–314
prediction 312–313
reemergence of reported

kernicterus 314
risk factors 312
toxic level of bilirubin 311
see also bilirubin toxicity

hypercapnia see respiratory
acidosis

hyperekplexia 507
hyperglycemia, IUGR

complication 83
hyperinsulinemic (organic)

hypoglycemia 308–309
hyperoxia test 474
hypertensive disease in

pregnancy
acute management 132
antihypertensive

medications 131–132
Barker hypothesis 127
chronic hypertension

127–128
chronic management 131
classification 127
fetal effects 127, 131
fetal effects of maternal

medications 131–132
fetal predisposition to adult

diseases 127
gestational hypertension 128
iatrogenic prematurity 131
incidence 127
magnesium sulfate tocolysis

131
neonatal effects 127, 131
normal hypertension in

pregnancy 127
placental insufficiency 131
pre-eclampsia 128, 129–130
risk of IUGR 131
superimposed pre-eclampsia

128, 129
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hypertensive disease in
pregnancy (cont.)

see also pre-eclampsia
hyperthermia and hypoxic–

ischemic injury 155
hyperventilation treatment
use in management of
cerebral edema 477–478

use in PPHN 471
hyperviscosity syndrome,

IUGR complication
83–84

hypocalcemia, IUGR
complication 83

hypocapnia see respiratory
alkalosis

hypoglycemia, IUGR
complication 82–83

hypoglycemia and the brain
305–306

cerebral glucose and oxygen
uptake 305

neurodevelopmental
outcome 306

studies in animals 305–306
studies in human neonates
306

hypoglycemia in the neonate
causes 307
clinical presentations
306–307

definition 304–305
hyperinsulinemic (organic)
hypoglycemia 308–309

initiation of systemic
glucose production 304

management after neonatal
cardiopulmonary
resuscitation 459

management of the neonate
at risk 307, 308

neurodevelopmental
outcome 306

operational thresholds for
intervention 304–305

persistent or recurrent
hypoglycemia 307, 308

routine monitoring of the
neonate at risk 307, 308

studies 306
therapy 307–308
transient hyperinsulinemia

308
transient hypoglycemia 307
transition to extrauterine
life 304

hypophosphatasia 78
hypotension
and asphyxial injury 147,
148, 151, 153–154

HIE patterns of injury
caused by 190–191, 192

hypothermia
IUGR complication 83, 84
neuroprotective potential 42

hypothermia therapy after HI
injury 155

clinical evidence for
therapeutic effect 487

depth of cooling 487
duration of cooling 486–487
effects on EEG epileptiform
transients 490–492

effects on excitotoxicity after
HI 490–492

effects on inflammatory
second messengers
489–490

effects on programmed cell
death 488–489

effects on spreading
depression 492

interventions for neonatal
HIE 14

long-term neuroprotection
487

neuroprotective effects
486–487

therapeutic targets 488–492
timing of initiation 486
treatment techniques 9, 10
use in HIE management 481

hypothyroidism, effects on
fetal development 98

hypotonia, caused by
neurogenetic disorders
277–281

hypoxemia
definition 64
evaluation and management
following resuscitation
473–481

hypoxia
definition 64
tolerance of the preterm

brain 59
see also fetal responses to
hypoxia

hypoxia-inducible factor 1
(HIF-1), cellular response
to injury 40–41

hypoxia–ischemia (HI)
and language and speech
developmental disorders
570

necrotizing enterocolitis
pathogenesis 536

neuroimaging diagnosis
216–219

pathogenesis of cell death
144–145

sensitization to 53
hypoxia–ischemia (HI) brain

injury
adaptive responses of cells
40–42

astrocyte activation 39
blood–brain barrier
permeability 38

effects of mast cells 39
failure of mitochondrial
ATP production 38, 39

functioning of the
neurovascular unit 38

gender differences in
ischemic injury 40

influential factors 38
mechanisms of neuronal
death 40

microglial activation 38–39
neuroinflammation 38–40
preterm brain injury 49–51
role of chemokines 40
role of cytokines 39–40
SVZ neurogenerative
response 42

time course of injurious
events 38, 39

see also neuroprotection
after HI injury

hypoxia–ischemia (HI)
therapeutic targets 488–492

excitotoxicity after HI
490–492

inflammatory second
messengers 489–490

insulin-like growth factors
(IGFs) 489

programmed cell death
488–489

spreading depression 492
hypoxic–ischemic

encephalopathy (HIE)
and metabolic acidosis
403–404

cell death continuum
concept 15, 23–24, 24–25

consequences of HI injury
187

definition 1, 2
factors affecting
neurodegeneration 14

hypothermia interventions 14
metabolism-connectivity
concept 14

neonatal animal models
of neurodegeneration
26–29

neurodegeneration in
newborn human 25–26

selective vulnerability of
neural systems 14

therapies for HIE
see hypothermia therapy,
stem cell therapy

use of EFM for
identification 175

see also neonatal
encephalopathy

hypoxic–ischemic
encephalopathy (HIE)
clinical features

computed tomography
(CT) 189

cranial ultrasonography 189
electroencephalography
(EEG) 189

general evaluation 187
grading (staging) systems
187–188

laboratory evaluations 189

magnetic resonance imaging
(MRI) 189

mild encephalopathy
(Stage I) 188

moderate encephalopathy
(Stage II) 188

neuroimaging studies 189
neurologic assessment

187–188
severe encephalopathy

(Stage III) 188
hypoxic–ischemic

encephalopathy (HIE)
differential diagnosis

3-phosphoglycerate
dehydrogenase (3-PGD)
deficiency 395

clinical features 392–399
congenital disorders of

glycosylation (CDG) 399
dihydropyrimidine

dehydrogenase (DPD)
deficiency 395

fatty acid oxygenation
defects 396–397

folinic acid-responsive
seizures 394–395

GABA transaminase
deficiency 395

gluconeogenesis disorders
399

GLUT-1 deficiency
syndrome 395

glycine encephalopathy
(non-ketotic
hyperglycinemia) 394

glycogen storage disorders
398–399

guanidinoacetate
methyltransferase
(GAMT) deficiency 395

HHH syndrome 398
inherited encephalopathies

399
inherited myopathies 399
isolated seizures 393–396
lactic acidosis, hypotonia

and systemic involvement
396–397

lethargy with
hyperammonemia 398

lethargy without
metabolic acidosis
or hyperammonemia
397–398

lysinuric protein intolerance
398

maple syrup urine disease
(MSUD) 397–398

mevalonic aciduria 398
mitochondrial disease 397
mitochondrial disorders 395
organic acidemias 395–396,

397
patterns of brain injury

389–392
peroxisomal disorders 395

Index

616



pyridoxal-dependent
seizures 394

pyridoxine-dependent
seizures 394

pyruvate metabolism
disorders 396

Rett syndrome 399
severe ketoacidosis 397
sulfite oxidase deficiency 394
tricarboxylic acid cycle
defects 396

urea cycle disorders
395–396, 398

see also inborn errors of
metabolism

hypoxic–ischemic
encephalopathy (HIE)
management adjuncts
478–481

barbiturates 478–479
calcium-channel blockers
480

excitatory amino acids
(EAAs) receptor
inhibitors 479–480

growth factors 481
hypothermia 481
lazaroids (21-
aminosteroids) 480–481

monosialgangliosides 480
oxygen-free radical
inhibitors 480–481

hypoxic–ischemic
encephalopathy (HIE)
patterns of injury
189–193

brainstem injury 191, 192
cerebellar injury 191–192
deep gray-matter nuclei
(thalamus and basal
ganglia) lesions 191, 192

diffuse brain injury 192
effects of acute near-total
asphyxia 191, 192

effects of hypotension
190–191, 192

focal brain injury 192
parasagittal border-zone
injury 190–191, 192

partial hypoxic–ischemic
injury 190

periventricular/
intraventricular
hemorrhages 193

periventricular leukomalacia
192–193

premature infant 189–190
relation to mechanisms of
injury 189

selective injury 191–192
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191

