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Silence

The gentle silence of the dandelion seed
floating on
a wisp of warm air

of the violet
opening
to the morning sun

of the motion of

the butterfly’s wings
as it sucks the nectar
of a cherry blossom

The silence is broken

by the cries

of all of the infants destroyed
and the anguish of their mothers
whose tears cannot reverse

what the organism bas wrought

The quiet silence of the womb
barboring an unborn child
awaiting its first breath

of deserved normality

Not the sad silence
of deafness
or

of retardation

or

of blindness

Nor of the sad silence

of the grave

How can we silence the sad silence?

Fack (2005)
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PREFACE

Major advances in biology and medicine made during the
past several decades have contributed greatly to our
understanding of infections that affect the fetus and new-
born. As the medical, social, and economic impact of
these infections becomes more fully appreciated, the time
is again appropriate for an intensive summation of exist-
ing information on this subject. Our goal for the seventh
edition of this text is to provide a complete, critical, and
contemporary review of this information. We have
directed the book to all students of medicine interested
in the care and well-being of children, and hope to
include among our readers medical students, practicing
physicians, microbiologists, and health care workers. We
believe the text to be of particular importance for infec-
tious disease specialists; obstetricians and physicians who
are responsible for the pregnant woman and her develop-
ing fetus; pediatricians and family physicians who care for
newborn infants; and primary care physicians, neurolo-
gists, audiologists, ophthalmologists, psychologists, and
other specialists who are responsible for children who suf-
fer the sequelae of infections acquired in utero or during
the first month of life.

The scope of this book encompasses infections of the
fetus and newborn, including infections acquired in
utero, during the delivery process, and in early infancy.
When appropriate, sequelae of these infections that
affect older children and adults are included as well.
Infection in the adult is described when pertinent to
recognition of infection in the pregnant woman and
her developing fetus and newborn infant. The first chap-
ter provides an introductory overview of the subsequent
chapters, general information, and a report on new
developments and new challenges in this area. Each
subsequent chapter covers a distinct topic in depth, and
when appropriate touches on issues that overlap with
the theme of other chapters or refers the reader to those
chapters for relevant information. Chapters in Sections
II, III, and IV cover specific types of infection, and each
includes a review of the history, microbiology, epidemi-
ology, pathogenesis and pathology, clinical signs and
symptoms, diagnosis, prognosis, treatment, and preven-
tion of the infection. Chapters in Sections I and V
address issues of a more general nature. The length of
the chapters varies considerably. In some instances, this
variation is related to the available fund of knowledge
on the subject; in others (e.g., the chapters on host
defense, toxoplasmosis, neonatal diarrhea, wvaricella,
measles, and mumps), the length of the chapter is related
to the fact that recent comprehensive reviews of these
subjects are not otherwise available.

For J.S.R. and J.O.K,, it has been an extraordinary
experience and privilege over the past 40 years to be par-
ticipants in reporting the advances in understanding and

management of the infectious diseases of the fetus and
newborn infant. Consider the virtual elimination in the
developed world of some infectious diseases (e.g., rubella,
early-onset group B streptococcal diseases); the recogni-
tion of new diseases (e.g., Borrelia, HIV); the increased
survival and vulnerability to infection of the very low
birth weight infant; the introduction of new antimicrobial
agents, in particular antiviral and antifungal drugs; and
increased emphasis on immunization of women in the
childbearing years to prevent transmission of disease to
the fetus and neonate. Of particular importance now and
in the future is the recognition of the universality of infec-
tious diseases. Of particular concern is the continued
high mortality rates of infectious diseases for infants in
the first weeks of life. Increased efforts are important to
extrapolate advances in care of the pregnant woman and
her newborn infant from developed countries to regions
with limited resources.

The first, second, third, fourth, fifth, and sixth editions
of this text were published in 1976, 1983, 1990, 1995,
2001, and 2006. As of this writing, in summer 2010, it is
most interesting to observe the changes that have
occurred in the interval since publication of the last edi-
tion. New authors provide fresh perspectives. Major revi-
sions of most chapters suggest the importance of new
information about infections of the fetus and newborn
infant.

Each of the authors of the different chapters is a recog-
nized authority in the field and has made significant con-
tributions to our understanding of infections in the fetus
and newborn infant. Most of these authors are individuals
whose major investigative efforts on this subject have
taken place during the past 25 years. Almost all were sup-
ported, in part or totally, during their training period and
subsequently, by funds obtained from the National Insti-
tutes of Health or from private agencies such as March of
Dimes and Bill & Melinda Gates Foundation. The major
advances of this period would not have been possible
without these funding mechanisms and the freedom given
to the investigators to pursue programs of their own
choosing. The advances present in this text are also a tes-
timony to the trustees of agencies and the legislators and
other federal officials who provided research funds from
the 1960s to the present day.

Two of us (J.S.R. and J.O.K.) were Fellows at the
Thorndike Memorial Laboratory (Harvard Medical Unit,
Boston City Hospital) in the early 1960s under the super-
vision of Maxwell Finland. Although subsequently we
worked in separate areas of investigation on the two
coasts, one of us as an internist and the other as a pedia-
trician, we maintained close contact, and, because of a
mutual interest in infections of the fetus and newborn
infant and their long-term effects, we joined our efforts

xi
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to develop this text. Christopher B. Wilson joined us in
editing the sixth and now seventh editions. Chris trained
in immunology and infectious diseases in Palo Alto with
J.S.R., and since J.S.R. and J.O.K. consider themselves
as sons of Maxwell Finland, Chris is representative of
the many grandsons and granddaughters of Dr. Finland.
Joining us for this edition are two new editors, Yvonne
A. Maldonado and Victor Nizet. Bonnie is an expert in
pediatric HIV infection and is the Chief of the Division
of Pediatric Infectious Diseases at Stanford University
School of Medicine. Victor is an expert in the molecular
pathogenesis of gram-positive bacterial infections and
Chief of the Division of Pharmacology and Drug Discov-
ery in the Departments of Pediatrics and the Skaggs
School of Pharmacy and Pharmaceutical Sciences at the
University of California, San Diego.

We are indebted to our teachers and associates, and
especially to individuals such as Dr. Maxwell Finland,
who guided our training and helped to promote our
development as physician-scientists through the early
stages of our careers. We also wish to express our appre-
ciation to Sarah Myers, and Judith Fletcher, Rachel Miller
and Jagannathan Varadarajan of Elsevier, for guiding
this project to a successful conclusion, and to Ms. Nancy
Greguras for her editorial assistance.

Jack S. Remington
Jerome O. Klein
Christopher B. Wilson
Victor Nizet

Yvonne A. Maldonado






CURRENT CONCEPTS OF INFECTIONS OF THE

1

FETUS AND NEWBORN INFANT

Yvonne A. Maldonado < Victor Nizet < Jerome 0. Klein
& Jack S. Remington & Christopher B. Wilson

CHAPTER OUTLINE

Overview 2
Infections of the Fetus 3
Pathogenesis 3
Efficiency of Transmission of Microorganisms from Mother
to Fetus 10
Diagnosis of Infection in the Pregnant Woman 10
Diagnosis of Infection in the Newborn Infant 13
Prevention and Management of Infection in the Pregnant
Woman 13

OVERVIEW

Current concepts of pathogenesis, microbiology, diagnosis,
and management of infections of the fetus and newborn
infant are briefly reviewed in this chapter. This first section
of the book contains chapters providing a global perspec-
tive on fetal and neonatal infections and chapters address-
ing obstetric factors, immunity, host defenses, and the
role of human breast milk in fetal and neonatal infections.
Chapters containing detailed information about specific
bacterial, viral, protozoan, helminthic, and fungal infec-
tions follow in subsequent sections. The final section
contains chapters addressing nosocomial infections,
the diagnosis and therapy of infections in the fetus and
neonate, and prevention of fetal and neonatal infections
through immunization of the mother or neonate.

Changes continue to occur in the epidemiology, diag-
nosis, prevention, and management of infectious diseases
of the fetus and newborn infant since publication of the
last edition of this book. Some of these changes are noted
in Table 1-1 and are discussed in this and the relevant
chapters.

Substantial progress has been made toward reducing
the burden of infectious diseases the fetus and newborn
infant. The incidence of early-onset group B streptococcal
disease has been reduced by aggressive use of intrapartum
chemoprophylaxis and, in particular, by the culture-based
chemoprophylaxis strategy now recommended for univer-
sal use in the United States. Vertical transmission of
human immunodeficiency virus (HIV) has been reduced
by identification of the infected mother and subsequent
treatment, including the use of brief regimens that are
practical in countries with high prevalence but limited
resources. There has been a commitment of resources by
government agencies and philanthropies, such as the Bill
and Melinda Gates Foundation, the Clinton Foundation,
Save the Children among others, to combat global

2

Infections Acquired by the Newborn Infant during Birth 15
Pathogenesis 15
Microbiology 16
Diagnosis 16
Management 17
Prevention 18

Infections of the Newborn Infant in the First Month of Life 19
Pathogenesis and Microbiology 19

infectious diseases in mothers and children. Use of poly-
merase chain reaction (PCR) techniques in etiologic diag-
nosis has expanded, permitting more rapid and specific
identification of microbial pathogens. Finally, in the
United States, national legislation on postpartum length
of hospital stay has been enacted to prevent insurers from
restricting insurance coverage for hospitalization to less
than 48 hours after vaginal deliveries or 96 hours after
cesarean deliveries.

Setbacks in initiatives to reduce the global burden of
infectious disease in the fetus and newborn infant include
the continuing increase in the prevalence of HIV infec-
tion in many developing countries, particularly among
women, and the lack of finances to provide effective treat-
ment for these women and their newborn infants. In the
United States, setbacks include the increase in antimicro-
bial resistance among nosocomial pathogens and in the
incidence of invasive fungal infections among infants of
extremely low birth weight.

Use of the Internet has grown further, allowing access to
information hitherto unavailable to physicians or parents.
Physicians may obtain current information about diseases
and management and various guidelines for diagnosis and
treatment. Interested parents who have access to the Inter-
net can explore various Internet sites that present a vast
array of information and misinformation. As an example of
the latter, a case of neonatal tetanus was associated with
the use of cosmetic facial clay (Indian Healing Clay) as a
dressing on an umbilical cord stump. The product had
been publicized as a healing salve by midwives on an Inter-
net site on “cordcare.” [1] Because much of the information
on the Internet is from commercial sources and parties with
varying interests and expertise, physicians should assist
interested parents and patients in finding Internet sites of
value. Internet sites pertinent to infectious diseases of the
fetus and newborn infant are listed in Table 1-2.

© 2011 Elsevier Inc. All rights reserved.
DOI: 10.1016/B978-1-4160-6400-8.00001-8



CHAPTER 1

TABLE 1-1 Changes in Epidemiology and Management
of Infectious Diseases of the Fetus and Newborn Infant
Epidemiology  Increased viability of very low birth weight infants
at risk for invasive infectious diseases

Increased number of multiple births (often of very
low birth weight) because of successful techniques
for management of infertility

Global perspective of vertically transmitted
infectious diseases

Early discharge from the nursery mandated by

insurance programs reversed by legislation to ensure

adequate observation for infants at risk for sepsis
Diagnosis Polymerase chain reaction assay for diagnosis of
infection in mother, fetus, and neonate

Decreased use of fetal blood sampling and chorionic
villus sampling for diagnosis of infectious diseases

Prevention Intrapartum antibiotic prophylaxis widely
implemented to prevent early-onset group B

streptococcal infection

Antiretroviral therapy in pregnancy to prevent
transmission of HIV to fetus

Treatment Antiretroviral therapy in mother to treat HIV

infection in fetus

Antitoxoplasmosis therapy in mother to treat
infection in fetus

Spread within nurseries of multiple antibiotic-
resistant bacterial pathogens

Increased use of vancomycin for B-lactam-resistant
gram-positive infections

Increased use of acyclovir for infants with suspected
herpes simplex infection

HIV, buman immunodeficiency virus.

TABLE 1-2 Useful Internet Sites for Physicians Interested
in Infectious Diseases of the Fetus and Newborn Infant

Agency for Healthcare Research
and Quality

American Academy of Pediatrics

http://www.ahrq.gov

http://www.aap.org

American College of Obstetricians
and Gynecologists

http://www.acog.org

Centers for Disease Control and
Prevention

http://www.cdc.gov

Food and Drug Administration http://www.fda.gov
Immunization Action Coalition
Information on AIDS Trials

Morbidity and Mortality Weekly
Report

National Center for Health
Statistics

http:/www.immunize.org
http://www.aidsinfo.nih.gov
http://www.cde.gov/mmwr

http://www.cde.gov/nchs

General Academic Information http://www.googlescholar.com

Vital statistics relevant to infectious disease risk in neo-
nates in the United States for 2005 are listed in Table 1-3
[2]. The disparities in birth weight, prenatal care, and
neonatal mortality among different racial and ethnic
groups are important to note.

The number of infectious diseases in fetuses and new-
born infants must be extrapolated from selected studies
(see chapters on diseases). Approximately 1% of newborn

Current Concepts of Infections of the Fetus and Newbarn Infant 3

infants excrete cytomegalovirus (CMV), greater than 4%
of infants are born to mothers infected with Chlamydia
trachomatis, and bacterial sepsis develops in 1 to 4 infants
per 1000 live births. Since the institution of intrapartum
chemoprophylaxis in the United States, the number of
infants with early-onset group B streptococcal disease
has declined, with reduction in incidence from approxi-
mately 1.5 cases to 0.34 case per 1000 live births, and
the incidence is expected to decline further with the uni-
versal adoption of the culture-based strategy [3,4]. In the
United States, the use of maternal highly active antiretro-
viral treatment and peripartum chemoprophylaxis has led
to a reduction in the rate of mother-to-child transmission
of HIV from approximately 25% of infants born to
mothers who received no treatment to 2%; less complex
but practical regimens of intrapartum prophylaxis have
helped to reduce the rate of HIV transmission in the
developing world [5-7]. Among sexually transmitted dis-
eases, the rate of congenital syphilis had declined substan-
tially in the United States to 13.4 per 100,000 live births
in 2000 [8]; however, after 14 years of decline, the rate
of congenital syphilis increased in 2006 and 2007 from
9.3 to 10.5 cases per 100,000 live births, in parallel to
the increase in the syphilis rates among the general popu-
lation [9]. Immunization has virtually eliminated congen-
ital rubella syndrome in newborn infants of mothers who
were themselves born in the United States, but cases con-
tinue to occur in infants of foreign-born mothers; 24 of
26 infants with congenital rubella born between 1997
and 1999 were born to foreign-born mothers, and 21 of
these were born to Hispanic mothers [10]. Efforts led by
the Pan American Health Organization to eliminate con-
genital rubella syndrome in the Americas by 2010 may be
successful [11].

Consequences of perinatal infections vary depending
on whether the infection occurs in utero or during the
intrapartum or postpartum periods. Infection acquired
in utero can result in resorption of the embryo, abortion,
stillbirth, malformation, intrauterine growth restriction,
prematurity, or the untoward sequelae of chronic postna-
tal infection. Infection acquired during the intrapartum or
early postpartum period may result in severe systemic dis-
ease that leads to death or persistent postnatal infection.
In utero infection and intrapartum infections may lead
to late-onset disease. The infection may not be apparent
at birth, but may manifest with signs of disease weeks,
months, or years later, as exemplified by chorioretinitis
of Toxoplasma gondii infection, hearing loss of rubella,
and immunologic defects that result from HIV infection.
The immediate and the long-term effects of these infec-
tions constitute a major problem throughout the world.

INFECTIONS OF THE FETUS
PATHOGENESIS

Pregnant women not only are exposed to infections prev-
alent in the community, but also are likely to reside with
young children or to associate with groups of young chil-
dren, which represents a significant additional factor in
exposure to infectious agents. Most infections in pregnant
women affect the upper respiratory and gastrointestinal
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TABLE 1-3 Vital Statistics Relevant to Newborn Health in the United States in 2005*

General Information

Racial/Ethnic Origin of Mother

All Races Non-Hispanic White Non-Hispanic Black Hispanic

Mother
<20 yr old 10.2 73 17 14.1
>40 yr old 2.7 3 22 2
Unmarried 36.9 253 69.9 48
Diabetes during pregnancy 3.9 3.7 3.5 3.8
Cesarean section delivery 30.3 30.4 32.6 29
Infant
Birth weight

VLBW' 1.49 1.21 3.27 1.20

LBW' 8.2 7.3 14 6.9
Gestational age

Very preterm* 2.03 1.64 4.17 1.79

Preterm? 12.6 11.7 18.4 12.1

*All values are in percent births.
TVLBW, very low birth weight (<1500 g); LBW, low birth weight (<2500 g).
szjy preterm <32 weeks’ gestation; preterm <37 weeks’ gestation.

Modified from Martin JA, Kung HC, Mathews T, et al. Annual Summary of Vital Statistics—2006. Pediatrics 121:788-801, 2008.

tracts, and either resolve spontaneously without therapy
or are readily treated with antimicrobial agents. Such
infections usually remain localized and have no effect on
the developing fetus. The infecting organism may invade
the bloodstream, however, and subsequently infect the
placenta and fetus.

Successful pregnancy is a unique example of immuno-
logic tolerance—the mother must be tolerant of her allo-
geneic fetus (and vice versa). The basis for maternal-fetal
tolerance is not completely understood, but is known
to reflect local modifications of host defenses at the
maternal-fetal interface and more global changes in
immunologic competence in the mother. Specific factors
acting locally in the placenta include indoleamine 2,3-
dioxygenase, which suppresses cell-mediated immunity
by catabolizing the essential amino acid tryptophan, and
regulatory proteins that prevent complement activation
[12,13]. As pregnancy progresses, a general shift from
T helper type 1 (Tyl) cell-mediated immunity to T
helper type 2 (T2) responses also occurs in the mother,
although this description probably constitutes an overly
simplistic view of more complex immunoregulatory
changes [14,15]. Nonetheless, because Tyl cell-mediated
immunity is important in host defense against intracellu-
lar pathogens, the T2 bias established during normal
gestation may compromise successful immunity against
organisms such as 7. gondii. In addition, it has been pro-
posed that a strong curative Tyl response against an
organism may overcome the protective T2 cytokines at
the maternal-fetal interface, resulting in fetal loss.

Transplacental spread and invasion of the bloodstream
after maternal infection is the usual route by which the
fetus becomes infected. Uncommonly, the fetus may be
infected by extension of infection in adjacent tissues and
organs, including the peritoneum and the genitalia, dur-
ing parturition, or as a result of invasive methods for the

diagnosis and therapy of fetal disorders, such as the use
of monitors, sampling of fetal blood, and intrauterine
transfusion.

Microorganisms of concern are listed in T'able 1-4 and
include those identified in the acronym TORCH: T. gondii,
rubella virus, CMV, and herpes simplex virus (HSV) (as a
point of historical interest, the O in TORCH originally
stood for “other infections/pathogens,” reflecting an early
appreciation of this possibility). A new acronym is needed
to include other, well-described causes of in utero infec-
tion: syphilis, enteroviruses, varicella-zoster virus (VZV),
HIV, Lyme disease (Borrelia burgdorferi), and parvovirus.
In certain geographic areas, Plasmodium and Trypanosoma
cruzi are responsible for in utero infections. ToRCHES
CLAP (see Table 1-4) is an inclusive acronym. Case
reports indicate other organisms that are unusual causes
of infections transmitted by a pregnant woman to her fetus,
including Brucella melitensis [16], Coxiella burnetii (Q fever)
[17], Babesia microti (babesiosis) [18], human T-cell

TABLE 1-4 Suggested Acronym for Microorganisms
Responsible for Infection of the Fetus: TORCHES CLAP

(=}

Toxoplasma gondii

Rubella virus

Cytomegalovirus

Herpes simplex virus
Enteroviruses

Syphilis (Treponema pallidum)
Chickenpox (varicella-zoster virus)
Lyme disease (Borrelia burgdorferi)
AIDS (HIV)

Parvovirus B19

R RN ol

AIDS, acquired immunodeficiency syndrome; HIV, buman immunodeficiency virus.
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lymphotropic virus types I and II (although the main route
of transmission of these viruses is through breast-feeding)
[19,20], hepatitis G and T'T viruses [21,22], human herpes-
virus 6 [23,24], and dengue [25].

Before rupture of fetal membranes, organisms in the
genital tract may invade the amniotic fluid and produce
infection of the fetus. These organisms can invade the
fetus through microscopic defects in the membranes, par-
ticularly in devitalized areas overlying the cervical os.
It also is possible that microorganisms gain access to the
fetus from descending infection through the fallopian
tubes in women with salpingitis or peritonitis, or from
direct extension of an infection in the uterus, such as
myometrial abscess or cellulitis. Available evidence does
not suggest, however, that transtubal or transmyometrial
passage of microbial agents is a significant route of fetal
infection.

Invasive techniques that have been developed for in
utero diagnosis and therapy are potential sources of infec-
tion for the fetus. Abscesses have been observed in infants
who had scalp punctures for fetal blood sampling or elec-
trocardiographic electrodes attached to their scalps.
Osteomyelitis of the skull and streptococcal sepsis have
followed local infection at the site of a fetal monitoring
electrode [26]; HSV infections at the fetal scalp electrode
site also have been reported. Intrauterine transfusion for
severe erythroblastosis diagnosed in utero also has
resulted in infection of the fetus. In one case, CMV
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infection reportedly resulted from intrauterine trans-
fusion [27]; in another instance, contamination of donor
blood with a gram-negative coccobacillus, Acinetobacter
calcoaceticus, led to an acute placentitis and subsequent
fetal bacteremia [28].

Fetal infection in the absence of rupture of internal
membranes usually occurs transplacentally after invasion
of the maternal bloodstream. Microorganisms in the
blood may be carried within white blood cells or attached
to erythrocytes, or they may be present independent of
cellular elements.

Microbial Invasion of the Maternal
Bloodstream

The potential consequences of invasion of the mother’s
bloodstream by microorganisms or their products
(Fig. 1-1) include (1) placental infection without infection
of the fetus, (2) fetal infection without infection of the
placenta, (3) absence of fetal and placental infection, and
(4) infection of placenta and fetus.

Placental Infection without Infection
of the Fetus

After reaching the intervillous spaces on the maternal side
of the placenta, organisms can remain localized in the pla-
centa without affecting the fetus. Evidence that placentitis
can occur independently of fetal involvement has been

Matemnal infection

Bloodstream invasion

No fetal or placental
infection

Fetal infection

No effect on growth
or viability

Placental infection

No fetal infection

Effects on Growth and Viability

Embryonic Abortion Premature Term
death and infant infant
and resorption stillbirth - ——— g
Intrauterine Develop- Congenital ~ Normal
growth mental disease infant
retardation anomalies

\.

J

Persistent postnatal infection

Progressive
tissue damage
leading to

sequelae or death

FIGURE 1-1 Pathogenesis of hematogenous transplacental infections.
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Eradication of infection

Sequelae of
infection
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shown after maternal tuberculosis, syphilis, malaria,
coccidioidomycosis, CMV, rubella virus, and mumps vac-
cine virus infection. The reasons for the lack of spread to
the fetus after placental infection are unknown. Defenses
of the fetus that may operate after placental infection
include the villous trophoblast, placental macrophages,
and locally produced immune factors such as antibodies

and cytokines.

Fetal Infection without Infection
of the Placenta

Microorganisms may traverse the chorionic villi directly
through pinocytosis, placental leaks, or diapedesis of
infected maternal leukocytes and erythrocytes. Careful
histologic studies usually reveal areas of placentitis suffi-
cient to serve as a source of fetal infection, however.

Absence of Fetal and Placental Infection

Invasion of the bloodstream by microorganisms is com-
mon in pregnant women, yet in most cases neither fetal
nor placental infection results. Bacteremia may accom-
pany abscesses or cellulitis, bacterial pneumonia, pyelo-
nephritis, appendicitis, endocarditis, or other pyogenic
infections; nevertheless, placental or fetal infection as a
consequence of such bacteremias is rare. In most cases,
the fetus is likely protected through efficient clearance
of microbes by the maternal reticuloendothelial system
and circulating leukocytes.

Many bacterial diseases of the pregnant woman, includ-
ing typhoid fever, pneumonia, sepsis caused by gram-
negative bacteria, and urinary tract infections, may affect
the developing fetus without direct microbial invasion of
the placenta or fetal tissues. Similarly, protozoal infection
in the mother, such as malaria, and systemic viral infec-
tions, including varicella, variola, and measles, also may
affect the fetus indirectly. Fever, anoxia, circulating toxins,
or metabolic derangements in the mother concomitant
with these infections can affect the pregnancy, possibly
resulting in abortion, stllbirth, and premature delivery.

The effects of microbial toxins on the developing fetus
are uncertain. The fetus may be adversely affected by
toxic shock in the mother secondary to Staphylococcus
aureus or Streptococcus pyogenes infection. Botulism in preg-
nant women has not been associated with disease in
infants [29,30]. A unique case of Guillain-Barré syndrome
in mother and child shows that infection-induced,
antibody-mediated autoimmune disease in the mother
may be transmitted to her infant. In this case, the disease
was diagnosed in the mother during week 29 of preg-
nancy. A healthy infant was delivered vaginally at 38 weeks
of gestation, while the mother was quadriplegic and on
respiratory support. On day 12 of life, the infant devel-
oped flaccid paralysis of all limbs with absence of deep
tendon reflexes, and cerebrospinal fluid (CSF) examina-
tion revealed increased protein concentration without
white blood cells [31]. The delay in onset of paralysis in
the infant seemed to reflect transplacentally transferred
blocking antibodies specifically directed at epitopes of
the mature, but not the fetal, neuromuscular junction.
The infant improved after administration of intravenous
immunoglobulin [32].

The association of maternal urinary tract infection with
premature delivery and low birth weight is a well-studied
example of a maternal infection that adversely affects
growth and development of the fetus, despite no evidence
of fetal or placental infection. Asymptomatic bacteriuria
in pregnancy has been linked to increased numbers of
infants with low birth weight [33,34]. In one early study,
when the bacteriuria was eliminated by appropriate anti-
biotic therapy, the incidence of pyelonephritis was lower
in the women who received treatment, yet the rate of pre-
mature and low birth weight infants was the same among
the women in the treatment group as among women
without bacteriuria [35]. A meta-analysis concluded that
antibiotic treatment is effective in reducing the risk of
pyelonephritis in pregnancy and the risk for preterm
delivery, although the evidence supporting this latter con-
clusion is not as strong [36]. The basis for the premature
delivery and low birth weight of infants of mothers with
bacteriuria remains obscure [37].

Infection of Placenta and Fetus

Microorganisms may be disseminated from the infected
placenta to the fetal bloodstream through infected emboli
of necrotic chorionic tissues, or through direct extension
of placental infection to the fetal membranes with second-
ary amniotic fluid infection and aspiration by the fetus.

Infection of the Embryo and Fetus

Hematogenous transplacental spread may result in death
and resorption of the embryo, abortion and stillbirth of
the fetus, and live birth of a premature or term infant
who may or may not be healthy. The effects of fetal infec-
tion may appear in a live-born infant as low birth weight
(resulting from intrauterine growth restriction), develop-
mental anomalies, congenital disease, or none of these.
Infection acquired in utero may persist after birth and
cause significant abnormalities in growth and develop-
ment that may be apparent soon after birth or may not
be recognized for months or years. The variability of
the effects of fetal infection is emphasized by reports of
biovular twin pregnancies that produced one severely
damaged infant and one infant with minimal or no detect-
able abnormalities [38-43].

Embryonic Death and Resorption

Various organisms may infect the pregnant woman in the
first few weeks of gestation and cause death and resorp-
tion of the embryo. Because loss of the embryo usually
occurs before the woman realizes she is pregnant or seeks
medical attention, it is difficult to estimate the incidence
of this outcome for any single infectious agent. The inci-
dence of early pregnancy loss after implantation from all
causes has been estimated to be 31%. The proportion of
cases of loss because of infection is unknown [44].

Abortion and Stillbirth

The earliest recognizable effects of fetal infection are seen
after 6 to 8 weeks of pregnancy and include abortion and
stillbirth. Intrauterine death may result from overwhelm-
ing fetal infection, or the microorganisms may interfere
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with organogenesis to such an extent that the develop-
ment of functions necessary for continued viability is
interrupted. The precise mechanisms responsible for early
spontaneous termination of pregnancy are unknown; in
many cases, it is difficult to ascertain whether fetal death
caused or resulted from the expulsion of the fetus.

Numerous modifying factors probably determine the
ultimate consequence of intrauterine infection, including
virulence or tissue tropism of the microorganisms, stage
of pregnancy, associated placental damage, and severity
of the maternal illness. Primary infection is likely to have
a more important effect on the fetus than recurrent infec-
tion [45]. Recurrent maternal CMV infection is less
severe than primary infection and is significantly less
likely to result in congenital CMV infection of the fetus.
Available studies do not distinguish between the direct
effect of the microorganisms on the developing fetus
and the possibility of an indirect effect attributable to
illness or poor health of the mother.

Prematurity

Prematurity is defined as the birth of a viable infant
before week 37 of gestation. Premature birth may result
from almost any agent capable of establishing fetal

Current Concepts of Infections of the Fetus and Newbarn Infant 7

infection during the last trimester of pregnancy. Many
microorganisms commonly responsible for prematurity
are also implicated as significant causes of stillbirth and
abortion (Table 1-5).

Previous studies have shown that women in premature
labor with bacteria-positive amniotic fluid cultures have
elevated levels of multiple proinflammatory cytokines in
their amniotic fluid [46-51]. In many patients with ele-
vated levels of interleukin-6 (IL-6), results of amniotic
fluid culture were negative. Premature births are invari-
ably observed, however, in women in premature labor
having positive amniotic fluid culture and elevated amni-
otic fluid levels of IL-6.

To clarify further the role of elevated levels of IL-6 in
amniotic fluid, Hitti and colleagues [47] amplified bacte-
rial 16S recombinant RNA (rRNA) encoding DNA
by PCR to detect infection in amniotic fluid in women
in premature labor whose membranes were intact. In
patients who were culture-negative by amniotic fluid test-
ing, PCR assay detected bacterial infection in significantly
more patients with elevated IL-6 levels. These data
suggest that 33% of women in premature labor with
culture-negative amniotic fluid but with elevated IL-6
levels may have infected amniotic fluid. The investigators
concluded that the association between infected amniotic

TABLE 1-5 Effects of Transplacental Fetal Infection on the Fetus and Newborn Infant

Disease
Intrauterine Growth
Restriction/Low Developmental Persistent Postnatal
Organism Prematurity Birth Weight Anomalies Congenital Disease Infection
Viruses CMV CMV CMV CMV CMV
HSV Rubella Rubella Rubella Rubella
Rubeola VZV* \vAY% vzv vzv
Smallpox HIV* Coxsackievirus B¥  HSV HSV
HBV HIV* Mumps* HBV
HIV* Rubeola HIV
Vaccinia
Smallpox
Coxsackievirus B
Poliovirus
HBV
HIV
LCV
Parvovirus
Bacteria Treponema pallidum T. pallidum T. pallidum
Mycobacterium tuberculosis M. tuberculosis M. tuberculosis
Listeria monocytogenes L. monocytogenes
Campylobacter fetus C. fetus
Salmonella typhi S. typhi
Borrelia burgdorferi
Protozoa Toxoplasma gondii T. gondii T. gondii T. gondii
Plasmodium* Plasmodium Plasmodium Plasmodium
Trypanosoma cruzi T. cruzi T. cruzi

*Association of effect with infection has been suggested and is under consideration.

CMV, cytomegalovirus; HBV, hepatitis B virus; HIV, human immunodeficiency virus; HSV, herpes simplex virus; LCV, lympbocytic choriomeningitis virus; VZV, varicella-zoster virus.
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fluid and premature labor may be underestimated on the
basis of amniotic fluid cultures. They suggested that the
broad-spectrum bacterial 16S rDNA PCR assay may be
useful for detecting infection of amniotic fluid. Even in
cases in which cultures and PCR assay have failed to
detect infection, elevated levels of amniotic fluid IL-6
are clearly associated with an increased risk of preterm
delivery [52]. Although this finding likely reflects infec-
tion undetected by either technique, it is possible that fac-
tors other than infection contribute to preterm labor and
elevated amniotic fluid IL-6 levels.

Intrauterine Growth Restriction
and Low Birth Weight

Infection of the fetus may result in birth of an infant who
is small for gestational age. Although many maternal
infections are associated with low birth weight infants
and infants who are small for gestational age, causal evi-
dence is sufficient only for congenital rubella, VZV infec-
tion, toxoplasmosis, and CMYV infection.

The organs of infants dying with congenital rubella
syndrome or congenital CMV infection contain reduced
numbers of morphologically normal cells [53,54]. By con-
trast, in infants who are small for gestational age with
growth deficit from noninfectious causes, such as mater-
nal toxemia or placental abnormalities, the parenchymal
cells are normal in number, but have a reduced amount
of cytoplasm, presumably because of fetal malnutrition

[55,56].

Developmental Anomalies and Teratogenesis

CMV, rubella virus, and VZV cause developmental
anomalies in the human fetus. Coxsackieviruses B3 and
B4 have been associated with congenital heart disease.
Although the pathogenetic mechanisms responsible for
fetal abnormalities produced by most infectious agents
remain obscure, histologic studies of abortuses and con-
genitally infected infants have suggested that some viruses
render these effects through mediating cell death, altera-
tions in cell growth, or chromosomal damage. Lesions
resulting indirectly from the microorganisms through
inflammatory activation must be distinguished from
defects that arise from a direct effect of the organisms
on cell and tissue growth in the developing embryo or
fetus. Inflammation and tissue destruction, rather than
teratogenic activity, seem to be responsible for the wide-
spread structural abnormalities characteristic of congeni-
tal syphilis, transplacental HSV and VZV infection, and
toxoplasmosis. Infants with congenital toxoplasmosis
may have microcephaly, hydrocephalus, or microphthal-
mia, but these manifestations usually result from an
intense necrotizing process involving numerous organ-
isms and are more appropriately defined as lesions of con-
genital infection, rather than as effects of teratogenic
activity of the organism.

Some mycoplasmas [57] and viruses [58,59] produce
chromosomal damage in circulating human lymphocytes
or in human cells in tissue culture. The relationship of
these genetic aberrations to the production of congenital
abnormalities in the fetus is unknown.

Congenital Disease

Clinical evidence of intrauterine infections, resulting from
tissue damage or secondary physiologic changes caused by
the invading organisms, may be present at birth or may
manifest soon thereafter or years later. The clinical man-
ifestations of infection acquired in utero or at delivery in
the newborn infant are summarized in Table 1-6. Signs
of widely disseminated infection may be evident during
the neonatal period in infants with congenital rubella;
toxoplasmosis; syphilis; or congenital CMV, HSV, or
enterovirus infection. These signs include jaundice, hepa-
tosplenomegaly, and pneumonia, each of which reflects
lesions caused by microbial invasion and proliferation,
rather than by defects in organogenesis. Although these
signs of congenital infection are not detected until the
neonatal period, the pathologic processes responsible for
their occurrence have been progressing for weeks or
months before delivery. In some infants, the constellation
of signs is sufficient to suggest the likely congenital infec-
tion (Table 1-7). In other infants, the signs are transient
and self-limited and resolve as neonatal defense mecha-
nisms control the spread of the microbial agent and tissue
destruction. If damage is severe and widespread at the
time of delivery, the infant is likely to die.