term infant 189–190
ulegyria 190–191
watershed infarction
190–191

white-matter injury 192–193

I-cell disease 78
iatrogenic prematurity,

hypertensive disease in
pregnancy 131

ibuprofen, GMH-IVH
prevention 290

ICD-9 criteria for neonatal
encephalopathy 1, 2

imaging studies, timing of
neonatal brain injury
260–261

immune hydrops 325
immune maladaptation in

pre-eclampsia 129–130
immunological deficiency,

IUGR complication 84
inborn errors of metabolism

3-phosphoglycerate
dehydrogenase (3-PGD)
deficiency 395

clinical features compared
with HIE 392–399

congenital disorders of
glycosylation (CDG) 399

dihydropyrimidine
dehydrogenase (DPD)
deficiency 395

fatty acid oxygenation
defects 396–397

folinic acid-responsive
seizures 394–395

GABA transaminase
deficiency 395

gluconeogenesis disorders 399
GLUT-1 deficiency
syndrome 395

glycine encephalopathy
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hyperglycinemia) 394

glycogen storage disorders
398–399

guanidinoacetate
methyltransferase
(GAMT) deficiency 395

HHH syndrome 398
isolated seizures 393–396
lactic acidosis, hypotonia
and systemic involvement
396–397

lethargy with
hyperammonemia 398

lethargy without
metabolic acidosis
or hyperammonemia
397–398

lysinuric protein intolerance
398

maple syrup urine disease
(MSUD) 397–398

mevalonic aciduria 398
mitochondrial disease 397
mitochondrial disorders 395
organic acidemias 395–396,
397

patterns of brain injury
compared with HIE
389–392

peroxisomal disorders 395
pyridoxal-dependent
seizures 394

pyridoxine-dependent
seizures 394

pyruvate metabolism
disorders 396

severe ketoacidosis 397
sulfite oxidase deficiency
394

tricarboxylic acid cycle
defects 396

urea cycle disorders
395–396, 398

indomethacin, GMH-IVH
prevention 290

infant mortality rate 163–164
infection
EEG diagnosis 205
intra-amniotic 137
neurogenetic disorders with
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neuroimaging diagnosis 223,
224

role in preterm brain injury
51–53

susceptibility in IUGR 84
infectious agents
association with IUGR
77–78

necrotizing enterocolitis
pathogenesis 536

see also specific infectious
agents

inflammation, role in preterm
brain injury 51–53

inflammatory processes,
neuroimaging diagnosis
223, 224

inflammatory second
messengers, effects of
hypothermia therapy
489–490

inhibitor of apoptosis protein
(IAP) family 21

inhaled nitric oxide (iNO)
therapy 423, 426–428,
472

inotropic drugs 472–473
insulin, fetal growth factor

76–77
insulin-like growth factors

(IGF-1, IGF-2) 77
insulin-like growth factors

(IGFs), HI therapeutic
targets 489

intelligence quotient (IQ),
outcomes of IUGR
86–87, 88

intensive care decision making
see medical ethics in
intensive care

intermittent gavage, premature
infant 527

intra-amniotic infection 137
intracerebellar hemorrhage 288
intracranial hemorrhage

in preterm infants 285
neurogenetic causes 282
neuroimaging diagnosis

219–220, 221
see also germinal matrix

hemorrhage –
intraventricular
hemorrhage (GMH –IVH)

intracranial hemorrhage in the
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ECMO-treated infants 292
intraventricular hemorrhage

(IVH) 290–291
neonatal alloimmune

thrombocytopenia 292
subarachnoid hemorrhage

291
subdural hemorrhage 291
subgaleal hemorrhage

291–292
intrapartum asphyxia
conditions which mimic

effects of 9
indicators of 184

intrapartum causes of neonatal
encephalopathy 1–2, 8–9

risk factors for neonatal
encephalopathy 2, 4

see also labor and delivery
complications

intrapartum fetal evaluation
current recommendations

184
current recommendations

for FHR monitoring 183
fetal pulse oximetry 184
indicators of intrapartum

asphyxia 184
management of non-

reassuring FHR 183
ST waveform analysis

(STAN) 184
see also EFM (electronic fetal

monitoring); fetal heart-
rate (FHR) monitoring

intrapartum fetal resuscitation
453 see also neonatal
resuscitation

intrapartum hypoxia and
acidosis, preterm fetus
63–64

intrauterine asphyxia
acute total events 2–3
prolonged partial asphyxia 3

intrauterine growth restriction
(IUGR)

classification of fetal growth
75–76

definitions 75–76
evaluation of fetal growth

and well-being 81–82
factors affecting fetal growth

76–77
fetal growth factors 76–77
incidence 77
management of the fetus
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intrauterine growth restriction
(IUGR) (cont.)

maternal influences 76
placental growth factors
76, 77

ponderal index 75
proportional and
disproportional growth
75–76

symmetrical and
asymmetrical growth
75–76

terminology 75–76
intrauterine growth restriction

(IUGR) complications
82–85

accelerated neurological
development 84

altered behavior 84
anemia 84
asphyxia (fetal and
neonatal) 82

fetal and neonatal
asphyxia 82

fetal heart-rate
abnormalities 82

glucose metabolism
disorders 82–83

hematologic problems 82,
83–84

high hematocrit 83–84
hyperglycemia 83
hyperviscosity syndrome
83–84

hypocalcemia 83
hypoglycemia 82–83
hypothermia 83, 84
immunological deficiency
84

increased nucleated red
blood cells (erythroblasts)
83–84

metabolic acidosis 83
metabolic disturbances
82–83

necrotizing enterocolitis 84
neurological abnormalities
84–85

neutropenia 83–84
parent–infant interaction
difficulties 85

persistent pulmonary
hypertension 82

resuscitation required in the
delivery room 82

susceptibility to infection 84
thrombocytopenia 83–84
transient diabetes mellitus of
the newborn 83

intrauterine growth restriction
(IUGR) diagnosis 81–82

biophysical profile 81
contraction and non-
contraction stress tests 81

cordocentesis 81–82
Doppler waveforms of fetal
circulation 81

maternal endocrine
measurements 81

symphysis-to-fundus
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ultrasound evaluation 81
vibroacoustic stimulation 81

intrauterine growth restriction
(IUGR) etiology 77–81

alcohol effects 80
caffeine consumption 80
chronic hypertension 128
cocaine use 80
congenital malformation 78
drugs taken by mothers 80
dysmorphic syndromes 78
endocrine disorders 78
environmental factors 80
fetal alcohol syndrome 80
fetal chromosomal
abnormalities 78

fetal factors 77–78
fetal hydantoin syndrome 80
fetal trimethadione
syndrome 80

fetal warfarin syndrome 80
high altitude hypoxia 80–81
history of poor outcome in
pregnancy 79–80

hypertensive disease in
pregnancy 131

infectious agents 77–78
marijuana use 80
maternal diabetes mellitus 97
maternal drug-taking 80
maternal factors 79–80
maternal hypoxia 80–81
maternal illness 79, 80
maternal malnutrition 79
maternal stress 81
mercury toxicity 81
metabolic disorders 78
monochorionic twins 78
monozygotic twins 78
multiple gestations 78
nutritional status of the
mother 79

placental factors 78
poverty 78
pre-eclampsia 78, 79, 80
role of race 78
smoking 80
tobacco use in pregnancy 115
twin-to-twin transfusion
syndrome (TTTS) 78

intrauterine growth restriction
(IUGR) interventions
88–89

abdominal decompression
88–89

bed rest in hospital 89
identification of previous
cause of IUGR 89

low-dose aspirin 89
maternal oxygen therapy
82, 89

nutrient supplementation 89
plasma volume expansion 89

intrauterine growth restriction
(IUGR) outcomes 85–88

cerebral palsy 87, 88
fetal malnutrition and
disease in adult life
87–88

historical perspective 85
intelligence quotient
86–87, 88

learning deficits 87, 88
morbidity 85–86
mortality 85–86
neonatal encephalopathy 2
neurodevelopmental and
cognitive outcomes
86–87, 88

physical growth 86
VLBW infants born SGA
86–87, 88

intrauterine growth restriction
(IUGR) prevention 88–89

abdominal decompression
88–89

bed rest in hospital 89
identification of previous
cause of IUGR 89

low-dose aspirin 89
maternal oxygen therapy 89
nutrient supplementation 89
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intrauterine stress
meconium release 240–242
placental pathologic
correlates 240–243

release of nucleated red
blood cells (NRBCs)
242–243

timing of 240–243
intrauterine stroke 9
intraventricular hemorrhage

(IVH)
EEG diagnosis 204–205
effects on language and
speech development 566

in the term infant 290–291
INVOS cerebral oximeter 233
iron-overload disease and

IUGR 78
ischemic perinatal stroke
classification 296
clinical manifestations
296–297

definition 296
see also perinatal stroke

IVF, risk factor for neonatal
encephalopathy 3

jitteriness with EEG correlates
in neonates 506

Joubert syndrome 273

kernicterus
clinical features 311, 312
definition 311
diagnosis 311, 312
effects of early hospital
discharge after birth 314

re-emergence of reported
kernicterus 314

toxic level of bilirubin 311
see also bilirubin toxicity

Klebsiella pneumoniae, cause of
neonatal sepsis 333, 341

Klebsiella spp., cause of
neonatal meningitis
348, 349

L1 syndrome 282–283
labor and delivery

complications
amnionitis 137
amniotic fluid embolism

136–137
as cause of neonatal

encephalopathy 134
brachial plexus injury 136
breech presentation

138–139
cesarean section 134
chorioamnionitis 137
dysmaturity syndrome

137–138
electronic fetal heart-rate

monitoring (EFM)
139–140

external cephalic version 139
face presentation 138
fetal heart-rate monitoring

139–140
forceps delivery 135–136
funisitis 137
incidence of fetal injury 134
infection (intra-amniotic)

137
intra-amniotic infection 137
malpresentation 138–139
meconium aspiration

syndrome 137–138
meconium staining 137–138
non-vertex presentation

138–139
operative vaginal delivery

135–136
post-termpregnancy 137–138
prolonged second stage 139
shoulder dystocia 136
uterine rupture

(spontaneous) 135
uterine rupture (with

VBAC) 134–135
vacuum delivery 135–136
vaginal births after cesarean

(VBAC) 134–135
villitis 137
see also intrapartum events

laboratory findings
correlation with neonatal

encephalopathy 7
evaluation of HIE 189
timing of neonatal brain

injury 258–259
lactic acidosis, hypotonia and

systemic involvement
396–397
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language and speech
development

assessment in young
children 565

disorders in the general
population 565

typical childhood stages
564–565

language and speech
development after
prematurity 565–566

academic outcomes 566–568
conflicting results from
studies 565–566

effects of brain injuries 566
effects of intraventricular
hemorrhage (IVH) 566

effects of periventricular
hemorrhage (PVH) 566

effects of periventricular
leukomalacia (PVL) 566

effects of socioeconomic
status 568

gender differences 568
moderators of outcomes 568
Peabody Picture Vocabulary
Test-Revised (PPVT-R)
568

language and speech
developmental disorders

and ADHD 569
association with cognitive
and motor impairment
568–569

attention problems 569
cerebellar injury 571
clinical implications 571
effects of hypoxia and
ischemia 570

functional neural
organization patterns 571

future research 571
neural basis 570–571
outcome of neonatal
encephalopathy 579

plasticity of the young
brain 570

problems of executive
functioning 569

relation to other
developmental domains
568–570

Specific Learning Disorder
(SLI) 569

white-matter injury 570
lazaroids (21-aminosteroids),

use in HIE management
480–481

learning deficits, outcomes
of IUGR 87, 88

legal issues see medical
malpractice, medicolegal
issues

leprechaunism 78
leptin 77
lethargy with

hyperammonemia 398

lethargy without metabolic
acidosis or
hyperammonemia
397–398

leukoencephalopathies 226–227
lissencephaly 266, 269–270

EEG diagnosis 204
Type 1 270
Type 2 (cobblestone
lissencephaly) 266, 270, 280

Listeria monocytogenes 332
cause of neonatal meningitis
349

low birthweight, definition 59
see also preterm birth

low-dose aspirin therapy for
IUGR 89

LSD use in pregnancy 119
lymphocyte counts, timing

of neonatal brain
injury 258

lymphoid interstitial
pneumonia (LIP) 380

lysinuric protein intolerance
398

macrencephaly 269
macrosomia, and maternal

diabetes mellitus 97
magnesium sulfate

administration before
preterm delivery 65

fetal effects 131
GMH-IVH prevention 290
tocolytic agent 64

magnetic resonance imaging
see MRI

malaria, association with
IUGR 77–78

malpresentation 138–139
malpresentations for preterm

delivery 63
mannitol, use in management

of cerebral edema 478
maple syrup urine disease

(MSUD)
EEG diagnosis 204
HIE differential diagnosis
397–398

marginal cord insertion 107
marijuana use in pregnancy

116
IUGR risk 80

massive perivillous fibrin
deposition (MPFD)
251, 252

mast cells, actions in HI brain
injury 39

maternal age
and risk of neonatal
encephalopathy 3, 4

and risk of preterm birth 60
maternal alloimmunization

99–100
maternal cocaine use,

necrotizing enterocolitis
risk 536–537

maternal disease affecting
fetal development

antibody-related fetal
disease 98–100

antiepileptic medications
100–101

congenital adrenal
hyperplasia (CAH) 97

diabetes mellitus 96–97
fetal hydantoin syndrome
100

genetic disease 101
Grave's disease 98
hypothyroidism 98
maternal alloimmunization
99–100

mechanisms of teratogenesis
96

medications and toxins
100–101

neonatal alloimmune
thrombocytopenia
(NAIT) 100

neonatal lupus syndrome
98–99

phenylketonuria (PKU)
97–98

placental insufficiency 100
pre-conception counseling
101

Rhesus (Rh)
alloimmunization 99–100

systemic lupus erythematosus
(SLE) 98–99

toxic metabolic end
products 96–98

underproduction of
essential metabolic
product 98

maternal drug use
EEG diagnosis 205
IUGR risk 80
see also substance abuse in
pregnancy

maternal education level and
risk of neurodevelopmental
sequelae 551

maternal factors in IUGR
etiology 79–80

maternal–fetal transportation
for preterm delivery
61–62

maternal floor infarction
(MFI) 251, 252

maternal history of fetal
activity, timing of
neonatal brain injury
256

maternal hypoxia and IUGR
80–81

maternal illness and IUGR
79, 80

maternal indications for
operative vaginal
delivery 65

maternal influences on fetal
growth 76

maternal malnutrition and
IUGR risk 79

maternal medications, fetal
effects 131–132

maternal oxygen therapy for
IUGR 82, 89

maternal perception of fetal
movement 168–169

maternal pre-eclampsia, and
risk of GMH-IVH 286

maternal risk factors for
neonatal encephalopathy
3–4

maternal stress and IUGR 81
maternal vascular

underperfusion
249–250, 251

meconium
nature of 411
origin of the name 409

meconium aspiration
syndrome (MAS)
137–138

adverse neurologic
outcomes 410–411

historical studies 409–410
pathophysiology of

meconium passage
411–412

potential mechanisms
of neurologic injury
412–413

respiratory distress 410
thick versus thin consistency

meconium 415
meconium-induced umbilical

vascular necrosis
240–241

meconium-stained amniotic
fluid (MSAF) 4–5,
137–138

adverse neurologic
outcomes 410–411

adverse non-neurologic
outcomes 410

and development of
respiratory distress 410

and fetal distress 410
and fetal heart-rate

abnormalities 410
cardiopulmonary

resuscitation of the
newborn 457

historical studies 409–410
incidence 409
meconium aspiration

syndrome (MAS) 410
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meconium passage
411–412

potential mechanisms
of neurologic injury
412–413
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meconium 415
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meconium-stained amniotic
fluid (MSAF) (cont.)