It is frequently difficult to determine whether the infec-
tion in the newborn infant was acquired in utero, intra-
partum, or postpartum. If the onset of clinical signs
after birth occurs within the minimal incubation period
for the disease (e.g., 3 days for enteroviruses, 10 days for
VZV and rubella viruses), it is likely that the infection
was acquired before delivery. The interval between
malaria exposure in the mother and congenital malaria
in the infant can be prolonged; one case of congenital
malaria resulting from Plasmodium malariae occurred in
an infant born in the United States 25 years after the
mother had emigrated from China [60]. Children with
perinatal HIV infection can be diagnosed by 6 months
of age using a DNA (or RNA) PCR method, which has
largely replaced other approaches for viral detection
[61]. A variable fraction (less than half) of children with
perinatal HIV contract the infection in utero, depending
on the setting and maternal treatment [62]. Virus-
negative infants who later become virus-positive may have
been infected in the intrapartum or early postpartum
period.

Healthy Infants

Most newborn infants infected in utero by rubella virus,
T. gondii, CMV, HIV, or Treponema pallidum have no
signs of congenital disease. Fetal infection by a limited
inoculum of organisms or with a strain of low virulence
or pathologic potential may underlie this low incidence
of clinical disease in infected infants. Alternatively, gesta-
tional age may be the most important factor in determin-
ing the ultimate consequences of prenatal infection.
When congenital rubella and toxoplasmosis are acquired
during the last trimester of pregnancy, the incidence of
clinical disease in the infected infants is lower than when
microbial invasion occurs during the first or second tri-
mester. Congenital syphilis results from exposure during
the second or third, but not the first, trimester.
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TABLE 1-6 Clinical Manifestations of Neonatal Infection Acquired In Utero or at Delivery

Toxoplasma Herpes Simplex Treponema
Rubella Virus Cytomegalovirus gondii Virus pallidum Enteroviruses
Hepatosplenomegaly ~ Hepatosplenomegaly ~ Hepatosplenomegaly ~ Hepatosplenomegaly Hepatosplenomegaly ~ Hepatosplenomegaly
Jaundice Jaundice Jaundice Jaundice Jaundice Jaundice
Pneumonitis Pneumonitis Pneumonitis Pneumonitis Pneumonitis Pneumonitis

Petechiae or purpura
Meningoencephalitis
Hydrocephalus
Adenopathy
Hearing deficits
Myocarditis
Congenital defects*
Bone lesions*
Glaucoma*

Chorioretinitis or
retinopathy*

Cataracts™
Microphthalmia

Petechiae or purpura
Meningoencephalitis
Hydrocephalus
Microcephaly*

Intracranial
calcifications*

Hearing deficits

Chorioretinitis or
retinopathy

Optic atrophy

Petechiae or purpura
Meningoencephalitis
Hydrocephalus*
Microcephaly

Maculopapular
exanthems

Intracranial
calcifications*

Myocarditis
Bone lesions
Chorioretinitis or
retinopathy®
Cataracts

Optic atrophy
Microphthalmia
Uveitis

Petechiae or purpura

Petechiae or purpura

Petechiae or purpura

Meningoencephalitis Meningoencephalitis ~ Meningoencephalitis
Hydrocephalus Adenopathy Adenopathy
Microcephaly Maculopapular Maculopapular
Maculopapular exanthems* exanthems
exanthems Bone lesions* Paralysis*

Vesicles* Glaucoma Myocarditis*
Myocarditis Chorioretinitis or Conjunctivitis or
Cherderines o retinopathy keratoconjunctivitis
retinopathy Upveitis

Cataracts

Conjunctivitis or
keratoconjunctivitis®

*Has special diagnostic significance for this infection.

TABLE 1-7 Syndromes in the Neonate Caused by Congenital Infections

Microorganism

Signs

Toxoplasma gondii
Rubella virus

CMV
HSV

Treponema
pallidum

A\WAY
Parvovirus B19
HIV

Hydrocephalus, diffuse intracranial calcification, chorioretinitis

Cardiac defects, sensorineural hearing loss, cataracts, microcephaly, “blueberry muffin” skin lesions, hepatomegaly,
interstitial pneumonitis, myocarditis, disturbances in bone growth, intrauterine growth restriction

Microcephaly, periventricular calcifications, jaundice, petechiae or purpura, hepatosplenomegaly, intrauterine growth

restriction

Skin vesicles or scarring, eye scarring, microcephaly or hydranencephaly, vesicular skin rash, keratoconjunctivitis,
meningoencephalitis, sepsis with hepatic failure

Bullous, macular, or eczematous skin lesions involving palms and soles; rhinorrhea; dactylitis and other signs of
osteochondritis and periostitis; hepatosplenomegaly; lymphadenopathy

Limb hypoplasia, cicatricial skin lesions, ocular abnormalities, cortical atrophy

Nonimmune hydrops fetalis

Severe thrush, failure to thrive, recurrent bacterial infections, calcification of basal ganglia

CMV, cytomegalovirus; HIV, human immunodeficiency virus; HSV, berpes simplex virus; VZV, varicella-zoster virus.

Absence of clinically apparent disease in the newborn
may be misleading. Careful observation of infected but
healthy-appearing children over months or years often
reveals defects that were not apparent at birth. The failure
to recognize such defects early in life may be due to the
inability to test young infants for the sensory and develop-
mental functions involved. Hearing defects identified
years after birth may be the only manifestation of congen-
ital rubella. Significant sensorineural deafness and other
central nervous system deficiencies have affected children
with congenital CMV infection who were considered to

be normal during the neonatal period. In utero infection
with Toxoplasma, rubella, and CMV may have manifesta-
tions that are difficult to recognize, including failure to
thrive, visual defects, and minimal to severe brain dys-
function (including motor, learning, language, and behav-
ioral disorders). Infants infected with HIV are usually
asymptomatic at birth and for the first few months of life.
The median age of onset for signs of congenital HIV
infection is approximately 3 years, but many children
remain asymptomatic for more than 5 years. Signs of
perinatal infection related to HIV include failure to
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thrive, persistent diarrhea, recurrent suppurative infec-
tions, and diseases associated with opportunistic infec-
tions that occur weeks to months or years after birth. Of
particular concern is a report by Wilson and colleagues
[63] showing stigmata of congenital 7. gondii infection,
including chorioretinitis and blindness, in almost all of
24 children at follow-up evaluations; the children had
serologic evidence of infection, but were without apparent
signs of disease at birth and did not receive treatment or
received inadequate treatment.

Because abnormalities may become obvious only as the
child develops and fails to reach appropriate physiologic
or developmental milestones, it is crucial to perform care-
ful and thorough follow-up examinations to infants born
to women with known or suspected infections during
pregnancy.

Persistent Postnatal Infection

Microbial agents may continue to survive and replicate in
tissues for months or years after in utero infection. Rubella
virus and CMV have been isolated from various body fluid
and tissue compartments over long periods from healthy-
appearing children and children with abnormalities at
birth. Progressive tissue destruction has been shown in
some congenital infections, including rubella; toxoplasmo-
sis; syphilis; tuberculosis; malaria; and CMV, HSV, and
HIV infection. Recurrent skin and eye infections can occur
as a result of HSV infection acquired in utero or at the
time of delivery. A progressive encephalitis occurred in
children with congenital rubella infection; stable clinical
manifestations of congenital infection over many years
was followed by deterioration of motor and mental func-
tions at ages 11 to 14 years [64,65]. Rubella virus was
subsequently isolated from the brain biopsy specimen of
a 12-year-old child. Finally, fetal parvovirus B19 infection
can persist for months after birth with persistent anemia
because of suppressed hematopoiesis [66].

The mechanisms responsible for maintaining or termi-
nating chronic fetal and postnatal infections are only
partially understood. Humoral immune responses, as
determined by measurement of either fetal IgM anti-
bodies or specific IgG antibodies that develop in the neo-
natal period, seem to be intact in almost all infants (see
Chapter 4). The importance of cell-mediated immunity,
cytokines, complement, and other host defense mecha-
nisms remains to be defined; at present, there is insufficient
evidence to support a causal relationship between defi-
ciencies in any one of these factors and persistent postna-
tal infection. All of the diseases associated with persistent
postnatal infection—with the exception of rubella, but
including syphilis; tuberculosis; malaria; toxoplasmosis;
hepatitis; and CMV, HSV, VZV, and HIV infections—
can also produce prolonged and, in certain instances, life-
long infection when acquired later in life.

EFFICIENCY OF TRANSMISSION OF
MICROORGANISMS FROM MOTHER TO FETUS

The efficiency of transmission from the infected, immu-
nocompetent mother to the fetus varies among microbial
agents and can vary with the trimester of pregnancy.

In utero transmission of rubella virus and 7. gondii occurs
mainly during primary infection, whereas in utero trans-
mission of CMV, HIV, and T. pallidum can occur in con-
secutive pregnancies. The risk of congenital rubella
infection in fetuses of mothers with symptomatic rubella
was high in the first trimester (90% before 11 weeks of
gestation), declined to a nadir of 25% at 23 to 26 weeks,
and then increased to 67% after 31 weeks. Infection in
the first 11 weeks of gestation was uniformly teratogenic,
whereas no birth defects occurred in infants infected after
16 weeks of gestation [67]. By contrast, the frequency of
stillbirth and clinical and subclinical congenital 7. gondii
infection among offspring of women who acquired the
infection during pregnancy was lowest in the first trimes-
ter (14%), increased in the second trimester (29%), and
was highest in the third trimester (59%) [68].

Congenital CMV infection results from primary and
recurrent infections. On the basis of studies in Birmingham,
Alabama, and other centers, Whitley and Stagno and
their colleagues [69,70] estimate that 1% to 4% of
women have primary infection during pregnancy, 40%
of these women transmit the infection to their fetuses,
and 5% to 15% of the infants have signs of CMV disease.
Congenital infection as a result of recurrent CMV infec-
tion occurs in 0.5% to 1% of live births, but less than
1% of the infected infants have clinically apparent con-
genital disease.

The transmission rate of HIV infection from an
untreated mother to the fetus is estimated to be about
25%, but the data are insufficient to identify efficiency
of transmission by trimester. Risk of transmission does
not seem to be greater in mothers who acquire primary
infection during pregnancy than in mothers who were
infected before they became pregnant [71].

DIAGNOSIS OF INFECTION IN THE
PREGNANT WOMAN

Clinical Diagnosis
Symptomatic or Clinical Infection

In many instances, infection in the pregnant woman and
congenital infection in the newborn infant can be sus-
pected on the basis of clinical signs or symptoms. Careful
examination can be sufficient to suggest a specific diagno-
sis, particularly when typical clinical findings are accom-
panied by a well-documented history of exposure (see

Tables 1-6 and 1-7).

Asymptomatic or Subclinical Infection

Many infectious diseases with serious consequences for
the fetus are difficult or impossible to diagnose in the
mother solely on clinical grounds. Asymptomatic or sub-
clinical infections may be caused by rubella virus, CMV,
T. gondii, T. pallidum, HSV, and HIV. Most women
infected with these organisms during pregnancy have no
apparent signs of disease; only 50% of women infected
with rubella virus have a rash, and although occasional
cases of CMV mononucleosis are recognized, these con-
stitute a very small proportion of women who acquire
primary CMV infection during pregnancy. Similarly,
the number of women with clinical manifestations of
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toxoplasmosis is less than 10%, and few women have sys-
temic illness associated with primary HSV infection. The
genital lesions associated with HSV infection and syphilis
often are not recognized.

Recurrent and Chronic Infection

Some microorganisms can infect a susceptible person
more than once, and when such reinfections occur in a
pregnant woman, the organism can affect the fetus. These
reinfections generally are associated with waning host
immunity, but low levels of circulating antibodies may
be detectable. Such specific antibodies would be expected
to provide some protection against hematogenous spread
and transplacental infection. Fetal disease has followed
reexposure of immune mothers, however, to vaccinia
[72], variola [73], and rubella [74] viruses.

In addition, an agent capable of persisting in the
mother as a chronic asymptomatic infection could infect
the fetus long after the initial infection. Such delayed
infection is common for congenital CMV and HIV infec-
tions, which have been observed in infants from consecu-
tive pregnancies in the same mother. Reports of infection
of the fetus as a result of chronic maternal infection have
been cited in cases of malaria [75], syphilis [76], hepatitis
[77], herpes zoster [43] and herpes simplex [78], and
T. gondii infection [79]. In the case of T. gondii, congenital
transmission from a chronically infected woman occurs
almost solely when the woman is immunocompromised
during pregnancy.

TABLE 1-8 Management of Infections in the Pregnant Woman
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Preconceptional Infection

The occurrence of acute infection immediately before
conception may result in infection of the fetus, and the
association may go unrecognized. Congenital rubella has
occurred in the fetus in cases in which the mother was
infected 3 weeks to 3 months before conception. A pro-
longed viremia or persistence of virus in the maternal tis-
sues may be responsible for infection of the embryo or
fetus. The same has occurred rarely in cases of maternal
infection with 7. gondii [80].

Isolation and Identification
of Infectious Agents

General Approach

Diagnostic tests for microorganisms or infectious diseases
are part of routine obstetric care; special care is warranted
for selected patients with known or suspected exposure to
the infectious agent or clinical signs of infection. Table 1-8
lists diagnostic tests and interventions that may be required
in the event of a diagnosis. The specific interventions for
each disease are discussed in subsequent chapters.

The most direct mode of diagnosis is isolation of the
microbial agent from tissues and body fluids such as blood,
CSF, or urine. Isolation of the agent must be considered in
context with its epidemiology and natural history in the
host. Isolation of an enterovirus from stool during the
summer months may represent colonization, rather than
significant infection, with risk of hematogenous spread to

Thir
Microorganism Diagnostic Test First Visit Trime:ter At Delivery Intervention*
Routine Care
Mycobacterium tuberculosis ~ Tuberculin skin test 4+ Therapy
Gonorrhea Culture or antigen 4 I Therapy
Hepatitis B Serology 4 HBIG and hepatitis B vaccine to the
infant within 12 hours of birth’
Chlamydia Antigen + + Therapy
Syphilis Serology + + + Therapy
Rubella Serology 4 Postpartum vaccine
Group B streptococcus Culture I Intrapartum prophylaxis
Herpes simplex Examination 4 4 I Cesarean section*
Culture Therapy
Special Care if Exposed or with Clinical Signs
HIV Serology + Therapy
Parvovirus Ultrasound Intrauterine transfusion
Serology
Toxoplasmosis Serology Therapy
PCR assay
(amniotic fluid)
VZV Serology Therapy
Cytology

*See appropriate chapters.
"Hepatitis B i lobulin only in
“When signs or symptoms of active genital HSV are present at the onset of labor.

s born to women with bhigh-risk factors, and bepatitis B vaccine for neonate.

HIV, buman immunodeficiency virus; PCR, polymerase chain reaction; VZV, varicella-zoster virus.
Modified from table prepared by Riley L, Fetter S, Geller D, Boston City Hospital and Boston University School of Medicine.



12 SECTION | General Information

the fetus. Isolation of an enterovirus from an atypical body
fluid or identification of a significant increase in antibody
titer would be necessary to define an acute infectious
process.

Tests for the presence of hepatitis B virus (HBV) sur-
face antigen (HBsAg) should be performed in all pregnant
women. The Centers for Disease Control and Prevention
(CDC) has estimated that 16,500 births occur each year in
the United States to women who are positive for HBsAg.
Infants born to HBsAg-positive mothers may have a 90%
chance of acquiring perinatal HBV infection. If maternal
infection is identified soon after birth, use of hepatitis B
immunoglobulin combined with hepatitis B vaccine is an
effective mode of prevention of infection. For these rea-
sons, the Advisory Committee on Immunization Practices
of the U.S. Public Health Service [81] and the American
Academy of Pediatrics [82] recommend universal screen-
ing of all pregnant women for HBsAg.

Because the amniotic fluid contains viruses or bacteria
shed from the placenta, skin, urine, or tracheal fluid of
the infected fetus, this fluid, which can be obtained during
gestation with less risk than fetal blood sampling, may also
be used to detect the infecting organism by culture, antigen
detection test, or PCR assay. Amniocentesis and analysis of
desquamated fetal cells in the amniotic fluid have been
used for the early diagnosis of genetic disorders for some
time. The seminal publication by Daffos and colleagues
in 1983 [83], in which fetal blood sampling for prenatal
diagnosis was first described, provided a method for diag-
nosing various infections in the fetus that previously could
be diagnosed only after birth. Their methods were widely
adopted and have contributed significantly to our under-
standing of the immune response of the fetus to various
pathogens, including rubella virus, VZV, CMV, and
T. gondii [84-87], and to a more objective approach to
treating infection in the fetus before birth.

Fetal blood sampling and amniocentesis are performed
under ultrasound guidance. The method is not free of
risk; amniocentesis alone carries a risk of fetal injury or
death of 1% [50,88], and fetal blood sampling carries a
risk of approximately 1.4% [89]. Amniotic fluid may be
examined for the presence of the infecting organism or
its antigens, DNA, or RNA. Fetal blood can be examined
for the same factors and antibodies formed by the fetus
against the pathogen (e.g., IgA or IgM antibodies that
do not normally cross the placental barrier). Fetal blood
sampling is usually performed during or after week 18
of gestation. A fetus diagnosed with infection with a spe-
cific pathogen or who is at high risk for infection (e.g., the
fetus of a nonimmune woman who acquired infection
with 7. gondii or rubella virus during pregnancy) may be
followed by ultrasound examination to detect abnormal-
ities such as dilation of the cerebral ventricles.

Isolation, Culture, and Polymerase Chain
Reaction Assay

Isolation of CMV and rubella virus [90] and demonstration
of HBsAg [91] from amniotic fluid obtained by amniocen-
tesis have been reported. As PCR techniques have proved
to be sensitive and specific for diagnosing many infections
in the pregnant woman, fetus, and newborn, in many

instances isolating the infectious agent to make a definitive
diagnosis is no longer necessary with use of PCR tech-
niques. PCR methods decrease the time to diagnosis and
increase the sensitivity for diagnosis of many infectious
agents, as exemplified by the prenatal diagnosis of infec-
tions caused by parvovirus [92,93], CMV [94-96], T. gondii
[97,98], and rubella virus [99,100].

As with all diagnostic testing, caution is required in
interpreting the results of prenatal PCR testing, however,
because the sensitivity of PCR results on amniotic fluid is
uncertain. One third of cases of congenital toxoplasmosis
yield a negative result on amniotic fluid PCR assay
[98,100], and infants with congenital rubella may have neg-
ative amniotic fluid PCR assay results, but positive fetal
blood tests. Also, false-positive rates of 5% for viral DNA
detection in fluids obtained for genetic testing have been
observed when congenital fetal infection was not suspected
or documented. Combined diagnostic approaches in which
PCR is used in concert with fetal serology and other diag-
nostic modalities (e.g., serial fetal ultrasonography) to test
amniotic fluid and fetal blood may offer the greatest sensi-
tivity and predictive power in cases in which congenital
infection is suspected and this information is important in
management decisions [98,101].

Cytologic and Histologic Diagnosis

Review of cytologic preparations and tissue sections may
provide a presumptive diagnosis of certain infections. Cer-
vicovaginal smears or cell scrapings from the base of vesi-
cles are valuable in diagnosing VZV and HSV infections.
Typical changes include multinucleated giant cells and
intranuclear inclusions. These morphologic approaches
have largely been replaced, however, by more specific testing
methods, such as direct immunofluorescence techniques or
immunoperoxidase staining to detect VZV, HSV, and
CMYV infection. The diagnosis of acute toxoplasmosis can
be made from characteristic histologic changes in lymph
nodes or by demonstration of the tachyzoite in biopsy or
autopsy specimens of infected tissues.

Detailed descriptions of the changes associated with
infections of the placenta are presented in a monograph
by Fox [102]. Examination of the placental parenchyma,
the membranes, and the cord may provide valuable infor-
mation for diagnosis of the infection and identification of
the mode of transmission to the fetus (in utero or ascend-
ing infection).

Serologic Diagnosis

The serologic diagnosis of infection in the pregnant
woman most often requires demonstration of elevated
antibody titer against the suspected agent. Ideally, the
physician should have available information about the
patient’s serologic status at the onset of pregnancy to
identify women who are unprotected against 1. pallidum,
T. gondii, and rubella virus or who are infected with
HBV or HIV. Many obstetricians have adopted this valu-
able practice.

Difficulties in interpreting serologic test results seldom
arise when patients are seen shortly after exposure or at
the onset of symptoms. In certain infections (e.g., rubella,
toxoplasmosis), a relatively rapid increase in antibody levels
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may preclude the demonstration, however, of a significant
increase in titer in patients who are tested more than 7 days
after the onset of the suspected illness. In these circum-
stances, a diagnosis may be obtained through the measure-
ment of antibodies that increase more slowly over several
weeks. Demonstration of IgA and IgE antibodies (in addi-
tion to the more conventional use of tests for IgG and IgM
antibodies) is useful in the early diagnosis of infection in
the pregnant woman, fetus, and newborn, and this should
serve as an impetus to commercial firms to make these
methods more widely available for health care providers.
The same pertains to IgG avidity tests, which have proved
accurate in ruling out recently acquired infection with
T. gondii [103], CMV [104,105], and rubella virus [106,107].
At present, these tests require special techniques and are
not performed routinely by most laboratories, so local or
state health departments should be consulted for further
information regarding their availability.

Use of Skin Tests

Routine skin tests for diagnosis of tuberculosis should be
considered a part of prenatal care. Tuberculin skin tests
can be administered to the mother without risk to the
fetus.

Universal Screening

Prenatal care in the United States includes routine
screening for serologic evidence of syphilis and rubella
infection; culture or antigen evidence of Chlamydia tracho-
matis, group B streptococcus, or HBV infection; screen-
ing for urinary tract infection; and skin testing for
tuberculosis. Evidence that treatment of the HIV-infected
mother significantly reduces virus transmission to the
fetus has led to recommendations by the U.S. Public
Health Service and others for universal HIV screening
for all pregnant women in the United States. Current
CDC guidelines support voluntary HIV testing under
conditions that simplify consent procedures, while pre-
serving a woman’s right to refuse testing [5,108,109].

Pregnant women with known HIV infection should be
monitored and given appropriate treatment to enhance
mother and fetal well-being and to prevent maternal-to-
fetal transmission. Pregnant women should be examined
carefully for the presence of HIV-related infections,
including gonorrhea, syphilis, and C. trachomatis. Baseline
antibody titers should be obtained for opportunistic infec-
tions, such as 7. gondii, which are observed commonly in
HIV-infected women and which may be transmitted to
their fetuses. More detailed information on management
of the HIV-infected pregnant woman and her infant is
given in Chapter 21.

DIAGNOSIS OF INFECTION IN THE
NEWBORN INFANT

Infants with congenital infection as a result of rubella
virus, CMV, HSV, T. gondii, or T. pallidum may present
similarly with one or more of the following abnormalities:
purpura, jaundice, hepatosplenomegaly, pneumonitis, and
meningoencephalitis. Some findings have specific diag-
nostic significance (see Tables 1-5 and 1-6).
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In certain congenital infections, the organism may be
isolated from tissues and body fluids. Infants may excrete
CMV and rubella virus in the urine for weeks to months
after birth. 7. pallidum may be found in the CSF, in nasal
secretions, and in syphilitic skin lesions. In infants with
congenital HIV infection, approximately 30% to 50%
are culture-positive or PCR assay—positive at birth, but
nearly 100% are positive by 4 to 6 months of life.

Serologic tests are available through state or commer-
cial laboratories for the TORCH group of microorgan-
isms (7. gondii, rubella virus, CMV, and HSV) and for
certain other congenitally acquired infections. To distin-
guish passively transferred maternal IgG antibody from
antibody produced by the neonate in response to infec-
tion in utero, it is necessary to obtain two blood speci-
mens from the infant. Because the half-life of IgG is
approximately 3 weeks, the first sample is obtained soon
after birth, and the second sample should be obtained at
least two half-lives, or approximately 6 weeks, after the
first specimen.

IgA, IgE, and IgM antibodies do not cross the pla-
centa. Antigen-specific IgA, IgE, and IgM antibodies in
the infant’s blood provide evidence of current infection,
but few commercial laboratories employ reliable assays
for these antibodies for the purpose of identifying
congenital infections (as described in a Public Health
Advisory from the U.S. Food and Drug Administration
outlining the limitations of Toxoplasma IgM commercial
test kits).

Although most congenital infections occur as a single
entity, many HIV-infected mothers are coinfected with
other infectious agents that may be transmitted to the
newborn. A neonate born to a mother with HIV infection
should be considered at risk for other sexually transmitted
infections, such as syphilis, gonorrhea, and C. trachomatis
infection. Coinfection also has been documented for

CMV [110,111].

PREVENTION AND MANAGEMENT OF
INFECTION IN THE PREGNANT WOMAN

Prevention of Infection

The pregnant woman should avoid contact with indi-
viduals with communicable diseases, particularly if the
pregnant woman is known to be seronegative (e.g., for
CMV) or has no prior history of the disease (e.g., with
VZV). In some cases, specific measures can be taken.
The pregnant woman should avoid intercourse with her
sexual partner if he has a vesicular lesion on the penis that
may be associated with HSV, or if he is known or sus-
pected to be infected with HIV.

Pregnant women should avoid eating raw or under-
cooked lamb, pork, and beef because of risk of 7. gondii
contamination. They also should avoid contact with cat
feces or objects or materials contaminated with cat feces
because these are highly infectious if they harbor oocysts
of T. gondii (see Chapter 31). Pregnant women should
not eat unpasteurized dairy products (including all soft
cheeses), prepared meats (hot dogs, deli meat, and paté),
and undercooked poultry because these foods often
contain Listeria monocytogenes (see Chapter 13).
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Immunization

Routine immunization schedules for infants and children

with currently available live vaccines, including measles,

poliomyelitis, mumps, and rubella, should confer protec-

tion against these infections throughout the childbearing
ears.

Public health authorities and obstetricians generally
agree that immunization during pregnancy poses only
theoretical risks to the developing fetus. Nevertheless,
pregnant women should receive a vaccine only when the
vaccine is unlikely to cause harm, the risk for disease
exposure is high, and the infection would pose a signifi-
cant risk to the mother (e.g., influenza) or fetus (e.g., tet-
anus) [112]. The following are important considerations
regarding immunization of the pregnant woman:

® The only vaccines routinely recommended for admin-
istration during pregnancy in the United States, when
indicated for either primary or booster immunization,
are vaccines for tetanus, diphtheria, and influenza
[113]. These and other inactivated vaccines, including
typhoid fever vaccine, are not considered hazardous to
the pregnant woman or her fetus and often provide
major benefit when indicated. An example is the use
of tetanus toxoid vaccines in areas of the world where
unsterile delivery and cord care practices may cause
infection and high risk of fatality in the newborn.
In the United States, pregnant women are at increased
risk for influenza-like illness requiring hospitalization
compared with nonpregnant women of similar age.
For this reason, routine immunization of pregnant
women at the onset of the influenza season is recom-
mended by the Advisory Committee on Infectious
Diseases of the CDC [113]. In women at increased risk
for certain serious bacterial infections, such as invasive
pneumococcal or meningococcal disease (e.g., women
with sickle cell disease or HIV infection), immuniza-
ton should precede pregnancy where possible. If
immunization has not occurred before pregnancy, and
the risk is significant (e.g., with a meningococcal out-
break in the community), women should be vaccinated.

® Pregnancy is a contraindication to administration of
all live vaccines except when susceptibility and expo-
sure are highly probable, and the disease to be pre-
vented constitutes a greater threat to the woman and
her fetus than a possible adverse effect of the vaccine.
Yellow fever vaccine is indicated for pregnant women
who are at substantial risk for imminent exposure to
infection (e.g., with international travel). A report of
IgM antibodies to yellow fever in the infant of a
woman immunized during pregnancy suggests that
transplacental transmission of the yellow fever vaccine
virus does occur, although the incidence of congenital
infection is unknown [114].

e Varicella vaccine should not be administered to preg-
nant women because the possible effects on fetal
development are unknown. When women of child-
bearing age, including postpubertal girls, are immu-
nized, pregnancy should be avoided for at least
2 months after immunization.

® Because several weeks can elapse before pregnancy
is evident, vaccines indicated for any woman of

childbearing age should be administered with caution
and selectivity. Evidence that prolonged virus shed-
ding occurs after immunization with live virus vaccine
suggests that, where possible, pregnancy should be
avoided for 2 to 3 months after administration of any
live immunizing agent.

® The risk to the mother or fetus from immunization of
members of the immediate family or other intimate
contacts is uncertain. The use of attenuated measles,
rubella, mumps, and varicella vaccines rarely results
in transmission of these viruses to susceptible subjects
in the immediate environment, but household spread
of attenuated polioviruses through contact with
recently vaccinated, susceptible individuals in the fam-
ily is common. From March 1995 through March
2003, 509 pregnant women whose pregnancy out-
comes were documented were inadvertently given
varicella vaccine (VARIVAX Pregnancy Registry).
No offspring had congenital varicella, and the rate of
congenital anomalies was no greater than that in the
general population. The presence of a pregnant
woman in the household is not a contraindication to
varicella immunization of a child in that household,
and women who are susceptible to varicella should
be vaccinated postpartum.

Use of Immunoglobulin

Human immune serum globulin administered after expo-
sure to rubella, varicella, measles, or hepatitis A virus may
modify clinical signs and symptoms of disease, but has
not proved to be consistently effective in preventing dis-
ease, and presumably viremia, in susceptible individuals.
Human immune serum globulin is of undetermined value
in protecting the fetus of a susceptible woman against
infection with these viruses. Use after maternal exposure
to rubella virus should be limited to women to whom ther-
apeutic abortion is unacceptable, in the event of docu-
mented infection during pregnancy.

Antimicrobial Therapy

Almost without exception, antimicrobial agents adminis-
tered systemically to the mother pass to the fetus. Clinical
management of pregnant women with acute infections
amenable to therapy should be the same as management
of nonpregnant patients, but should include particular
attention to the possible effects of the antimicrobial drug
on the fetus. Pregnant women with recently acquired
acute toxoplasmosis, Lyme disease, and syphilis should
undergo treatment as outlined in the specific chapters
devoted to those topics. Women who are colonized with
C. trachomatis or group B streptococci may receive treat-
ment under selected circumstances (discussed in the next
section).

A landmark study by Connor and colleagues [115]
showed reduction of mother-to-infant transmission of
HIV from 25.5% to 8.3% using zidovudine in women
who had peripheral CD4* T lymphocyte counts greater
than 200 cells/pL. and were mildly symptomatic. The cur-
rently recommended treatment regimen in the United
States is oral zidovudine administered to pregnant women
beginning at 14 to 34 weeks of gestation and continuing
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throughout pregnancy, intravenous zidovudine during
labor and delivery, and oral zidovudine to the newborn
for the first 6 weeks of life (see Chapter 21). This complex
and costly regimen is not feasible for resource-limited
countries, but studies in Uganda using a single dose of
nevirapine administered to the mother during labor and
a single dose to the neonate before discharge provided
a model for simpler and effective prophylactic therapy
[116]. More recent recommendations from the World
Health Organization include the use of simple, short
course combination prophylactic therapeutic regimens
which are effective and prevent development of antiretro-
viral resistance among infants with breakthrough infec-
tions [117].

INFECTIONS ACQUIRED BY THE
NEWBORN INFANT DURING BIRTH

PATHOGENESIS

The developing fetus is protected from the microbial flora
of the maternal genital tract. Initial colonization of the
newborn and of the placenta usually occurs after rupture
of maternal membranes. If delivery is delayed after mem-
branes rupture, the vaginal microflora can ascend and in
some cases produce inflammation of fetal membranes,
umbilical cord, and placenta. Fetal infection also can result
from aspiration of infected amniotic fluid. Some viruses
are present in the genital secretions (HSV, CMV, HBV,
or HIV) or blood (HBV, hepatitis C virus, or HIV).
If delivery occurs shortly after rupture of the membranes,
the infant can be colonized during passage through the
birth canal. Various microorganisms may be present in
the maternal birth canal, as summarized in Table 1-8,
including gram-positive cocci (staphylococci and strepto-
cocci); gram-negative cocci (Neisseria meningitidis [rarely]
and Neisseria gonorrhoeae); gram-negative enteric bacilli
(Escherichia coli, Proteus species, Klebsiella species, Pseudomo-
nas species, Salmonelln, and Shigelln); anaerobic bacteria;
viruses (CMYV, HSV, rubella virus, and HIV); fungi (pre-
dominantly Candida albicans); C. trachomatis; mycoplasmas;
and protozoa (Trichomonas vaginalis and T. gondii). As indi-
cated in Table 1-8, some of these organisms are signifi-
cantly associated with disease in the newborn infant,
whereas others affect the neonate rarely, if at all.

The newborn is initially colonized on the skin; mucosal
surfaces including the nasopharynx, oropharynx, conjunc-
tivae, umbilical cord, and external genitalia; and the gas-
trointestinal tract (from swallowing of infected amniotic
fluid or vaginal secretions). In most infants, the organisms
proliferate at these sites without causing illness. A few
infants become infected by direct extension from the sites
of colonization (e.g., otitis media from nasopharyngeal
colonization). Alternatively, invasion of the bloodstream
can ensue, with subsequent dissemination of infection.
The umbilical cord was a particularly common portal of
entry for systemic infection before local disinfection
methods became routine because the devitalized tissues
are an excellent medium for bacterial growth, and because
the thrombosed umbilical vessels provide direct access to
the bloodstream. Microorganisms also can infect abra-
sions or skin wounds. At present, the most frequent routes
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for bloodstream invasion are the lung from aspirated
infected amniotic fluid or vaginal contents and the gastro-
intestinal tract from transmigration of microbial flora
across the gut wall.

Infants who develop bacterial sepsis often have specific
risk factors not evident in infants who do not develop sig-
nificant infections. Among these factors are preterm
delivery at a gestational age less than 37 weeks, low birth
weight, prolonged rupture of maternal membranes,
maternal intra-amniotic infection, traumatic delivery, and
fetal anoxia. Relative immaturity of the immune system is
considered to be one factor increasing risk of infection
during the neonatal period. The role of host defenses in
neonatal infection is discussed in detail in Chapter 4.