timing of neonatal brain
injury 257

MECP2-related congenital
encephalopathy 279

medical conditions, and risk of
neonatal encephalopathy
3, 4

medical error see patient safety
medical ethics in intensive care
basis for ethical decision
making 588–593

decision to treat or not to
treat 588–593

methods to be applied
to achieve the objective
585–588

objective of medical
intervention 585–588

what needs to be decided
585–588

who makes the decision
593–596

medical malpractice
breach of duty 598–599
case study (obstetrics/labor
and delivery) 603–605

case study (obstetric
discharge/prenatal
follow-up) 605–606

causation 599–600
damages 600, 601–602
definition of malpractice 598
documentation 600
duty 598, 599
terminologymatters 600–603

medical training and education
future enhancements
467–468

historical perspective
464–465

Institute of Medicine
Reports (1999 and
2001) 464

JCAHO recommendations
(2004) 464

limitations of the traditional
model 464–465

meeting the challenges
of the delivery room
465–467

new methodologies 465–467
patient safety reports
and recommendations
464

safety in the delivery room
467–468

medications and toxins, effects
on fetal development
100–101

medicolegal issues, neonatal
resuscitation 453,
460–461, 461–462
see also medical
malpractice

megalencephaly 269

membrane rupture, preterm
premature rupture of
amniotic membranes
(PPROM) 61

memory problems, neonatal
encephalopathy outcomes
579

meningitis, EEG diagnosis 205
see also bacterial
meningitis in the neonate

meningocele 266
Menkes syndrome 78
mental retardation (MR)

and preterm birth 59
definition 11
epidemiology 11
fetal alcohol syndrome 11
link with intrapartum
events 64

relationship to CP 11
meprobamate use in

pregnancy 118
mercury toxicity and

IUGR 81
metabolic acidemia, detection

using EFM 182–183
metabolic acidosis

and HIE 403–404
correlation with neonatal
encephalopathy 5

detection using EFM
174, 175

development in asphyxia 2
IUGR complication 83
management after neonatal
cardiopulmonary
resuscitation 459

metabolic alkalosis 405
metabolic disorders 9

classification 225
IUGR complications

82–83
neuroimaging diagnosis
210, 211, 213, 223–228

role in IUGR etiology 78
see also inborn errors of
metabolism

metabolic disorders differential
diagnosis 225

disorders affecting cortical
gray matter 226

disorders affecting deep gray
matter 226

disorders affecting white
matter 226–227

disorders affecting white
matter and cortical gray
matter 227

disorders affecting white
matter and deep gray
matter 227–228

use of MR spectroscopy
(MRS) 213, 219, 228

metabolic encephalopathies,
EEG diagnosis 204

metabolism-connectivity
concept 14

methamphetamine abuse in
pregnancy 119

methaqualone use in
pregnancy 118

methodone use in pregnancy
see also opioid abuse in
pregnancy

methyl mercury toxicity and
IUGR 81

methylphenidate abuse in
pregnancy 119

mevalonic aciduria 398
microcephaly 269
microdysgenesis 270
microencephaly 269
microglia
activation in HI brain
injury 38–39

role in preterm brain
injury 52

mid-brain and hind-brain
organization and
patterning defects 273

mild encephalopathy (Stage I)
188

mitochondria
failure of ATP production
in HI brain injury 38, 39

regulation of apoptosis 16,
17, 18, 19–20, 21

role in apoptosis after HI 40
mitochondrial disease, HIE

differential diagnosis 397
mitochondrial disorders, HIE

differential diagnosis 395
mitochondrial permeability

transition, necrosis
pathway 16–17

moderate encephalopathy
(Stage II) 188

‘molar tooth’ malformation
of the brain 273

monochorionic twins, and
IUGR 78

monosialgangliosides, use in
HIE management 480

monozygotic twins, association
with IUGR 78

mortality rates
IUGR 85–86
neonatal encephalopathy
9–10

motor impairment, association
with language and speech
developmental disorders
568–569

motor problems in the absence
of cerebral palsy 578

mouse, neonatal
neurodegeneration in
HIE 16, 19, 26–27

MR (magnetic resonance)
vascular imaging 211

MRA (MR angiography and
venography) 211, 212

MRI (magnetic resonance
imaging) 210, 211–213

HIE features 189
preterm infant brain injury

550–551
timing of neonatal brain

injury 260–261
MRI techniques
diffusion-weighted imaging

(DWI) 211, 213
fast and ultrafast techniques

211
fat suppression short

TI inversion recovery
imaging (STIR)
211, 212

fluid attenuation recovery
technique (FLAIR)
211, 212

magnetization transfer
imaging (MTI) 211, 212

motion-sensitive techniques
213

MR angiography and
venography (MRA)
211, 212

MR vascular imaging 211
perfusion MRI (PMRI)

211, 212
MRS (MR spectroscopy) 211,

212, 213
use in metabolic disorder

diagnosis 213, 219, 228
MRSA (methicillin-resistant

S. aureus), cause of
neonatal sepsis 332

MTHFR (methylene
tetrahydrofolate
reductase) deficiency 282

MTI (magnetization
transfer imaging) 211,
212

multidetector CT (MDCT)
209–210

multifocal (fragmentary)
clonic seizures 502–504

multiple gestations
abnormal growth 71
amnionicity 69–70
and IUGR 78
chorionicity 69–70
conjoined twins 69
diagnosis 69–70
dizygotic twins 69
embryology 69
incidence 69
incidence of prematurity

69, 70
monoamnionic twins 69, 72
monochorionic twins 69, 70,

71–72
monozygotic twins 69

see also monochorionic
twins

peripartum management 72
prematurity 69, 70
preterm delivery route 63
preterm labor 70
risk of cerebral palsy 69
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risk of preterm birth 60
twin-to-twin transfusion
syndrome (TTTS) 70

ultrasound evaluation 69–70
vaginal birth after cesarean
(VBAC) 72

zygosity 69–70
multiple organ damage,

correlation with neonatal
encephalopathy 6–7

muscle-eye-brain disease 280
muscular dystrophies,

congenital conditions
280–281

myasthenia, congenital
myasthenias 281

myelomeningocele 267
myoclonic movements without

EEG seizures in neonates
506–507

myoclonic seizures 505–506
myopathies, congenital

conditions 280
myotonic disease 9
myotonic dystrophy type 1, 279

naloxone (Narcan), neonatal
administration 118, 460

nasogastric feeding, premature
infant 527

necrosis
causes 15
continuum with apoptosis
14–15

signaling pathways 16–17
structural appearance 15–16
see also cell death
continuum concept

necrotizing enterocolitis
(NEC) 532–539

clinical picture 532–533
endemic rate 532
epidemics 532
epidemiology 532
IUGR complication 84
outcome 538
pathogenesis 533–538
prevention 538–539
risk of neurodevelopmental

sequelae 551–552
treatment 533

necrotizing enterocolitis
(NEC) pathogenesis
533–538

benefits of human milk
535–536, 539

enteral feeding 534
immunologic considerations
535

infectious agents 536
ischemia and hypoxia 536
maternal cocaine use 536–537
new thoughts on etiology
537–538

osmolality of feeds 535
rate and volume of enteral
feeds 534–535

role of corticosteroids 537
role of vitamin E 536
timing of enteral feeding 534

negligence see medical
malpractice

Neisseria meningitidis, cause of
neonatal meningitis 349

neonatal alloimmune
thrombocytopenia
(NAIT) 100, 292

neonatal arterial stroke 296
neonatal brain injury

see neonatal
encephalopathy

neonatal care see patient safety
neonatal depression,

conditions which mimic
intrapartum asphyxia 9

neonatal effects of
hypertensive disease in
pregnancy 127, 131

neonatal encephalopathy
and asphyxial events 2–3,
143 see also asphyxia

antepartum (in utero)
events 1–2

conditions which mimic
intrapartum asphyxia 9

definition 1, 2
diagnostic criteria 3
early identification of
patients 1

factors affecting incidence
and mortality 3

ICD-9 criteria 1, 2
incidence 3
intrapartum events 1–2, 8–9
intrauterine growth
restriction (IUGR) 2

labor and delivery
complications as cause 134

preterm infants 2
range of studies 1
risk factors 2, 3–4
timing of causal events 1–2
see also hypoxic –ischemic
encephalopathy (HIE)