Preterm birth is the most significant risk factor for
acquisition of infections in infants immediately before or
during delivery or in the nursery. Because of the increas-
ing number of infants with extremely low birth weight
and very low birth weight, infection remains a cause of
morbidity and mortality. Expansion of treatments for
infertility has continued to increase the number of preg-
nancies with multiple births, and a gestational age of less
than 28 weeks is common following these treatments.
A summary of 6215 very low birth weight neonates (birth
weight 401 to 1500 g) from the National Institute of
Child Health and Human Development Neonatal
Research Network reported that 21% had one or more
episodes of blood culture—positive, late-onset sepsis
[119]. Infection rate was inversely correlated with birth
weight and gestational age, and infected infants had a sig-
nificantly prolonged mean hospital stay (79 days) com-
pared with uninfected infants (60 days). Also, infants
with late-onset sepsis were significantly more likely to
die than uninfected infants (18% versus 7%), especially
if they were infected with gram-negative organisms
(36%) or fungi (32%) [119].

The value of certain defense mechanisms remains con-
troversial. Vernix caseosa contains antimicrobial pro-
teins (see Chapter 4), and retention of vernix probably
provides a protective barrier to the skin. Breast milk
influences the composition of the fecal flora by suppres-
sion of E. coli and other gram-negative enteric bacilli
and encouragement of Lactobacillus growth. In addition,
breast milk contains secretory IgA, lysozymes, white
blood cells, and lactoferrin (an iron-binding protein that
significantly inhibits the growth of E. co/i and other
microorganisms); however, the role of these constituents
in mitigating colonization and systemic infection in the
neonate acquired at or shortly after birth is uncertain
(see Chapter 5).

The virulence of the invading microorganism is also a
factor in the pathogenesis of neonatal sepsis. Certain
phage types of S. aureus (types 80 and 81) were responsible
for most cases of disease in the staphylococcal pandemic of
the 1950s. Phage group 2 S. aureus strains have been
responsible for staphylococcal scalded skin syndrome
sometimes seen in neonates (toxic epidermal necrolysis).
Other evidence suggests that the K1 capsular antigens of
E. coli and type I1I strains of group B streptococcus possess
virulence properties that enhance their propensity for
invasion of the blood-brain barrier during bacteremia
compared with non-K1 and non-type III strains.
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MICROBIOLOGY

The agents responsible for early-onset (before 7 days)
neonatal sepsis are found in the maternal birth canal
[120,121]. Most of these organisms are considered to be
saprophytic, but occasionally can be responsible for
maternal infection and its sequelae, including endometri-
tis and puerperal fever. The microbial flora of the adult
female genital tract and their association with neonatal
infection and disease are reviewed in Table 1-9.

Before the introduction of the sulfonamides and peni-
cillin in the 1940s, gram-positive cocci, particularly group
A streptococci, were responsible for most cases of neona-
tal sepsis. After the introduction of antimicrobial agents,
gram-negative enterics, in particular E. coli, were the pre-
dominant causes of serious bacterial infections of the
newborn. An increase in serious neonatal infection caused
by group B streptococci was noted in the early 1970s, and
group B streptococci and E. coli continue to be the most
frequent causative agents for early-onset neonatal sepsis
and late-onset sepsis in term infants. By contrast, late-
onset (after 7 days) sepsis in preterm neonates remaining
in the neonatal intensive care unit for weeks or months
is typically caused by commensal organisms (e.g., coagu-
lase-negative staphylococci and Enterococcus) and organ-
isms acquired from the mother and from the nursery
environment.

The bacteria responsible for neonatal sepsis are dis-
cussed in Chapter 6. Mycoplasmas, anaerobic bacteria,
and viruses (including HSV, HBV, CMV, and HIV) that
colonize the maternal genital tract also are acquired
during birth.

DIAGNOSIS

Review of the maternal record provides important clues
for diagnosis of infection in the neonate. Signs of illness
during pregnancy; exposure to sexual partners with trans-
missible infections; and results of cultures (e.g., for
C. trachomatis, N. gonorrhoeae, or group B streptococci),
serologic tests (e.g., for HIV infection, rubella, HBV,
hepatitis C virus, or syphilis), and tuberculin skin tests
or chest radiographs should be identified in the pregnancy
record. The delivery chart should be checked for peri-
partum events that indicate risk of sepsis in the neonate,
including premature rupture of membranes; prolonged
duration (>18 hours) of rupture of membranes; evidence
of fetal distress and fever; or other signs of maternal
infection such as bloody diarrhea, respiratory or gastroin-
testinal signs (i.e., enterovirus), indications of large con-
centrations of pathogens in the genitalia (as reflected in
bacteriuria caused by group B streptococci), and evidence
of invasive bacterial infections in prior pregnancies.

TABLE 1-9 Association of Neonatal Disease with Microorganisms Present in the Maternal Birth Canal

Organism Significant

Uncommon Rare

Bacteria

Anaerobic bacteria

Group A streptococci
Group B streptococci
Enterococcus
Escherichia coli
Neisseria gonorrboeae

Listeria monocytogenes

Chlamydia Chlamydia trachomatis
Mycoplasma
Viruses CMV
HSV
HBV
Fungi Candida albicans
Chlamydia trachomatis
Protozoa

Staphylococcus aureus
a-hemolytic streptococci
Proteus species

Klebsiella species
Pseudomonas species
Salmonella species
Shigella species
Alkaligenes faecalis
Neisseria meningitidis
Haemophilus influenzae
Haemophilus parainfluenzae
Vibrio fetus

Bacteroides

Clostridium species

HIV

Coccidioides immitis
Mycoplasma hominis
Ureaplasma wrealyticum
Toxoplasma gondii

Trichomonas vaginalis

Lactobacillus
Staphylococcus epidermidis
Gardnerella vaginalis
Corynebacterium

Bacillus subtilis

Peptostreptococcus
Veillonelln
Bifidobacterium
Eubacterium
Mycobacterium tuberculosis
Mycoplasma hominis
Ureaplasma urealyticum
Rubella virus

HPV

LCV

Candida glabrata
Saccharomyces

CMV, cytomegalovirus; HBV, hepatitis B virus; HIV, human immunodeficiency virus; HPV, buman papillomavirus; HSV, herpes simplex virus; LCV, lymphocytic choriomeningitis virus.
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The clinical diagnosis of systemic infection in the new-
born can be difficult because the initial signs of infection
may be subtle and nonspecific. Not only are the signs of
infectious and noninfectious processes similar, but also
the signs of in utero infection are indistinguishable from
signs of infections acquired during the birth process or
during the first few days of life. Respiratory distress,
lethargy, irritability, poor feeding, jaundice, emesis, and
diarrhea are associated with various infectious and non-
infectious causes.

Some clinical manifestations of neonatal sepsis, such as
hepatomegaly, jaundice, pneumonitis, purpura, and men-
ingitis, are common to many infections acquired in utero
or during delivery. Certain signs are related to specific
infections (see Tables 1-6 and 1-7). Many signs of congen-
ital infection are not evident at birth. HBV infection
should be considered in an infant with onset of jaundice
and hepatosplenomegaly between 1 and 6 months of age;
CMYV infection acquired at or soon after delivery is asso-
ciated with an afebrile protracted pneumonitis; enterovirus
infection should be considered in an infant with CSF
pleocytosis in the first months of life. Most infants with
congenital HIV infection do not have signs of disease
during the first months of life. Uncommonly, signs may
be present at birth. Srugo and colleagues [122] described
an infant with signs of meningoencephalitis at 6 hours of
life; HIV was subsequently isolated from CSF.

Most early-onset bacterial infections are nonfocal except
in the circumstance of respiratory distress at or shortly
after birth, in which the chest radiograph reveals pneumo-
nia. Focal infections are frequent with late-onset neonatal
sepsis and include otitis media, pneumonia, soft tissue
infections, urinary tract infections, septic arthritis, osteo-
myelitis, and peritonitis. Bacterial meningitis is of particu-
lar concern because of the substantial mortality rate and
the significant morbidity in survivors. Few infants have
overt meningeal signs, and a high index of suspicion and
examination of the CSF are required for early diagnosis.

Available routine laboratory methods provide limited
assistance in the diagnosis of systemic infections in the
newborn infant. In bacterial sepsis, measurement of the
total white blood cell count can be variable and supports
a diagnosis of bacterial sepsis only if it is high (>30,000
cells/mm’) or very low (<5000 cells/mm?). Immunoglob-
ulin is produced by the fetus and newborn infant in
response to infection, and increased levels of IgM have
been measured in the serum of newborns with infections
(i.e., syphilis, rubella, cytomegalic inclusion disease,
toxoplasmosis, and malaria) acquired transplacentally.
Increased levels of IgM also result from postnatally
acquired bacterial infections. Not all infected infants have
increased levels of serum IgM, however, and some infants
who do have elevated concentrations of total IgM are
apparently uninfected. Identification of increased levels
of total IgM in the newborn suggests an infectious proc-
ess acquired before or shortly after birth, but this finding
is not specific and is of limited assistance in diagnosis and
management.

Because inflammation of the placenta and umbilical
cord may accompany peripartum sepsis, pathologic exam-
ination of sections of these tissues may assist in the diag-
nosis of infection in the newborn. Histologic evidence of
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inflammation also is noted in the absence of evidence of
neonatal sepsis, however. In the immediate postnatal
period, gastric aspirate, pharyngeal mucus, or fluid from
the external ear canal has been used to delineate exposure
to potential pathogens, but is not useful in the diagnosis
of neonatal sepsis.

Isolation of microorganisms from a usually sterile site,
such as blood, CSF, or skin vesicle fluid, or from a suppu-
rative lesion or a sterilely obtained sample of urine remains
the only valid method of diagnosing systemic infection.
Aspiration of any focus of infection in a critically ill infant
(e.g., needle aspiration of middle ear fluid in an infant with
otitis media or from the joint or metaphysis of an infant
with osteoarthritis) should be performed to determine the
etiologic agent. In infants with very low birth weight, com-
mensal microorganisms, such as coagulase-negative staphy-
lococci, Enterococcus, or Candida, isolated from a usually
sterile body site should be considered pathogens untl
proven otherwise. Culture of infectious agents from the
nose, throat, skin, umbilicus, or stool indicates coloniza-
tion; these agents may include the pathogens that are
responsible for the disease, but in themselves do not estab-
lish the presence of active systemic infection.

PCR assay is useful to detect the nucleic acid of various
important pathogens including viruses and Preurmocystis jir-
oveci. When appropriate, serologic studies should be per-
formed to ascertain the presence of in utero or postnatal
infection. Serologic tests for HIV, rubella, parvovirus B19,
T. gondii, and T. pallidum are available through local or state
laboratories. For some of these infections (e.g., rubella),
the serologic assay measures IgG. To distinguish passively
transferred maternal antibody from antibody derived from
infection in the neonate, it is necessary to obtain two blood
specimens from the infant. Because the half-life of IgG is
estimated to be 23 days, the first sample is obtained soon
after birth, and the second sample should be obtained at
least two half-lives, or approximately 6 weeks, after the first
specimen. Measurement of IgM antibody provides evidence
of current infection in the neonate, but none of these assays
has proven reliability at present.

MANAGEMENT

Successful management of neonatal bacterial sepsis
depends on a high index of suspicion based on maternal
history and infant signs, prompt initiation of appropriate
antimicrobial therapy while diagnostic tests are per-
formed, and meticulous supportive measures. If the physi-
cian suspects bacterial infection in a newborn, culture
specimens should be obtained, and treatment with appro-
priate antimicrobial agents should be initiated immedi-
ately. Generally, initial therapy must provide coverage
against gram-positive cocci, particularly group B and
other streptococci, and gram-negative enteric bacilli.
Ampicillin is the preferred agent with effectiveness against
gram-positive cocci and L. momocytogenes. The choice of
therapy for gram-negative infections depends on the cur-
rent pattern of antimicrobial susceptibility in the local
community. Most experts prefer ampicillin and gentami-
cin therapy for early-onset presumptive sepsis, with the
addition of cefotaxime for presumptive bacterial menin-
gitis [123]. Intrapartum antimicrobial therapy can yield
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drug concentrations in the blood of the newborn infant
sufficient to suppress growth of group B streptococci and
possibly other susceptible organisms in blood obtained for
culture. The requirement for more than one blood speci-
men for the microbiologic diagnosis of early-onset sepsis
places a substantial burden on the clinician.

An algorithm has been devised to guide empirical man-
agement of neonates born to mothers who received
intrapartum antimicrobial prophylaxis for prevention of
early-onset group B streptococcal infection [124]. These
infants may be divided into three management groups:

1. Neonates who have signs of sepsis or neonates
whose mothers are colonized with group B strepto-
cocci and have chorioamnionitis should receive
a full diagnostic evaluation with institution of
presumptive treatment.

2. Term neonates who appear healthy and whose
mothers received penicillin, ampicillin, or cefazolin
4 or more hours before delivery do not require
further evaluation or treatment.

3. Healthy-appearing term neonates whose mothers
received prophylaxis less than 4 hours before deliv-
ery and neonates born at less than 35 weeks of ges-
tation whose mothers received prophylaxis of any
duration before delivery should be observed for
48 hours or longer and should receive a limited
evaluation, including white blood cell count and
differential and blood culture [124].

Infants in the first two categories are readily identified,
but assignment of infants to the third category is often
problematic because of the vague end points. Recommen-
dations for prevention and treatment of early-onset group
B streptococcal infection are discussed in Chapter 12.

The choice of antibacterial drugs should be reviewed
when results of cultures and susceptibility tests become
available. The clinician should take care to select drugs
that have been studied for appropriate dose, interval of
dosing, and safety in neonates, especially very low birth
weight infants, and that have the narrowest antimicrobial
spectrum that would be effective (see Chapter 37).
The duration of therapy depends on the initial response
to the appropriate antibiotics—typically 10 days in most
infants with sepsis, pneumonia, or minimal or absent focal
infection; a minimum of 14 days for uncomplicated men-
ingitis caused by group B streptococci or L. monocytogenes;
and 21 days for gram-negative enteric bacilli [124].
The clinical pharmacology of antibiotics administered to
the newborn infant is unique and cannot be extrapolated
from adult data on absorption, excretion, and toxicity.
The safety of new antimicrobial agents is a particular
concern because toxic effects may not be detected until
several years later (see Chapter 37).

Development of antimicrobial drug resistance in
microbial pathogens is a constant concern. Group B
streptococci remain uniformly susceptible to penicillins
and cephalosporins, but many isolates now are resistant
to erythromycin and clindamycin [125]. Administration
of one or two doses of a penicillin or cephalosporin as
part of a peripartum prophylactic regimen for prevention
of group B streptococcal infection in the neonate should
not significantly affect the genital flora, but monitoring

should be continued to detect alterations in flora and
antibiotic susceptibility. Because the nursery is a small,
closed community, development of resistance is a greater
concern with nosocomial infections than with infections
acquired in utero or at delivery.

Despite the use of appropriate antimicrobial agents and
optimal supportive therapy, mortality from neonatal sep-
sis remains substantial. To improve survival and decrease
the severity of sequelae in survivors, investigators have
turned their attention to studies of adjunctive modes of
treatment that supplement the demonstrated deficits in
the host defenses of the infected neonate. These therapies
include use of standard hyperimmune immunoglobulins,
leukocyte growth factors, and pathogen-specific mono-
clonal antibody preparations.

Antiviral therapies are available for newborns infected
with HSV (acyclovir), VZV (acyclovir), and HIV. Acyclo-
vir and zidovudine for HIV are well tolerated in pregnant
women. Because early use of acyclovir for herpes simplex
infections in neonates has been associated with improved
outcome, physicians may choose to begin therapy for pre-
sumptive HSV disease and reevaluate when information
on clinical course and results of cultures and PCR assay
become available.

A phase II trial examining safety, pharmacodynamics, and
efficacy of ganciclovir treatment for symptomatic congenital
CMV infection established the safe dose in infants and
showed an antiviral effect with suppression of viruria
[126,127]. Neutropenia (63%), thrombocytopenia, and
altered hepatic enzymes were noted in most of the infants,
with nearly half of the infants requiring dosage adjustments
because of severe neutropenia. A phase III randomized,
controlled trial of intravenous ganciclovir for 6 weeks in
100 CMV-infected infants with central nervous system
involvement at birth maintained hearing or showed hearing
improvement in 84% of infants who received ganciclovir
compared with 41% of control infants (see Chapter 23).

PREVENTION

Immunoprophylaxis

Passive immunoprophylaxis with specific hyperimmune
immunoglobulin or monoclonal antibody preparations is
indicated for the prevention of hepatitis B, varicella and
respiratory syncytial virus infection in infants at risk for
these infections. Details are provided in Chapter 38.

Universal immunization of infants with hepatitis B vac-
cine has been recommended by the American Academy of
Pediatrics since 1992 [128]. Prior strategies of selective
vaccination in high-risk populations and serologic screen-
ing of all pregnant women for HBsAg had little impact on
control of HBV infections or their sequelae, and public
health authorities believe that infant immunization offers
the most feasible approach to universal protection and
eventual eradication of the disease. Infants born to
HBsAg-positive women should be immunized at birth
and receive hepatitis B immunoglobulin at or shortly after
birth. This prevention strategy may be improved if a birth
dose of hepatitis B vaccine is universally recommended,
providing additional coverage for infants whose maternal
records are incorrect or unavailable before hospital
discharge.
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Chemoprophylaxis

After administration to the mother, antimicrobial agents
capable of crossing biologic membranes can achieve phar-
macologic concentrations in the fetus comparable with con-
centratons in well-vascularized maternal tissues. Prevention
of group B streptococcal infection in the newborn by admin-
istration of ampicillin to the mother was shown by Boyer
and colleagues [129] and other investigators in 1983 (see
Chapter 12). A prevention strategy initially recommended
by the American Academy of Pediatrics in 1992[130] was
revised in 1997, and current recommendations from the
CDC are endorsed by the American Academy of Pediatrics,
the American College of Obstetricians and Gynecologists,
and the American Academy of Family Physicians. These
organizations recommend universal culture screening of all
pregnant women at 35 to 37 weeks of gestation and admin-
istration of intravenous penicillin during labor [3].

Fetal drug concentrations can exceed 30% of the
maternal blood concentrations [131], and concentrations
bactericidal against group B streptococci can be achieved
in amniotic fluid 3 hours after a maternal dose (see
Chapters 12 and 37). Parenteral antimicrobial therapy
administered to the mother in labor essentially treats the
fetus earlier in the course of the intrapartum infection.
If the fetus has been infected, the regimen is treatment,
not prophylaxis, and for some infected fetuses the treat-
ment administered in utero is insufficient to prevent
early-onset group B streptococcal disease [132]. Although
the prophylactic regimen has decreased the incidence of
early-onset group B streptococcal disease (by >80% in a
Pittsburgh survey [133], the regimen has had no impact
on the incidence of late-onset disease [3].

Other modes of chemoprophylaxis administered to the
neonate include ophthalmic drops or ointments for pre-
vention of gonococcal ophthalmia and zidovudine to
infants born to HIV-infected mothers. Administration of
antibacterial agents to infants with minimal or ambiguous
clinical signs is considered therapy for presumed sepsis
and should not be considered prophylaxis.

INFECTIONS OF THE NEWBORN
INFANT IN THE FIRST MONTH
OF LIFE

When fever or other signs of systemic infection occur in
the first weeks or months of life, various sources of infec-
tion should be considered: (1) congenital infections with
onset in utero; (2) infections acquired during the birth
process from the maternal genital tract; (3) infections
acquired in the nursery; (4) infections acquired in the
household after discharge from the nursery; and (5) infec-
tion that suggests an anatomic defect, underlying immu-
nologic disease, or metabolic abnormality.

PATHOGENESIS AND MICROBIOLOGY

Congenital Infections

Signs of congenital infection may not appear for weeks,
months, or years after birth. Diagnosis and management
are discussed in the disease chapters.

Current Concepts of Infections of the Fetus and Newbarn Infant 19

Infections Acquired during Delivery

Although maternal intrapartum prophylaxis has reduced the
incidence of early-onset group B streptococcal disease, it
has not altered the incidence of late-onset disease [3,133],
with signs occurring from 6 to 89 days of life, up to 6 months
of age in infants with very low birth weight. The pathogen-
esis of late-onset group B streptococcal disease remains
obscure, but it is likely that even when vertical transmission
from the mother at birth is prevented, exposure to either the
mother (in whom colonization resumes after delivery) or
other colonized family members and caregivers can serve
as a source for colonization through direct contact. It is
unknown why sepsis develops without warning in an infant
who has no risk factors for sepsis and was well for days to
weeks; this concern also is relevant in infants who acquire
late-onset disease as a result of E. coli and L. monocytogenes.

Nursery-Acquired Infections

After arrival in the nursery, the newborn may become
infected by various pathways involving either human car-
riers or contaminated materials and equipment. Human
sources in the hospital include personnel, mothers, and
other infants. The methods of transmission may include
the following:

® Respiratory droplet spread from adults or other new-
born infants. Outbreaks of respiratory virus infections,
including influenza, respiratory syncytial, and para-
influenza viruses, in prolonged-stay nurseries are fre-
quent [132]. Methods for identification and control
are provided in Chapter 35.

® (Carriage of the microorganism on the hands of hospi-
tal personnel. A study has suggested that the hands
may be not only a means of transmission, but also a
significant reservoir of bacteria [134].

e Suppurative lesions. Although spread of staphylococ-
cal and streptococcal infections to infants or mothers
may be associated with asymptomatic carriers, the
most serious outbreaks have been caused by a member
of the medical or nursing staff with a significant lesion.

e Human milk. CMV, HIV, HSV, human T-cell lym-
photropic virus type I [135], human T-cell lymphotro-
pic virus type II [136], and HBsAg have been
identified in mother’s milk and may be transmitted
to the neonate by this route. CMV-infected milk from
banks can be dangerous for infants lacking passively
transferred maternal antibody.

Breast milk transmission of HIV is of concern because of
the importance of breast-feeding in providing nutrition
and immunologic protection in the first year of life.
Breast milk has been documented as the likely source of
HIV infection in neonates whose mothers were transfused
with HIV-infected blood after delivery or in whom dis-
ease developed postpartum through sexual contact [137].
These acute infections must be differentiated from the
usual event, in which the mother is infected throughout
pregnancy. Infection during the acute period occurs
before development of antibody and may be a time when
breast milk has a high titer of transmissible virus.
Because of the importance of breast-feeding for infant
nutridon in developing countries, the World Health
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Organization initially recommended that women in devel-
oping countries be encouraged to breast-feed despite HIV
status [138]. By contrast, in the United States and Western
Europe, HIV-infected mothers were discouraged from
breast-feeding because other forms of nutrition were avail-
able [139]. In July 1998, the United Nations revised its
position and issued recommendations to discourage HIV-
infected women from breast-feeding, recognizing that
many infants were infected by the breast milk of HIV-
infected mothers. The recommendation also noted that in
some regions and cultures, women are stigmatized for
not breast-feeding, and alternatives such as formula are
unaffordable or unsafe. The number of antenatal women
in developing countries that lack resources for prevention
in pregnancy has reached alarming proportions: 70% of
women at a prenatal clinic in Zimbabwe and 30% of
women in urban areas in six African countries were
infected. The United Nations survey indicated that by
2000, breast-feeding would be responsible for more than
one third (>200,000) of children newly infected with
HIV unless some attempts were made to limit this route
of transmission [140]. Current efforts to prevent breast-
feeding transmission include improved dissemination of
prophylactic regimens for pregnant women and their
newborns [117]. However, availability of such regimens
appears to be limited to ~45% of HIV infected pregnant
women in low and middle income countries [118].

Infection of breast milk by bacterial pathogens such as
S. aureus, group B streptococci, L. monocytogenes [141],
and Salmonella species can result in neonatal disease. Bacte-
ria that are components of skin flora, including Staphylococ-
cus epidermidis and o-hemolytic streptococci, are frequently
cultured from freshly expressed human milk and are
unlikely to be associated with disease in the breast-fed
infant. If these bacteria are allowed to multiply in banked
breast milk, infection of the neonate is theoretically possi-
ble, but no substantive data have supported this possibility.

Other possible sources of infection in the nursery
include the following:

® Blood used for replacement or exchange transfusion in
neonates should be screened for safety using validated,
efficacious methods, including tests for hepatitis B
antigen, hepatitis C, HIV antibody, CMV antibody,
and Plasmodium species in malaria-endemic areas.

e FEquipment has been implicated in common-source
nursery outbreaks, usually including contaminated
solutions used in nebulization equipment, room humidi-
fiers, and bathing solutions. Several gram-negative
bacteria, including Pseudomonas aeruginosa, Serratia
marcescens, and Flavobacterium, have been termed
“water bugs” because of their ability to multply in
aqueous environments at room temperature. In recent
years, few solution-related or equipment-related out-
breaks caused by these organisms have been reported
because of the scrupulous infection control practices
enforced in most intensive care nurseries.

® Catheterization of the umbilical vein and artery has
been associated with sepsis, umbilical cellulitis, and
abscess formation, but careful hygienic practices with
insertion of these devices make these complications
rare. Intravenous alimentation using central venous

catheters has been lifesaving for some infants, but also
is associated with increased risk for catheter-related
bacteremia or fungemia.

® Parenteral feeding with lipid emulsions has been asso-
ciated with neonatal sepsis caused by coagulase-
negative staphylococci and Candida species. Strains of sta-
phylococci isolated from infected ventricular shunts or
intravascular catheters produce a slime or glycocalyx that
promotes adherence and growth of colonies on the sur-
faces and in the walls of catheters manufactured with syn-
thetic polymers. The slime layer also protects the bacteria
against antibiotics and phagocytosis. The introduction of
lipid emulsion through the venous catheter provides
nutrients for growth of the bacteria and fungi [142].

Hand hygiene remains the most important element in
controlling the spread of infectious diseases in the nursery
(see Chapter 35). Hand hygiene measures should be
implemented before and after every patient contact.
Surveys of hospital employees indicate that rigorous
adherence to hand hygiene, although the most simple of
infection control techniques, is still lacking in most insti-
tutions. A study by Brown and colleagues [143] in a Den-
ver neonatal intensive care unit indicated that compliance
with appropriate hand-washing techniques was low for
medical and nursing personnel. Compliance was moni-
tored using a direct observation technique; of 252
observed encounters of nurses, physicians, and respiratory
therapists with infants, 25% of the personnel broke con-
tact with the infant by touching self (69%) or touching
another infant (4%), and 25% did not wash before patient
contact.

Waterless, alcohol-based hand hygiene products are
routinely used in nurseries, with surveys indicating their
rapid acceptance by nursery personnel including physi-
cians. Their ease of application and time saved through
reduction in the need for hand washing should increase
adherence with hand hygiene recommendations.

Early patient discharge at 24 or 48 hours was common
several years ago as hospitals and third-party payers have
attempted to reduce costs of health care. A cohort study of
more than 300,000 births in Washington documented that
newborns discharged home early (before 30 hours after
birth) were at increased risk for rehospitalization during
the first month of life; the leading causes were jaundice,
dehydration, and sepsis, with onset within 7 days after dis-
charge. Among 1253 infants who were rehospitalized within
the first month of life, sepsis was the cause in 55 infants
(4.4%) who were discharged early, in contrast to 42 infants
(3.4%) who were discharged late [144]. These and other
reports, combined with corrective legislation in many states,
have led to recommendations that newborns remain hospi-
talized at least 48 hours after vaginal birth and 72 hours after
cesarean section delivery.

Community-Acquired Infections

The newborn infant is susceptible to many of the infec-
tious agents that colonize other members of the house-
hold and caregivers. The physician should consider
illnesses in these contacts before discharging an infant
from the hospital. If signs of an infectious disease develop
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after 15 to 30 days of life in an infant who was healthy
at discharge and had no significant risk factors during ges-
tation or delivery, the infection was probably acquired
from a household or community contact. Suppurative
lesions related to S. aureus in a household member can
expose an infant to a virulent strain that causes disseminated
infection. A careful history of illness in family members can
suggest the source of the infant’s disease (e.g., respiratory
viruses, skin infections, a prolonged illness with coughing).

An infant also can be a source of infection for house-
hold contacts. An infant with congenital rubella syndrome
can shed virus for many months and is a significant source
of infection for susceptible close contacts. The same is
true for an infant with vesicular lesions of herpes simplex
or a syphilitic infant with rhinitis or skin rash.

Infections That Indicate Underlying
Abnormalities

Infection may serve as a first clue indicating an underlying
anatomic, metabolic, or immune system abnormality. Infants
with galactosemia, iron overload, chronic granulomatous
disease, and leukocyte adhesion defects are susceptible to cer-
tain invasive gram-negative infections. Genitourinary infec-
tion in the first months of life can suggest an anatomic or a
physiologic defect of the urinary tract. Similarly, otitis media
in the first month of life may be an indication of a midline
defect of the palate or a eustachian tube dysfunction. Menin-
gitis caused by non-neonatal pathogens (e.g., coagulase-neg-
ative staphylococci) can be a clue to the presence of a dermoid
sinus tract to the intradural space. In infants with underlying
humoral immune defects, systemic infections may not
develop until passively acquired maternal antibody has
dissipated. Because the half-life of IgG is about 3 weeks, such
infections are likely to occur after 3 months of age.
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One of the greatest challenges in global public health is to
eliminate the gaps between high-income and low-income
countries in health care resources, access to preventive
and curative services, and health status outcomes.
Although child and infant mortality burden has declined
substantially in recent decades [1,2], neonatal mortality,
especially deaths in the first week of life, has changed
relatively little [3]. Worldwide, an estimated 3.8 million
neonatal deaths occur annually, accounting for 41% of
deaths in children younger than age 5 years [4]. Of these
deaths, 99% occur in low-income and middle-income
countries [3], in the context of poverty, high-risk newborn
care practices, poor care seeking and access to quality
care, and poorly functioning health systems. Causes of
neonatal mortality, especially in low-income countries,
are difficult to ascertain, partly because many of these
deaths occur at home, unattended by medical personnel,
in settings without vital registration systems, and partly
because critically ill neonates often present with nondiag-
nostic signs and symptoms of disease.

Serious infections, intrapartum-related neonatal deaths
(i.e., “birth asphyxia”) [5], and complications of prematu-
rity are the major direct causes of neonatal death world-
wide [3]. Malnutrition and low birth weight (LBW)
underlie most of these deaths [6]. Globally, serious neo-
natal infections cause an estimated 36% of neonatal
deaths [3]. In settings with very high mortality (neonatal
mortality rate >45 per 1000 live births), neonatal infec-
tions are estimated to cause 40% to 50% of all neonatal
deaths [3,7]. Neonatal mortality related to infection could
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be substantially reduced by simple, known preventive
interventions before and during pregnancy, labor, and
delivery, and by preventive and curative interventions in
the immediate postnatal period and in the early days of
life [8-12]. This chapter reviews the global burden of
infectious diseases in the newborn, direct and indirect
causes of neonatal mortality attributed to infection, spe-
cific infections of relevance in low-income and middle-
income countries, and strategies to reduce the incidence
of neonatal infection and morbidity and mortality in
infants who do become infected.

GLOBAL BURDEN OF NEONATAL
INFECTIONS

INFECTION AS A CAUSE OF NEONATAL
DEATH

Most infectious-related neonatal deaths are due to bacte-
rial sepsis and meningitis, respiratory infection, neonatal
tetanus, diarrhea, and omphalitis. Neonatal deaths caused
by infection may occur early in the neonatal period, in the
first 7 days of life, and are usually attributable to infection
acquired during the peripartum process. Late neonatal
deaths, occurring from 8 to 28 days of life, are most com-
monly due to acquisition of pathogens from the environ-
ment in which the vulnerable newborn is placed.

In low-income and middle-income countries, because
most births and neonatal deaths occur at home and are not
attended by medical personnel, deaths are underreported,
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and information on cause of death is often incomplete. Very
few published studies worldwide present detailed surveil-
lance data on numbers of births and neonatal deaths and
on probable causes of death. Although hospital-based stud-
ies are important for accurately determining causes of mor-
bidity and mortality, they may not reflect what is happening
in the community, and because of selection bias, they may
not be representative of the population. One review sum-
marized 32 community-based studies that were published
during 1990-2007 [13]. Infection-specific mortality was
found to range from 2.7 per 1000 live births in South Africa
to 38.6 per 1000 live births in Somalia. Overall, 8% to 80%
(median 36.5%, interquartile range 26% to 49%) of all neo-
natal deaths in developing countries were found to be attrib-
utable to infections [13]. Significant data gaps exist,
however, especially from countries with low resources.
There is a need for carefully conducted population-based
studies that assess the number and causes of neonatal deaths
in low-income and middle-income countries.

In the absence of better data, global estimates for
causes of neonatal deaths have been derived through sta-
tistical modeling, extrapolating from evidence available
from several countries at different levels of development
and neonatal mortality rates [14]. According to these esti-
mates, infections are the largest cause of neonatal mortal-
ity, accounting for 36% of all neonatal deaths; sepsis,
pneumonia, and meningitis together account for 26% of
neonatal deaths, whereas tetanus and diarrhea account
for 7% and 3% [3]. This translates to 1.4 million neonatal
deaths from infections, most of which can be averted with
appropriate prevention and management [8,15].

INCIDENCE OF NEONATAL SEPSIS,
BACTEREMIA, AND MENINGITIS
AND ASSOCIATED MORTALITY

Hospital and community-based studies from low-income
and middle-income countries were reviewed to determine
the incidence of neonatal sepsis, bacteremia, and meningi-
tis; the case-fatality rates (CFRs) associated with these
infections; and the spectrum of bacterial pathogens in dif-
ferent regions of the world. Cases reported occurred
among infants born in hospitals or homes, and infants
referred from home or other health facilities. Investiga-
tors reviewed 77 studies from low-income and middle-
income countries [16-91] published during 1980-2009
to evaluate neonatal sepsis and meningitis in different

TABLE 2-1
and Middle-Income Countries

Incidence of Sepsis
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geographic regions. Of these studies, 62 were primarily
reports of neonatal sepsis, and 18 presented data on bac-
terial meningitis. Most studies did not distinguish among
maternally acquired, community-acquired, and nosoco-
mial infections. Table 2-1 summarizes data by region.

In all regions, clinically suspected sepsis was responsible
for a substantial burden of disease, with high CFRs reported
in most studies. Overall, incidence of clinical neonatal sepsis
ranged from 2 to 29.8 per 1000 live births. A carefully con-
ducted population-based surveillance study from Mirzapur,
a rural part of Bangladesh, attempted to capture all births
and all cases of sepsis in a well-defined population through
active, household-level surveillance [41]. The incidence of
clinically suspected neonatal infection was approximately
50 per 1000 live births [41]. Reported CFRs for neonatal
sepsis in the above-mentioned reviewed studies [16-91]
ranged from 1% to 69%. Only six studies reported CFRs
less than 10%, whereas most of the studies reported
sepsis-associated CFRs greater than 30%.

Information on incidence rates of neonatal bacteremia
(sepsis confirmed by isolation of bacteria from the blood)
from developing countries is extremely limited. Berkley
and associates [30] reported a bacteremia rate of 5.5 per
1000 live births in rural Kenya, which is most likely an
underestimate because only infants presenting to their
referral hospital from the surrounding catchment area
were included, and no active case-finding through
community surveillance was conducted. In Mirzapur,
Bangladesh, active population-based, household-level
newborn illness surveillance detected an incidence rate
of bacteremia of 3 per 1000 person-neonatal periods
[41], a rate that is comparable with incidence of early-
onset neonatal sepsis reported in the United States and
incidence of neonatal sepsis reported in Israel [51,92,93].