neonatal encephalopathy
correlative findings 4–8

abnormal
electroencephalography
7–8

blood gas evaluations 5
clinical signs 7–8
fetal heart-rate monitoring 5
laboratory studies 7
low Apgar score 4
meconium in the amniotic
fluid 4–5

metabolic acidosis 5
multiple organ damage 6–7
need for cardiopulmonary
resuscitation 7–8

neuroimaging 8
pH of umbilical arterial
blood 5

seizures 5–6

neonatal encephalopathy in
the term newborn

association with adverse
neurocognitive
outcomes 575

basal nuclei predominant
pattern of injury 576, 580

brain injuries leading to
neurocognitive deficits
575–576

clinical syndrome 575
etiologies 575
incidence 575
patterns of brain injury
576, 580

selective vulnerability in the
neonatal brain 576

timing of brain injury
575–576

watershed predominant
pattern of injury 576, 580

neonatal encephalopathy
outcomes 9–11

ADHD 579
behavioral problems 579
blindness 578
case study of follow-up
580–582

cerebral palsy (CP) 10–11,
578

cognitive deficits 578–579
development of new
therapies 10

epilepsy 578
executive function deficits
579

hearing loss 578
language development
disorders 579

memory problems 579
mental retardation (MR) 11
mortality rates 9–10
motor problems in the
absence of cerebral
palsy 578

neuromotor problems 578
neurosensory problems 578
quality of life 579–580
relation to extent of injury
9–10

relation to patterns of brain
injury 580

relation to severity of
encephalopathy 580

sensorineural hearing loss
578

specific neurological
outcomes 577–580

spectrum of neurocognitive
abnormalities 576–577

visual impairment 578
neonatal intensive care
NICU characteristics and
GMH-IVH prevention
290

see also extended
management following

resuscitation; medical
ethics in intensive care

neonatal ischemic stroke
clinical manifestations

296–297
definition 296
in the preterm infant 297
see also perinatal stroke

neonatal jaundice and
neurotoxicity 311–312
see also bilirubin toxicity

neonatal lupus syndrome
98–99

neonatal resuscitation
delivery room decision

making 460–461
evidence-based principles

453
evidence-based resuscitation

medicine 460
importance of good

communication 453,
460–461

information required by the
neonatal resuscitation
team 453, 454

intrapartum fetal
resuscitation 453

medicolegal issues 453,
460–461, 461–462

Neonatal Resuscitation
Program of the AAP 453

see also cardiopulmonary
resuscitation of the
newborn; cerebral
resuscitation; extended
management following
resuscitation

Neonatal Resuscitation
Program of the American
Academy of Pediatrics 453

neonatal seizure rates, effects
of using EFM 182–183

neonatal seizures
antiepileptic drug treatment

519–520, 520–521,
521–522

brainstem release
phenomena 510–511

classification 500–506, 516
clinical seizure criteria

500–506, 516
clonic seizures 500–502,

502–504
electroclinical dissociation

512–513
electroclinical uncoupling

510, 512–513
electrographic seizure

criteria 508–510
etiologies 513–517
ictal EEG patterns

classification 510
incidence rates with clinical

vs. EEG criteria 513
issues regarding who and

how to treat 499, 501
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neonatal seizures (cont.)
multifocal (fragmentary)
clonic seizures 502–504

myoclonic seizures 505–506
non-epileptic behaviors of
neonates 506–508

non-ictal functional
decortication 510–511

novel antiepileptic drug
approaches 521–522

pathogenesis and timing
of the disease process
517–518

principles of therapy
519–522

prognosis 518–519
recognition of seizures
499–500

seizure duration and
topography 510

status epilepticus 510
subcortical seizures
510–511, 512–513

subtle seizure activity 500
tonic seizures 504–505
video-EEG/polygraphic
monitoring 499–500,
508–510

see also epilepsy; seizures;
status epilepticus

neonatal sepsis 9
risk of neurodevelopmental
sequelae 551–552

see also bacterial sepsis in
the neonate

neonatal stroke 5–6
see also perinatal stroke

neonatal thyrotoxicosis 78
neural tube defects 266
neurodegeneration in HIE
neonatal animal models
26–29

neonatal rat and mouse
16, 19, 26–27

neuroprotection and
neuroregenerative
strategies in the piglet
model 28–29

newborn human HIE
25–26

newborn piglet 28–29
relevance of animal models
of HIE 26

neurodegeneration
mechanisms see cell death
mechanisms

neurodegenerative disorders,
neuroimaging diagnosis
210, 211, 213, 223–228

neurodevelopmental and
cognitive outcomes of
IUGR 86–87, 88

neurodevelopmental disability,
correlation with preterm
brain injury 48

neurodevelopmental outcomes
of preterm birth 544

early childhood assessments
544–548

EPIcure study 545–547
Finnish National ELBW
Cohort 546, 547

later childhood and beyond
552

NICHD Neonatal Research
Network Follow-up Study
Group 546, 547–548

Rainbow Babies ELBW
cohorts 546, 547

Victoria Infant
Collaborative Study
Group reports 545, 546

neurodevelopmental sequelae
risk factors 548–552

antenatal factors 551
bronchopulmonary
dysplasia (BPD) 551

cranial ultrasound (CUS)
abnormalities 549–550

gender-specific vulnerability
551

level of maternal education
551

magnetic resonance imaging
(MRI) findings 550–551

necrotizing enterocolitis
(NEC) 551–552

neonatal sepsis 551–552
preterm infant brain injury
549–551

racial factors 551
scoring systems for multiple
morbidities 552

social factors 551
neurogenesis

response of the subventricular
zone (SVZ) 42

self-repair response to
injury 42

neurogenetic disorders of the
brain

Aicardi-Goutieres syndrome
281–282

apparent TORCH infection
281–282

bleeding in the newborn 282
central hypoventilation 283
clinical genetics evaluation
277

cobalamin disorders 282
conditions presenting with
hypotonia 277–281

congenital central
hypoventilation
syndrome 283

congenital muscular
dystrophies 280–281

congenital myasthenias 281
congenital myopathies 280
congenital neuropathies
281

diagnostic approach to
hypotonic conditions
277–278

hereditary hemorrhagic
telangiectasia 282

hydrocephalus 282–283
intracranial hemorrhage 282
L1 syndrome 282–283
MECP2 related congenital
encephalopathy 279

MTHFR deficiency 282
myotonic dystrophy type 1
279

Pompe disease (infantile
type) 280

Prader–Willi syndrome
278–279

resemblance to fetal
and neonatal brain
injury 277

spinal muscular atrophy
(SMA I type) 279

ventriculomegaly 282–283
X-linked hydrocephalus
with stenosis of the
aqueduct of Sylvius
(HSAS) 282–283

neuroimaging
HIE features 189
neonatal encephalopathy 8

neuroimaging diagnosis
214–228

developmental
abnormalities 210, 211,
213, 214–216

hypoxia–ischemia 216–219
infections 223, 224
inflammatory processes
223, 224

intracranial hemorrhage
219–220, 221

metabolic disorders 210,
211, 213, 223–228

neurodegenerative
disorders 210, 211, 213,
223–228

neurovascular disease
216–222

occlusive neurovascular
disease and sequelae
220–222

toxic disorders 210, 211,
213, 223–228

trauma 220, 222–223
neuroimaging technologies

209–213
computed tomography (CT)
209–210

functional imaging 209
magnetic resonance
imaging (MR, MRI)
210, 211–213

nuclear medicine (NM)
210–211

positron emission
tomography (PET)
210–211

single photon emission
computed tomography
(SPECT) 210–211

structural imaging 209
ultrasonography (US)