Fewer studies on neonatal meningitis were available to
evaluate incidence and CFRs by region. The incidence
of neonatal meningitis ranged from 0.33 to 7.3 per 1000
live births (average 1 per 1000 live births), with CFRs
ranging from 13% to 59%.

Using these hospital and community-based rates and
estimates from the United Nations of approximately
122,266,000 births per year in the low-income and
middle-income countries of the world [94], we estimate
that 245,000 to 3,668,000 cases of neonatal sepsis and
40,000 to 900,000 cases of neonatal meningitis occur in
developing countries each year. The range is large
because of the imprecision of available data.

Incidence and Case-Fatality Rate (CFR) for Sepsis and Meningitis from Hospital and Community-Based Studies in Low-Income

Incidence of Meningitis

Region (Cases per 1000 Live Births) CFR (%) (Cases per 1000 Live Births) CFR (%)
India/Pakistan/Southeast Asia/Pacific 2.4-29.8 2-69 0.63-7.3 45
Sub-Saharan Africa 6-22.9 27-56 0.7-1.9 18-59
Middle East/North Africa 1.8-12 13-45 0.33-1.5 16-32
Americas/Caribbean 2-9 1-31 0.4-2.8 13-35

Data updated from Stoll Bf. The global impact of neonatal infection. Clin Perinatol 24:1, 1997.



26 SECTION | General Information

BACTERIAL PATHOGENS ASSOCIATED
WITH INFECTIONS IN DIFFERENT
GEOGRAPHIC REGIONS

Historical reviews from developed countries have shown
that the predominant organisms responsible for neonatal
infections change over time [95,96]. Prospective micro-
biologic surveillance is important to guide empirical
therapy and to identify potential targets for vaccine devel-
opment, to identify new agents of importance for neo-
nates, to recognize epidemics, and to monitor changes
over time. The organisms associated with neonatal infec-
tion are different in different geographic areas, rein-
forcing the need for local microbiologic surveillance.
In areas where blood cultures in sick neonates cannot be
performed, knowledge of the bacterial flora of the mater-
nal genital tract may serve as a surrogate marker for
organisms causing early-onset neonatal sepsis, meningitis,
and pneumonia. Most studies on the causes of neonatal
sepsis and meningitis are hospital reviews that include
data on infants born in hospitals and infants transferred
from home or other facilities.

A more recent review highlighted the scarcity of data
on pathogens associated with neonatal sepsis and menin-
gitis in low-income and middle-income countries [97].
This review found 63 studies published during 1980-
2007 that reported etiologic data from low-income and

middle-income countries [97]. The review also included
findings from the Young Infant Clinical Signs Studies and
community-based data from Karachi. Only 12 of these stud-
ies focused on community-acquired infections. In most of
the remaining studies, it was difficult to determine whether
infections were of maternal origin or were hospital-acquired
or community-acquired. Because of insufficient informa-
tion provided, assumptions of community-acquired infec-
tions were made if this was implied by the study setting.
The possible inclusion of some nosocomial infectons
cannot be ruled out. Also, the infants’ ages at the time of
infection were not always specified. The studies varied in
the detail with which culture methods were presented.

Table 2-2 gives further details about the distribution of
organisms by geographic region. The review found 19
studies that reported etiologic data for the entire neonatal
period. In the aggregated data of these studies, the ratio
of gram-negative to gram-positive organisms was 1.6:1,
and Staphylococcus aureus, Escherichia coli, and Klebsiella spe-
cies collectively caused almost half of all infections. This
pattern was consistent across all regions except Africa,
where gram-positive organisms were predominant owing
to higher frequency of S. aureus, Streptococcus pneumoniae,
and Streptococcus pyogenes.

The etiology of early-onset neonatal sepsis in low-
income and middle-income countries was presented in

44 facility-based studies. One fourth of all episodes of

TABLE 2-2 Etiology of Community-Acquired Neonatal Sepsis in Low-Income and Middle-Income Countries by Region

East Asia and Middle East and South All

Africa Pacific Central Asia Asia Regions
Organism Isolated No. % No. % No. % No. % No. %
Total 1058 100 915 100 256 100 365 100 2594 100
Staphylococcus aureus 112 10.6 146 16.0 51 19.9 36 9.9 345 13.3
Streptococcus pyogenes 71 6.7 8 0.9 2 0.8 3 0.8 84 3.2
Group B streptococci 161 15.2 2 0.2 20 7.8 26 7.1 209 8.1
Group D streptococci or Enterococcus 4 0.4 — — 13 5.1 22 6.0 39 1.5
Group G streptococci 1 0.1 1 0.1 — — — — 2 0.1
Streptococcus pneumoniae 129 12.2 4 0.4 7 2.7 7 1.9 147 5.7
Other Streprococcus species or unspecified 3 0.3 40 44 1 0.4 43 11.8 87 3.4
Other gram-positive organisms 72 6.8 — — — — 2 0.6 74 2.9
All gram-positive organisms 553 523 201 22.0 94 36.7 139 38.1 987 38.1
Klebsiella species 82 7.8 134 14.6 49 19.1 85 233 350 13.5
Escherichia coli 94 8.9 237 26.0 68 26.6 44 12.1 443 17.1
Pseudomonas species 7 0.7 134 14.6 8 3.1 37 10.1 186 7.2
Enterobacter species 3 0.3 52 5.7 8 3.1 15 4.1 78 3.0
Serratia species — — 39 4.3 2 0.8 — — 41 1.6
Proteus species 5 0.5 — — 7 2.7 1 0.3 13 0.5
Salmonella species 118 11.2 4 0.4 — — 2 0.6 124 4.8
Citrobacter species — — — — — — 4 1.1 4 0.2
Haemophilus influenzae 12 1.1 1 0.1 2 0.8 1 0.3 16 0.6
Neisseria meningitidis 11 1.0 — — 3 1.2 — — 14 0.5
Acinetobacter species — — 94 10.3 2 0.8 13 3.6 109 4.2
Other gram-negative organisms 132 12.5 19 2.1 1 0.4 20 5.5 172 6.6
All gram-negative organisms 464 439 714 78.0 150 58.6 222 60.8 1550 59.8
Other organisms 41 3.9 — — 12 4.7 4 1.1 57 2.2

Adapted from Zaidi AK, et al. Pediatr Infect Dis J 28(1 Suppl):S10-S18, 2009.



early-onset neonatal sepsis were caused by Klebsiella spe-
cies, 15% were caused by E. coli, 18% were caused by
S. aureus, 7% were caused by group B streptococci
(GBS), and 12% were caused collectively by Acinerobacter
species and Pseudomonas species The overall ratio of
gram-negative organisms to gram-positive organisms
was 2:1. In African countries, the ratio of gram-positive
organisms to gram-negative organisms was equal, how-
ever, with a larger proportion of infections caused by
S. aureus and GBS. Pseudomonas species and Acinetobacter
species were found to be more common in East Asia,
Pacific, and South Asian countries. S. gureus was uncom-
mon in East Asia and Latin America compared with other
regions.

The review also found 11 studies that reported etio-
logic data on community-acquired infections occurring
between 7 and 59 days of life. Almost half of the isolates
in this age group were from the large World Health
Organization (WHO)-sponsored multicenter Young
Infant Study conducted in the early 1990s in four devel-
oping countries: Ethiopia, The Gambia, Papua New
Guinea, and the Philippines [71,98-104]. The ratio of
gram-negative to gram-positive organisms in this group
was 0.8:1, with higher proportions of Salmonella species,
Huaemophilus influenzae, S. pneumoniae, and S. pyogenes
compared with the first week of life [97].

Although data are limited, studies involving home-
delivered infants or infants from maternity hospitals and
rural referral hospitals found gram-negative organisms
to be more than three times as common as gram-positive
organisms (ratio of 3:1 among home births, 3.5:1 among
rural referral hospitals) [97]. Three gram-negative bacteria
(E. coli, Klebsielln species, and Pseudomonas species)
accounted for 43% to 64% of all infections, and gram-
positive S. aureus accounted for 8% to 21% of all
infections. Among infants born at home, gram-negative
organisms were responsible for 77% of all neonatal infec-
tions. In Mirzapur, Bangladesh, among home-born
newborns identified through population-based household
surveillance, half of all culture-proven episodes of sus-
pected sepsis were due to gram-negative organisms,
including Klebsiella species, Pseudomonas species, Acineto-
bacter species, and Enterobacter species. Among gram-
positive cultures, S. aureus was the most common isolate,
responsible for one third of all positive cultures [41].

INCIDENCE OF GROUP B STREPTOCOCCAL
COLONIZATION AND INFECTION

The spectrum of organisms presented in this review differs
from what is known from developed countries. Although
GBS remains the most important bacterial pathogen asso-
ciated with early-onset neonatal sepsis and meningitis in
many developed countries (especially among term infants)
[105], studies from developing countries present a different
picture. The most striking finding in the review was
the significantly lower rates of GBS sepsis in South Asia,
Central Asia, East Asia, Middle East, and the Pacific, in
contrast to the relatively high rate reported from Africa
(Table 2-2).

It is unclear why neonates in many low-income and
middle-income countries are rarely infected with GBS.
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The most important risk factor for invasive GBS disease
in the neonate is exposure to the organism via the
mother’s genital tract. Other known risk factors include
young maternal age, preterm birth, prolonged rupture of
the membranes, maternal chorioamnionitis, exposure to
a high inoculum of a virulent GBS strain, and a low
maternal serum concentration of antibody to the capsular
polysaccharide of the colonizing GBS strain [106]. In the
United States, differences in GBS colonization rates have
been identified among women of different ethnic groups
that seem to correlate with infection in newborns.

In an attempt to understand the low rates of invasive
GBS disease reported among neonates in many low-
income and middle-income countries, Stoll and Schuchat
[107] reviewed 34 studies published during 1980-1998
that evaluated GBS colonization rates in women. These
studies reported culture results from 7730 women, with
an overall colonization rate of 12.7%. Studies that used
culture methods that were judged to be appropriate found
significantly higher colonization rates than the studies
that used inadequate methods (675 of 3801 women
[17.8%] versus 308 of 3929 women [7.8%]). When ana-
lyses were restricted to studies with adequate methods,
the prevalence of colonization by region was Middle
East/North Africa, 22%; Asia/Pacific, 19%; sub-Saharan
Africa, 19%; India/Pakistan, 12%; and Americas, 14%.

The distribution of GBS serotypes varied among studies.
GBS serotype 111, the most frequently identified invasive
serotype in the West, was identified in all studies reviewed
and was the most frequently identified serotype in one half
of the studies. GBS serotype V, which has been recognized
only more recently as a cause of invasive disease in deve-
loped countries [108], was identified in studies from Peru
[109] and The Gambia [110]. Monitoring serotype distri-
bution is important because candidate GBS vaccines are
considered for areas with high rates of disease.

With estimated GBS colonization rates among women
in low-income and middle-income countries of about
18%, higher rates of invasive neonatal disease than have
been reported would be expected. Low rates of invasive
GBS disease in some low-income and middle-income
countries may be due to lower virulence of strains, genetic
differences in susceptibility to disease, as-yet unidentified
beneficial cultural practices, or high concentrations of
transplacentally acquired protective antibody in serum
(i.e., a mother may be colonized, but have protective
concentrations of type-specific GBS antibody).

In low-income and middle-income countries, where
most deliveries occur at home, infants with early-onset sep-
sis often get sick and die at home or are taken to local
health care facilities, where a diagnosis of possible sepsis
may be missed, or where blood cultures cannot be per-
formed. In these settings, there may be underdiagnosis of
infection by early-onset pathogens, including GBS. In the
WHO Young Infants Study [98], 1673 infants were evalu-
ated in the first month of life; only 2 had cultures positive
for GBS. The absence of GBS in this study cannot be
explained by the evaluation of insufficient numbers of sick
neonates (360 of the 1673 infants were <1 week of age).

Increasing evidence suggests that heavy colonization
with GBS increases the risk of delivering a preterm infant
with LBW [111]. Population differences in the prevalence
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of heavy GBS colonization have been reported in the
United States, where African Americans have a signifi-
cantly higher risk of heavy colonization. If heavy coloni-
zation is more prevalent among women in low-income
and middle-income countries and results in an increase
in numbers of preterm infants with LBW, GBS-related
morbidity may appear as illness and death related to pre-
maturity. By contrast, heavy colonization could increase
maternal type-specific GBS antibody concentrations,
resulting in lower risk of neonatal disease. Further studies
in low-income and middle-income countries are needed
to explore these important issues.

ANTIMICROBIAL RESISTANCE IN NEONATAL
PATHOGENS

Increasing rates of resistance to antimicrobial agents among
common pathogens involved in neonatal infections are
being observed in low-income and middle-income countries
[112]. Very limited published information is available, how-
ever, on antimicrobial resistance patterns among neonatal
pathogens from community settings where a large propor-
tion of births take place at home. A review identified only
10 studies during 1990-2007, including 2 unpublished, that
contributed resistance data from community settings in
low-income and middle-income countries, primarily
regarding Klebsiella species, E. coli, and S. aureus [112]. Com-
pared with data from hospital settings, resistance rates were
lower in community-acquired infections. Greater than 70%
of isolates of E. coli were resistant to ampicillin, and 13%
were resistant to gentamicin. All Klebsiella species were resis-
tant to ampicillin, and 60% were resistant to gentamicin
[112]. Resistance to third-generation cephalosporins was
uncommon, and methicillin-resistant S. aureus occurred
rarely [112]. Additional data on antimicrobial resistance pat-
terns of neonatal pathogens encountered in home-delivered
infants are needed to develop evidence-based guidelines for
management.

By contrast, a wealth of data from hospitals from low-
income and middle-income countries show alarming anti-
microbial resistance rates among neonatal pathogens in
hospital nurseries. A large review showed that more than
70% of neonatal isolates from hospitals of low-income
and middle-income countries were resistant to ampicillin
and gentamicin—the recommended regimen for the man-
agement of neonatal sepsis [113,114]. Resistance was also
documented against expensive second-line and third-line
agents; 46% of E. coli and 51% of Klebsiella species were
found to be resistant to the third-generation cephalo-
sporin, cefotaxime [114]. Equally disturbing was the high
prevalence of methicillin-resistant S. aureus isolates, espe-
cially in South Asia, where it constituted 56% of all iso-
lates [114]. Also, pan-resistant Acinetobacter species
infections are widely reported [115,116]. In these settings
with constrained resources, many of these multidrug-
resistant pathogens are untreatable.

NOSOCOMIAL INFECTIONS

Hospitals in low-income and middle-income countries
are ill-equipped to provide hygienic care to vulnerable
newborn infants. A review of the rates of neonatal

infections among hospital-born infants in low-income
and middle-income countries found the rates to be 3 to
20 times higher than observed in industrialized countries
[114]. A high proportion of infections in the early neo-
natal period were due to Klebsiella species, Pseudomonas
species, and S. aureus, rather than organisms typically
associated with the maternal birth canal, suggesting
acquisition from the hospital environmental, rather than
the mother [114]. Overall, gram-negative rods were found
to be predominant, constituting 60% of all positive cul-
tures from newborns. Klebsiella species were found to be
the major pathogens, present in 23% of cases, followed
by S. aureus (16.3%) and E. coli (12.2%) [114].

High nosocomial infection rates observed among
hospital-born infants in low-income and middle-income
countries are attributable to lack of aseptic delivery and
hand hygiene; lack of essential supplies such as running
water, soap, and gloves; equipment shortages; lack of ster-
ilization facilities; lack of knowledge and training regard-
ing adequate sterilization; overcrowded and understaffed
health facilities, and inappropriate and prolonged use of
antibiotics [114].

HOSPITAL INFECTION CONTROL

Lack of attention to infection control increases the
newborn’s risk of acquiring a nosocomial pathogen from
the hospital environment [114]. Urgent attention to
improving infection control practices in hospitals that
care for mothers and newborns is required if survival
gains from promoting institutional delivery are to be fully
realized. Several cost-effective strategies to reduce infec-
tion transmission in hospitals of low-income and
middle-income countries have been discussed in a review
of hospital-acquired neonatal infections [114].

Hand hygiene remains the most important infection
control practice. In many low-income and middle-
income countries, hospital delivery wards and nurseries
lack sinks and running water, however. For such settings,
alcohol-based hand rubs are an attractive option. Several
studies have shown the efficacy of use of hand rubs by
hospital staff in reducing rates of colonization and infec-
tion among neonates [117,118]. Although commercially
available alcohol-based hand gels are expensive, costs
may be offset by significant reduction in nosocomial
infections. Also, low-cost solutions can be prepared by
hospital pharmacies by combining 20 mL of glycerine,
sorbitol, glycol, or propylene with 980 mL of greater
than 70% isopropanol [114]. Addition of 0.5% chlorhex-
idine prolongs the bactericidal effect, but increases
expense [114].