209, 210
neuroinflammation, in HI

brain injury 38–40
neurological abnormalities,

IUGR complications
84–85

neurological development and
IUGR 84

neuromotor problems,
neonatal encephalopathy
outcomes 578

neuronal death mechanisms 40
see also cell death
mechanisms

neuronal generation disorders
269

neuronal injury initiators in
asphyxia 144–145

neuronal migration disorders
9, 269–270

neuropathies, congenital
conditions 281

neuropathological evaluations,
timing of neonatal brain
injury 261

neuroprotection after HI
injury

biphasic cell death after HI
injury 485–486

conditions which cause
HIE 485

effects on EEG epileptiform
transients 490–492

effects on excitotoxicity after
HI 490–492

endogenous
neuroprotection 492–493

hypothesis and implications
493–494

induced hypothermia
486–487

insulin-like growth factors
(IGFs) 489

‘latent’ phase in early
recovery 486–487, 493

therapeutic targets of
hypothermia therapy
488–492

timing of intervention
therapies 486–487,
493–494

window of opportunity for
interventions 486–487,
493–494

neuroprotection with
hypothermia 486–487

clinical evidence for
therapeutic effect 487

depth of cooling 487
duration of cooling 486–487
effects on inflammatory

second messengers
489–490

effects on programmed cell
death 488–489

Index

622



long-term neuroprotection
487

therapeutic targets 488–492
timing of initiation 486

neuroprotective endogenous
responses

post-insult adaptive
hypometabolism 492–493

sympathoinhibition after HI
492–493

neurosensory problems,
neonatal encephalopathy
outcomes 578

neurovascular disease,
neuroimaging diagnosis
216–222

neurovascular unit,
functioning in HI brain
injury 38

neurulation (neural tube
formation) disorders
266–267

neutropenia, IUGR
complication 83–84

newborn neurological
evaluations, timing of
neonatal brain injury 259

NICU characteristics and
GMH-IVH prevention
290

NIRO 500 monitor 233
NIROS-SCOPE 232
NIRS (near-infrared

spectroscopy),
development of cerebral
oximeters 232

NIRS-based cerebral oximeters
in current use 233–234

Foresight monitor 233
INVOS cerebral oximeter
233

NIRO 500 monitor 233
NIRS-based cerebral oximetry
accuracy compared to a gold
standard 234

cytochrome absorption of
near-infrared light 232

defining the ischemic
threshold 234

hemoglobin absorption of
near-infrared light 232

interpreting abnormal
cerebral oximetry 235–236

lack of randomized
controlled clinical trials
232

NIROS-SCOPE 232
relevance to clinical
outcome 234–235

theory 232–233
validation 234–235

NIRS future possibilities
autoregulation analysis 237
measures of cerebral blood
flow 236

measures of cerebral blood
volume 236

somatic regional oximetry
236

visible light spectroscopy
(VLS) 236–237

nitric oxide, inhaled nitric
oxide (iNO) therapy 423,
426–428, 472

nitroglycerin (tocolytic
agent) 64

NOMO-VAD postoperative
support 447

non-contraction stress test 81
non-epileptic behaviors of

neonates 506–508
dystonia without EEG
seizures 507–508

jitteriness with EEG
correlates 506

myoclonic movements
without EEG seizures
506–507

tremulousness with EEG
correlates 506

non-ictal functional
decortication 510–511

non-immune hydrops 325, 326
non-ketotic hyperglycinemia,

EEG diagnosis 204
non-reassuring FHR,

management 183
non-specific chronic villitus

250, 251
non-stress test (NST) 165–167

basis for the NST 166
efficacy 167
how to perform the test 166
interpretation of the test
166–167

when to perform 166
non-vertex presentation

138–139
NSC (neural stem cell)/NPS

(neural progenitor cell)
transplantation after HI
29–30

nuchal cord 246
nuclearmedicine (NM) 210–211
nucleated red blood cell

(NRBC, erythroblast)
count

and intrauterine stress
242–243

increase in IUGR 83–84
timing of neonatal brain
injury 258, 259

nutrient supplementation for
IUGR 89

nutritional status and risk of
preterm birth 60

nutritional status of the
mother and IUGR risk 79

nutritional support
(asphyxiated infant)
531–532

necrotizing enterocolitis
532–539

recommendations 539

nutritional support (premature
infant)

complications due to
immature gastrointestinal
tract 527, 528, 529

continuous NG feeding 527
development of the
gastrointestinal tract 527,
528, 529

early gastrointestinal
priming 529–530

enteral feeding 527–530
ESPGN guidelines for
feeding 529

gastric feeding 527
gastroesophageal reflux 527
gastrointestinal priming
529–530

intermittent gavage 527
nasogastric feeding 527
necrotizing enterocolitis
532–539

parenteral feeding 530–531
recommendations for
asphyxiated infants 539

routine support 527, 528,
529

transpyloric feeding 527–529
trophic feeding 529–530

observer variability in EFM
interpretation 182

obstetric abnormalities
marginal cord insertion 107
placenta accreta 106–107
placenta increta see placenta
accreta

placenta percreta
see placenta accreta

placenta previa 103–104
placental abruption
104–105

short umbilical cord 107
vasa previa 105–106
velamentous cord insertion
107, 247 see also vasa
previa

obstetrical risk factors for
preterm birth 60–61

occlusive neurovascular
disease and sequelae,
neuroimaging diagnosis
220–222

occupational therapy, use in
CP management 559

olfactory bulb, source of NSCs/
NPCs for transplantation
after HI 29–30

oncosis see necrosis
operative abdominal delivery

see cesarean section
operative vaginal delivery 65,

135–136
fetal indications for 65
maternal indications for 65

opioid abuse in pregnancy
117–118

contraindications for
breastfeeding 118

neonatal administration of
naloxone (Narcan) 118

neonatal exposure through
breast milk 118

neonatal health risks 118
neonatal respiratory

depression 118
risk of sudden infant death

syndrome (SIDS) 118
withdrawal in neonates 118
withdrawal in pregnancy 118

organ damage, indications
of asphyxia 6–7

organic acidemias, HIE
differential diagnosis
395–396, 397

oxygen, use in
cardiopulmonary
resuscitation of the
newborn 457–458

oxygen free radical inhibitors
10, 480–481

oxygen free radicals, role in
preterm brain injury 51

p53/p63/p73 family of tumor
suppressors 22

p75NTR mediation of
apoptosis 22

pachygyria 269–270
pain relief in preterm

labor 62
pancuronium bromide 471
parasagittal border-zone injury

190–191, 192
parasympathetic NS, influence

on fetal heart rate 176
parent–infant interaction

difficulties and IUGR 85
parenteral feeding 530–531
partial fetal alcohol syndrome

(PFAS) 112, 113
partial hypoxic–ischemic

injury 190
parvovirus, congenital

infection 9
patient safety
components of a safe

delivery room 467–468
future enhancements of

medical training 467–468
history of medical training

464–465
Institute of Medicine Reports

(1999 and 2001) 464
JCAHO recommendations

(2004) 464
limitations of traditional

medical training model
464–465

new training and
performance
methodologies 465–467

reports and
recommendations 464
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patient safety (cont.)
training for the challenges
of the delivery room
465–467

PCP (drug) use in pregnancy
119

PCP (Pneumocystis jirovecii
(carinii) pneumonia) 380

Peabody Picture Vocabulary
Test-Revised (PPVT-R)
568

pediatric cardiac surgery
anesthesia 445
balloon atrial septostomy
(BAS) 444–445

cardiopulmonary bypass
(CPB) 445–446

CO2 flooding 446
cooling (perioperative) 446
cooling (postoperative) 447
corticosteroids 447
DHCA (deep hypothermic
circulatory arrest) 446

glycemic control following
surgery 447

head perfusion 446
limitation of peri-operative
neurological injury
445–447

low-flow CPB 446
modified ultra-filtration
(MUF) 447

NIRS-intraoperative
monitoring of cerebral
oxygen delivery 446

NOMO-VAD postoperative
support 447

postoperative management
447

preoperative neurological
injury 444–445

timing of surgery 445
pediatric cardiac surgery

neurodevelopmental
outcomes 447–449

congenital heart lesion
type 448

correlation with length of
hospital stay 449

effects of intrinsic genetic
variables 447–448

effects of APOE
(apolipoprotein E) gene
polymorphisms 447–448

effects of 22q11.2 deletion
448

effects of socioeconomic
status 448

intraoperative factors
448–449

perinatal asphyxia, role of
EFM in prediction
182 –183 see also asphyxia

perinatal care see medical
malpractice, patient safety

perinatal death, and preterm
birth 59

perinatal HIV infection
AIDS-defining illnesses
for children 380

antiretroviral drug therapy
382–383

antiretroviral prophylaxis
383

classification of HIV
infection in children 380

clinical manifestations 380
early diagnosis 380
early treatment 382–383
epidemiology 378
HAART (highly active
antiretroviral therapy)
382–383

HIV encephalopathy in
infants 380–382, 391

lymphoid interstitial
pneumonia (LIP) 380

mechanisms of transmission
379

neurologic manifestations
in the infant 380–382

PCP (Pneumocystis
jirovecii (carinii)
pneumonia) 380

prevention 383–384
prognosis 383
rates of transmission
378–379

risk factors 379
timing of transmission 379

perinatal hypoxia, incidence 49
perinatal mortality rate

(PMR) 163
perinatal mortality risk

163–164
perinatal stroke

classification systems 296
clinical manifestations
296–297

development of therapies
300–301

disorders caused by 296
epidemiology 296
incidence 296
modeling stroke 300–301
terminology 296

perinatal stroke evaluation 298
electroencephalography
298–299

history 298
laboratory studies 299
neuroimaging 298
physical examination 298

perinatal stroke management
299

perinatal stroke outcome
299–300

epilepsy 300
neonatal seizures 300
neurobehavioral outcome
300

neuromotor outcome 300
stroke recurrence 300
visual function 300

perinatal stroke risk factors
297–298

antepartum factors 298
infant factors 298
intrapartum factors 298
maternal factors 297–298

periventricular hemorrhage
(PVH) 566

periventricular leukomalacia
(PVL) 48, 192–193

effects on language and
speech development 566

EEG diagnosis 205
periventricular–

intraventricular
hemorrhage

EEG diagnosis 204–205
in HIE 193

peroxisomal disorders, HIE
differential diagnosis 395

persistent pulmonary
hypertension of the
newborn (PPHN)

characteristics 419
complication of IUGR 82
definitions 419
differential diagnosis
419–420

pathogenesis 338, 420–421
terminology 419

persistent pulmonary
hypertension of the
newborn (PPHN)
comorbidities

growth and nutritional
difficulties 436–437

hearing loss (sensorineural
hearing loss) 435–436

respiratory morbidities
436

persistent pulmonary
hypertension of the
newborn (PPHN)
outcome 425–435

conventional medical
therapy (CMT) 425–426,
432–434

ECMO treatment 428–435,
430–431

inhaled nitric oxide (iNO)
therapy 426–428

persistent pulmonary
hypertension of the
newborn (PPHN)
treatment 421

alkalosis induced by
ventilation 422

exogenous surfactant
422–423

extracorporeal membrane
oxygenation (ECMO)
424–425

gentle ventilation 422
high-frequency ventilation
(HFV) 422

hyperventilation and
hypocapnia 422

inhaled nitric oxide (NO)
423

liquid ventilation 422
magnesium sulfate 424
non-specific, physiologic

interventions 421–422
pharmacologic approaches

422–424
phosphodiesterase (PDE)

inhibitors 423–424
vasodilation pharmacologic

therapies 423–424
ventilator management 422

pH of umbilical arterial
blood 5

pharmacologic treatments,
use in CP management
560–561

phenobarbital, GMH-IVH
prevention 290

phenylephrine use in pregnancy
see sympathomimetics

phenylketonuria (PKU),
effects on fetal
development 97–98

phenylpropanolamine use in
pregnancy
see sympathomimetics

phenytoin, fetal hydantoin
syndrome 100

3-phosphoglycerate
dehydrogenase (3-PGD)
deficiency 395

physical growth, outcomes
of IUGR 86

physical therapy, use in CP
management 559

piglet, neonatal
neurodegeneration in
HIE 28–29

placenta accreta 106–107
association with tobacco

use in pregnancy 115
clinical presentation

106–107
complications 107
description 106
diagnosis 106–107
etiology 106
incidence 106
management 107
risk factors 106

placenta increta see placenta
accreta

placenta percreta see placenta
accreta

placenta previa 103–104
association with tobacco use

in pregnancy 115
clinical presentation 103
complications 103–104
description 103
diagnosis 103
etiology 103
incidence 103
management 103
risk factors 103
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placental abnormalities
and cocaine use in
pregnancy 117

and IUGR etiology 78
placental abruption 104–105
association with tobacco use
in pregnancy 115

clinical presentation 104
complications 105
description 104
diagnosis 104
etiology 104
incidence 104
management 104–105
risk factors 104
risk with chronic
hypertension 128

placental insufficiency
effects on fetal development
100

hypertensive disease in
pregnancy 131

placental pathology
acute blood flow disruption
243–244

amniotic fluid infection
248–249

chronic twin-to-twin
transfusion 244

correlates of intrauterine
stress 240–243

fetal anemia 243
fetal hemorrhage 243
massive perivillous fibrin
deposition (MPFD)
251, 252

maternal floor infarction
(MFI) 251, 252

maternal vascular
underperfusion 249–250,
251

mechanisms of diminished
placental reserves 249–251

mechanisms of umbilical
cord blood flow
compromise 244–248

meconium-induced
umbilical vascular
necrosis 240–241

meconium release and fetal
stress 240–242

non-specific chronic villitus
250, 251

pre-eclampsia 129–130
purpose of investigations
240

release of nucleated red
blood cells (NRBCs)
242–243

timing of intrauterine stress
240–243

timing of neonatal brain
injury 261

twin-to-twin transfusion
syndrome 244

villitus of unknown etiology
(VUE) 250, 251

plasma volume expansion
therapy for IUGR 89

platelet counts, timing
of neonatal brain
injury 258

PMRI (perfusion MRI) 211,
212

polycythemia 317–320
asymptomatic infants 320
blood flow and functional
changes in organs
318–319

blood viscosity 317–318
blood viscosity and organ
oxygenation 318

brain uptake of oxygen 318
causes 317, 318
definition 317
effects of increased
hematocrit on organs 317

effects on neurologic
function 319

effects on organ blood flow
and function 317

incidence 317
long-term sequelae 319–320
organ oxygenation and
blood viscosity 318

problems in the newborn
period 318, 319

recommendations for
therapy 320

signs and symptoms
318–319

small-for-gestational-age
infants 319

symptomatic infants 318,
319–320

polyhydramnios, risk of
preterm birth 60

polymicrogyria 270
pomegranate juice,

neuroprotective
potential 42

Pompe disease (infantile type)
280

ponderal index 75
porencephaly 272–273
positron emission tomography

(PET) 210–211
post-term pregnancy 137–138
posthemorrhagic ventricular

dilation (PHVD) 287,
288–289

postnatal hypotension/
hypoperfusion, and
brain injury 50

postnatal prevention of
GMH-IVH 290

Potter's syndrome 78
poverty, role in IUGR

etiology 78
PPROM (preterm premature

rupture of the amniotic
membranes) 61

Prader–Willi syndrome
278–279

pre-conception counseling,
maternal disease and fetal
development 101

pre-eclampsia 128, 129–130
antihypertensive
medications 130

clinical features 129
corticosteroids for fetal lung
maturity 130

definition 128, 129
diagnosis 128, 129
eclampsia 130
effects on the fetus 129
glucocorticoids for fetal lung
maturity 130

immune maladaptation
129–130

incidence 129
pathogenesis 129–130
placental pathology 129–130
risk factors 129
risk with chronic
hypertension 128

role in IUGR 78, 79, 80
seizure prophylaxis 130
timing of delivery 130
treatment 130

pregnancy complications,
risk of preterm birth 61

premature birth see preterm
birth

prematurity in multiple
gestations 70

causes of premature birth 70
incidence 69, 70
pathophysiology of preterm
labor 70

prediction of preterm
labor 70

prevention of preterm
labor 70

treatment of preterm labor 70
prepartum evaluation, timing

of neonatal brain injury
256

presentation, non-vertex
presentation 138–139

presumed perinatal ischemic
stroke (PPIS)

clinical manifestations 297
definition 296

preterm birth
association with tobacco use
in pregnancy 115

causes 59–60
costs of medical support 544
definition 59
effects on academic
outcomes 566–568

effects on language and
speech development
565–566

ethnic differences in
incidence 59

etiology 59–60
hypoxia tolerance of the
preterm brain 59

incidence 59
neurological morbidity 59
pathogenesis of spontaneous

preterm labor 60
risk of cerebral palsy 10, 59
risk of mental retardation 59
risk of neurodevelopmental

sequelae 544, 549–551
risk of perinatal death 59
risk of vision impairment 59
survival rates 59, 544
see also neurodevelopmental

outcomes of preterm
birth, prematurity in
multiple gestations

preterm birth risk factors
assisted reproductive

technologies (ART) 60
bleeding 60
cervical incompetence

60–61
complications of

pregnancy 61
demographic factors 60
ethnicity 60
fetal anomalies 60
history of preterm birth 60
maternal age 60
medical or surgical

complications 61
multiple gestations 60
obstetrical risk factors

60–61
polyhydramnios 60
poor nutrition 60
preterm premature rupture

of the amniotic
membranes (PPROM) 61

socioeconomic status 60
substance abuse 60
uterine abnormalities 60

preterm brain injury
correlation with

neurodevelopmental
disability 48

effects of loss of input from
other cells 49

etiology 49
HIE patterns of injury

189–190
incidence of perinatal

hypoxia 49
long-term

neurodevelopmental
handicap 48

neonatal encephalopathy 2
neuropathology 48–49
periventricular leukomalacia

(PVL) 48
reduced grey matter

volume 48
role of acute neural injury

48–49
timing 49
white-matter injury 48

preterm brain injury
mechanisms
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preterm brain injury
mechanisms (cont.)

glutamate excitotoxicity
50–51

hypoxic/ischemic injury
49–51

infection/inflammation
51–53

oxygen free radicals 51
postnatal hypotension/
hypoperfusion 50

pyrexia 52–53
role of cytokines 52
role of microglia 52
secondary tissue hypoxia
52–53

sensitization to hypoxia–
ischemia 53

vulnerable populations of
cells 50

preterm delivery
antenatal steroids for fetal
lung maturity 62

breech presentation 63
cesarean section (operative
abdominal delivery)
63, 65

delayed cord clamping 65
delivery route 63
en caul vaginal delivery 63
fetal indications for
operative vaginal
delivery 65

magnesium sulfate
administration before 65

malpresentations 63
management of 61–62
maternal–fetal
transportation 61–62

maternal indications for
operative vaginal
delivery 65

multiple gestations 63
operative vaginal delivery 65
pain relief in preterm
labor 62

prophylactic forceps-assisted
vaginal delivery 63

use of tocolytic agents 64
vertex presentation 63
very-low-birth-weight
breech fetus 63

preterm fetus
effects of asphyxia 63–64
fetal monitoring 63–64
intrapartum hypoxia and

acidosis 63–64
preterm labor
diagnosis 61
multiple gestations 70
pathogenesis 60

preterm neonate
Apgar scores 64
umbilical cord blood gases 64

preterm premature rupture of
the amniotic membranes
(PPROM) 61

progesterone supplementation
to prevent preterm
labor 70

programmed cell death
(PCD) 14

autophagy 14, 15, 18
effects of hypothermia
therapy 488–489

non-apoptotic forms 18
see also apoptosis

prolapse of the umbilical cord,
risk of asphyxia 2–3

PROM, amnioinfusion 63
prophylactic forceps-assisted

vaginal delivery 63
pseudoephedrine use in

pregnancy
see sympathomimetics

pulmonary arterial disease 476
pulmonary manifestations of

asphyxia 6
pulmonary parenchymal

disease 475–476
pyrexia

and preterm brain injury
52–53

in labor 155
pyridoxal-dependent seizures

394
pyridoxine dependency,

EEG diagnosis 204
pyridoxine-dependent

seizures 394
pyruvate metabolism

disorders 396

quality of life, neonatal
encephalopathy outcomes
579–580

racial factors
differences in PMR and
FMR 163

risk of neurodevelopmental
sequelae 551

role in IUGR etiology 78
rat, neonatal

neurodegeneration in
HIE 16, 19, 26–27

reading and related skills
academic outcomes after
prematurity 566–567

assessment in children 565
definition of reading
disability 565

outcomes in children with
neural injuries 567

reading disorders in the
general population 565

see also language and speech
development

refractory hypoxemia
following resuscitation,
evaluation and
management 473–481

renal system, signs of asphyxia
injury 6

respiratory acidosis 402–403
respiratory alkalosis 404–405
resuscitation see neonatal

resuscitation
Rett syndrome, HIE

differential diagnosis 399
Rhesus (Rh) alloimmunization

99–100
risk factors for neonatal

encephalopathy 2, 3–4
antepartum period 3–4
intrapartum period 2, 4
prior to conception 3, 4

rubella 365–367
association with IUGR 77–78
clinical signs of congenital
rubella syndrome 366

congenital rubella
syndrome 365

nature of the rubella
virus 365

neurologic manifestations
of congenital rubella
syndrome 367

recommendations 367
transmission of rubella to
the fetus 365

vaccination programs
365, 367

schizencephaly 270, 272
Seckel syndrome 78
secondary tissue hypoxia,

and preterm brain injury
52–53

sedative-hypnotics, abuse in
pregnancy 118

seizure prophylaxis,
pre-eclampsia 130

seizures
correlation with neonatal
encephalopathy 5–6

HIE differential diagnosis
393–396

timing of neonatal brain
injury 257

see also epilepsy; neonatal
seizures; status epilepticus

selective dorsal rhizotomy, use
in CP management 560

sensitization to hypoxia–
ischemia 53

sensorineural hearing loss,
neonatal encephalopathy
outcome 578

sentinel events (acute total
asphyxia) 2–3

septicemia see bacterial sepsis
in the neonate

septo-optic dysplasia 268
severe encephalopathy

(stage III) 188
severe ketoacidosis, HIE

differential diagnosis 397
severe pulmonary

parenchymal disease
475–476

short umbilical cord 107
shoulder dystocia 136
Silver syndrome 78
single photon emission

computed tomography
(SPECT) 210–211

small-for-gestational-age
(SGA), definition 75– 76
see also intrauterine
growth restriction (IUGR)

Smith-Lemli-Opitz syndrome 78
smoking in pregnancy

see tobacco use in
pregnancy

social risk factors for
neurodevelopmental
sequelae 551

socioeconomic risk factors
for language and speech

development after
prematurity 568

for neonatal encephalopathy
3, 4

for preterm birth 60
sodium bicarbonate

administration 459
specific language impairment

(SLI) 569
spina bifida 267
spinal cord, signs of asphyxia

damage 6–7
spinal muscular atrophy

(SMA I type) 279
spreading depression, effects

of hypothermia therapy
after HI injury 492

ST waveform analysis
(STAN) 184

stabilization after
cardiopulmonary
resuscitation 459

glucose administration 459
hypoglycemia management

459
metabolic acidosis 459
naloxone administration 460
sodium bicarbonate

administration 459
Staphylococcus aureus, cause

of neonatal sepsis 332
Staphylococcus epidermidis,

cause of neonatal
meningitis 349

status epilepticus 510
see also epilepsy; neonatal
seizures; seizures

status marmoratus 191, 507–508
stem cell therapy for pediatric

HIE 29
source of NSC/NPSs for

transplantation 29–30
stillbirth, association with

tobacco use in
pregnancy 115

STIR (fat suppression short TI
inversion recovery
imaging) 211, 212
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Streptococcus agalactiae, cause
of neonatal meningitis
348 –349 see also group
B streptococcus (GBS)

Streptococcus pnemoniae
(pneumococcus), cause of
neonatal meningitis 349

Streptococcus pyogenes
(group A b-hemolytic
streptococcus), cause
of neonatal sepsis 332,
341–342

stroke
EEG diagnosis 205
intrauterine stroke 9
neonatal stroke 5–6
see also perinatal stroke

subarachnoid hemorrhage in
the term infant 291

subcortical seizures 510–511,
512–513

subdural hemorrhage in the
term infant 291

subgaleal hemorrhage in the
term infant 291–292
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