Aseptic technique during intrapartum care for the
mother and sterile cord cutting are other important areas
of intervention. Reducing the number of vaginal examina-
tions reduces the risk of chorioamnionitis. A systematic
review of the use of vaginal chlorhexidine treatment
included two large, nonrandomized, nonblinded hospital-
based trials from Malawi and Egypt that reported neo-
natal outcomes [119-121]. Both trials found that the
use of 0.25% chlorhexidine wipes during vaginal exami-
nations and application of another wipe for the neonate
soon after birth significantly reduced early neonatal



deaths (in Egypt, 2.8% versus 4.2% in intervention ver-
sus control groups, P = .01) and neonatal mortality
caused by infections (in Malawi, odds ratio 0.5, 95%
confidence interval [CI] 0.29-0.88; in Egypt, 0.22% ver-
sus 0.84% in intervention versus control groups, P =
.004) [122,123]. A hospital-based trial from South Africa
found no impact, however, of maternal vaginal and new-
born skin cleansing with chlorhexidine on rates of neo-
natal sepsis or the vertical acquisition of potentially
pathogenic bacteria among neonates [124].

Topical application of emollients that serve to augment
the barrier for invasion of pathogenic microbes through
immature skin of premature infants has also shown prom-
ise. Daily applications of sunflower seed oil in very pre-
mature infants hospitalized in Bangladesh and Egypt
have been shown to reduce nosocomial infections and
mortality [125-127].

Appropriate measures are also needed to address infec-
tion transmission that may occur through reuse of critical
items that come into contact with sterile body sites,
mucous membranes, or broken skin. Improper steriliza-
tion and defective reprocessing of these items has been
associated with higher rates of Pseudomonas infections in
a study from Indonesia [128]. A study from Mexico iden-
tified several faults in the reprocessing chain, such as
inadequate monitoring of sterilization standards and use
of inappropriate sterilization agents [129].

Fluid reservoirs such as those used in suctioning and
respiratory care can also be a source of infection in critical
care areas. Targeted respiratory tract care with focused
education campaigns has been found to be effective in
reducing infection rates in developing countries [130].
In the face of outbreaks, point sources of contamination,
such as intravenous fluids and medications, must be inves-
tigated and eliminated. Systematic reviews have found no
evidence of the benefit of routine gowning by health
personnel or infant attendants in hospital nurseries [131].

Several studies have also examined the impact of “bun-
dled” or packaged interventions in controlling hospital-
acquired infections among children in developing
countries. These packages include several infection con-
trol interventions such as use of alcohol-based hand rubs,
bedside checklists to monitor adequate infection control
practices, appropriate antibiotic use policies, simple algo-
rithms for effective treatment of neonatal sepsis, decreas-
ing the degree of crowding in wards, increase in the
number of infection control nurses, and establishing
guidelines for appropriate handling of intravenous cathe-
ters and solutions. Although the results from these studies
have varied in the degree of success, they all have reported
decreases in nosocomial infections through implementa-
tion of such interventions [132].

NEONATAL INFECTIONS
ACUTE RESPIRATORY INFECTIONS

Onset of pneumonia in neonates may be early (acquired
during birth from organisms that colonize or infect the
maternal genital tract) or late (acquired later from organ-
isms in the hospital, home, or community). Although only
a few studies of the bacterlology of neonatal pneumonia
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have been performed, the findings suggest that organisms
causing disease are similar to organisms that cause neona-
tal sepsis [133,134]. The role of viruses in neonatal pneu-
monia, especially in low-income and middle-income
countries, is unclear. More recent studies from developed
countries suggest that viruses, including respiratory syn-
cytial virus, parainfluenza viruses, adenoviruses, and influ-
enza viruses, contribute to respiratory morbidity and
mortality, especially during epidemic periods [135,136].
Maternal influenza vaccination during pregnancy in
Bangladesh reduced febrile respiratory illnesses in their
young infants by one third compared with infants of
mothers not receiving influenza vaccine, suggesting an
important role for influenza viruses in neonatal acute
respiratory infections (ARIs) [137].

Because of similarities in presentation, pneumonia in
neonates is very difficult to differentiate from neonatal
sepsis or meningitis, and all three diseases are often
grouped under one category and treated similarly. Assess-
ing the true burden of neonatal respiratory infections is
very difficult. In a review of the magnitude of mortality
from ARI in low-income and middle-income countries,
Garenne and coworkers [138] estimated that 21% of all
ARI deaths in children younger than 5 years occur in
the neonatal period (1254 of 6041 ARI deaths in 12
countries). In a carefully conducted community-based
study in rural India published in 1993, Bang and associ-
ates [139] determined that 66% of ARI deaths in the first
year of life occurred in the neonatal period.

It is difficult to determine the incidence of neonatal
ARIs in low-income and middle-income countries
because many sick neonates are never referred for medical
care. In a large community-based study of ARIs in
Bangladeshi children, the highest incidence of ARIs was
in children younger than 5 months of age [137]. In the
study by Bang and associates [139], there were 64 cases of
pneumonia among 3100 children (incidence of 21 per
1000), but this finding underestimates the true incidence
because it was known that many neonates were never
brought for care. A community-based study conducted
by English and colleagues [47] in Kenya found the inci-
dence of pneumonia to be 81 per 1000 for children
younger than 2 months. The risk of pneumonia and of
ARI-related death increases in infants who have LBW or
are malnourished and in infants who are not breast-fed
[140,141]. In a study of infants with LBW in India [142]
in which infants were visited weekly and mothers queried
about disease, there were 61 episodes of moderate to severe
ARI among 211 infants with LBW and 125 episodes
among 448 infants with normal birth weight. Although
33% of episodes of ARI occurred in infants with LBW,
79% of the deaths occurred in this weight group.

Management of pneumonia in neonates follows the
same principles as management of neonatal sepsis
because the presentation is difficult to distinguish clini-
cally from sepsis. A respiratory rate greater than 60/min
in an infant younger than 2 months has been proposed
as a sensitive sign of serious illness and possible pneumo-
nia by WHO, but concerns about low specificity second-
ary to conditions such as transient tachypnea of the
newborn and upper respiratory infections remain to be

addressed [143].
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DIARRHEA

Although diarrheal diseases are important killers of
infants younger than 1 year, most deaths resulting from
diarrhea during infancy occur in infants 6 to 12 months
old [144,145]. Worldwide, only 3% of deaths in the
neonatal period are attributed to diarrhea [3]. The high
prevalence of breast-feeding in the first month of life in
low-income and middle-income countries most likely
protects breast-fed newborns from diarrhea [146,147].

Huilan and associates [148] studied the agents asso-
ciated with diarrhea in children from birth to 35 months
of age from five hospitals in China, India, Mexico,
Myanmar, and Pakistan. The investigators studied 3640
cases of diarrhea, 28% of which occurred in infants youn-
ger than 6 months. Data on the detection of rotavirus,
enterotoxigenic E. coli, and Campylobacter species were
provided by age. Of these agents, 5% of isolates (17 of
323) were from neonates. Some studies report high diar-
rhea rates in the neonatal period, however. Black and col-
leagues [149] performed community studies of diarrheal
epidemiology and etiology in a periurban community in
Peru. The incidence of diarrhea was 9.8 episodes per
child in the first year of life and did not differ significantly
by month of age (0.64 to 1 episode per child-month).
Mahmud and colleagues [150] prospectively followed a
cohort of 1476 Pakistani newborns from four different
communities. Of infants evaluated in the first month of
life, 18% (180 of 1028) had diarrhea.

Although most infants in low-income and middle-
income countries are born at home, infants born in hospi-
tals are at risk for nosocomial diarrheal infections. Aye
and coworkers [151] studied diarrheal morbidity in neo-
nates born at the largest maternity hospital in Rangoon,
Myanmar. Diarrhea was a significant problem, with rates
of 7 cases per 1000 live births for infants born vaginally
and 50 per 1000 for infants delivered by cesarean section.
The difference in diarrhea rates was attributed to the fol-
lowing: Infants born by cesarean section remained hospi-
talized longer, were handled more by staff members and
less by their own mothers, and were less likely to be
exclusively breast-fed.

Rotavirus is one of the most important causes of diar-
rhea among infants and children worldwide, occurring
most commonly in infants 3 months to 2 years. In low-
income and middle-income countries, most rotavirus
infections occur early in infancy [152,153]. There are
few reports of rotavirus diarrhea in newborns [154].
In most cases, neonatal infection seems to be asymptom-
atic, and neonatal infection may protect against severe
diarrhea in subsequent infections [155-157]. Neonates
are generally infected with unusual rotavirus strains that
may be less virulent and may serve as natural immunogens
[158]. Exposure to the asymptomatic rotavirus 1321 strain
in particular has been shown to confer protection against
symptomatic diarrheal episodes caused by rotavirus
among neonates [159].

Infection among neonates may be more common, how-
ever, than was previously thought. Cicirello and associates
[158] screened 169 newborns at six hospitals in Delhi,
India, and found a rotavirus prevalence of 26%. Preva-
lence increased directly with length of hospital stay.

More recently, Ramani and colleagues [160] found the
prevalence of rotavirus among neonates with gastrointes-
tinal symptoms to be 55% in a tertiary hospital in south
India. The high prevalence of neonatal infections in India
(and perhaps in other countries with low resources) could
lead to priming of the immune system and have implica-
tions for vaccine efficacy. Several community-based stud-
ies reviewed earlier presented data on diarrhea as a cause
of neonatal death [161-170]. In these studies, diarrhea
was responsible for 1% to 12% of all neonatal deaths.
In 9 of the 10 studies, 70 of 2673 neonatal deaths (3%)
were attributed to diarrhea. Although diarrhea is more
common in infants after 6 months of age, it is a problem
in terms of morbidity and mortality for neonates in low-
income and middle-income countries.

OMPHALITIS

In low-income and middle-income countries, aseptic
delivery techniques and hygienic cord care have markedly
decreased the occurrence of omphalitis, or umbilical
infection. Prompt diagnosis and antimicrobial therapy
have decreased morbidity and mortality in cases of
omphalitis. Omphalitis continues to be an important
problem, however, where clean delivery and hygienic cord
care practices remain a challenge, particularly among the
world’s 60 million home births, which account for nearly
half of all births, and for many facility-based births in set-
tings with low resources [171,172]. The necrotic tissue of
the umbilical cord is an excellent medium for bacterial
growth. The umbilical stump is rapidly colonized by
bacteria from the maternal genital tract and from the
environment. This colonized necrotic tissue, in close
proximity to umbilical vessels, provides microbial patho-
gens with direct access to the bloodstream. Invasion of
pathogens via the umbilicus may occur with or without
the presence of signs of omphalitis, such as redness, pus
discharge, swelling, or foul odor [173,174].

Omphalitis is associated with increased risk of mortality
[175]. Omphalitis may remain a localized infection or may
spread to the abdominal wall, the peritoneum, the umbil-
ical or portal vessels, or the liver. Infants who present
with abdominal wall cellulitis or necrotizing fasciitis have
a high incidence of associated bacteremia (often poly-
microbial) and a high mortality rate [172,176,177].

Limited data are available on risk factors and incidence
of umbilical infections from low-income and middle-
income countries, especially from community settings
[169,171,178-183]. Overall, incidence of omphalitis in
hospital-based studies has ranged from 2 to 77 per 1000
hospital-born infants, with CFR ranging from 0% to
15%. Mullany and colleagues [174] defined clinical algo-
rithms for identification of umbilical infections and
reported a 15% incidence of mild omphalitis, defined as
the presence of moderate redness (<2 cm extension of
redness onto the abdominal skin at the base of the cord
stump), and a 1% incidence of severe omphalitis, defined
as severe redness with pus, among 15,123 newborn infants
identified in rural Nepal through community-based
household surveillance [173,178].

A key risk factor for development of omphalitis in the
community included topical applications of potentially



unclean substances (e.g., mustard oil). Hand washing with
the soap in the clean delivery kit by the birth attendant
before assisting with the delivery, consistent hand wash-
ing by the mother, and the practice of skin-to-skin care
reduced the risk of omphalitis. In Pemba, Tanzania,
9550 cord assessments in 1653 infants identified an
omphalitis rate of 1%, based on a definition of moderate
to severe redness with pus discharge, to 12%, based on
the presence of pus and foul odor [171].

Microbiologic data on causes of omphalitis are particu-
larly lacking. Giiveng and associates [182] identified 88
newborns with omphalitis at a university hospital in east-
ern Turkey over a 2-year period. Gram-positive organ-
isms were isolated from 68% of umbilical cultures,
gram-negative organisms were isolated from 60%, and
multiple organisms were cultured in 28% of patients.
Airede [179] studied 33 Nigerian neonates with omphali-
tis. Aerobic bacteria were isolated from 70%, and anaero-
bic bacteria were isolated from 30%. Of the aerobic
isolates, 60% were gram-positive organisms, and polymi-
crobial isolates were common. Faridi and colleagues [181]
in India identified gram-negative organisms more fre-
quently than gram-positive organisms (57% versus
43%), but S. aureus was the most frequent isolate (28%).
In a study from Papua New Guinea, umbilical cultures
were performed in 116 young infants with signs sugges-
tive of omphalitis. The most frequently isolated organ-
isms were group A P-hemolytic streptococci (44%),
S. aureus (39%), Klebsiella species (17%), E. coli (17%),
and Proteus mirabilis (16%) [102]. In infants with ompha-
litis and bacteremia, S. aureus, group A B-hemolytic strep-
tococci, and Klebsiella pneumoniae were isolated from both
sites. In Thailand, postdischarge follow-up cultures from
180 newborns yielded a positive culture in all cases, most
commonly for Klebsiella species (60%), E. coli (37%),
Enterobacter species (32%), and S. aureus [184]. In Oman,
cultures from 207 newborns with signs of omphalitis
yielded a positive culture in 191 cases; 57% were positive
for S. aureus, 14% were positive for E. coli, and 10% were
positive for Klebsiella species [185]. Community-based
data on etiology of omphalitis in low-income and
middle-income countries are lacking.

The method of caring for the umbilical cord after birth
affects bacterial colonization, time to cord separation, and
risk for infection and mortality [186-188]. Hygienic
delivery and postnatal care practices, including hand
washing and clean cord care, are important interventions
to reduce risk of omphalitis and death [10,188]. Clean
birth kits, which package together items such as a sterile
blade, sterile cord tie, and soap, are promoted in many
settings, especially for home births, although evidence
for impact of birth kits on reducing rates of omphalitis
and neonatal mortality is limited [189-194]. WHO cur-
rently recommends the practice of clean cord care,
although it is acknowledged that antiseptics might benefit
infants in settings where harmful substances are tradition-
ally applied [195].

There is little evidence for optimal cord care practices
to prevent cord infections and mortality in the commu-
nity, although it is generally agreed that application of
antimicrobial agents to the umbilical cord reduces bacte-
rial colonization [188]. The effect of such agents on
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reducing infection is less clear [120,121,186,188]. During
a study of pregnancy in a rural area of Papua New
Guinea, Garner and colleagues [196] detected a high
prevalence of neonatal fever and umbilical infection,
which were associated with the subsequent development
of neonatal sepsis. They designed an intervention pro-
gram for umbilical cord care that included maternal
health education and umbilical care packs containing acri-
flavine spirit and new razor blades. Neonatal sepsis was
significantly less frequent in the intervention group.
More recently, Mullany and associates [173] showed a
75% reduction (95% CI 47% to 88%) in severe umbilical
cord infections and a 24% reduction (95% CI —4% to
55%) in all-cause neonatal mortality in a large (N =
15,123) community-based trial of 4% chlorhexidine cord
cleansing, applied once daily for 8 of the first 10 days of
life, compared with dry cord care. In infants enrolled
within the first 24 hours of life, mortality was significantly
reduced by 34% (95% CI 5% to 54%) in the chlorhexi-
dine cord cleansing group. In a third study arm, soap
and water did not reduce infection or mortality risk com-
pared with dry cord care. Chlorhexidine treatment
delayed cord separation by about 1 day; however, this
was not associated with increased risk of omphalitis
[197]. Data are awaited from additional studies of the
impact of chlorhexidine cord cleansing on neonatal mor-
tality from Pakistan, Bangladesh, Zambia, and Tanzania.

TETANUS

Neonatal tetanus, caused by Clostridium tetani, is an
underreported “silent” illness. Because it attacks new-
borns in the poorest countries of the world in the first
few days of life, often while they are stll confined to
home, because it has a high and rapid CFR (85%
untreated) [198], and because the newborns have poor
access to medical care, the disease may go unrecognized
[199-201]. The surveillance case definition of neonatal
tetanus is straightforward—the ability of a newborn to
suck at birth and for the first few days of life, followed
by inability to suck starting between 3 and 10 days of
age, spasms, stiffness, convulsions, and death [14].

Neonatal tetanus is a completely preventable disease.
It can be prevented by immunizing the mother before or
during pregnancy or by ensuring a clean delivery, clean
cutting of the umbilical cord, and proper care of the cord
in the days after birth [10]. Clean delivery practices have
additional benefits, including prevention of other mater-
nal and neonatal infections in addition to tetanus.
Tetanus threatens mothers and infants, and tetanus-
related mortality is a complication of induced abortion
and childbirth in unimmunized women [202]. Immuniza-
tion of women with at least three doses of tetanus toxoid
vaccine provides complete prevention against maternal
and neonatal tetanus.

The Maternal and Neonatal Tetanus Elimination
Initiative of United Nations Children’s Fund (UNICEF),
WHO, United Nations Population Fund, and other part-
ners, established in 1999, has led to the vaccination
of more than 90 million women of childbearing age
against tetanus, either through vaccination campaigns or
during routine antenatal care visits. During 2000-2009,
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14 countries and 15 states in India eliminated tetanus.
In 2008, 81 million doses of tetanus vaccine were admin-
istered to mothers through routine antenatal care. An
estimated 74% of women of childbearing age in develop-
ing countries are now adequately protected from tetanus,
associated with marked and rapid declines in global
deaths attributed to tetanus, from an estimated 787,000
in 1988 to 215,000 in 1999 and 128,000 in 2004 [203].
Progress continues, although the elimination of maternal
and neonatal tetanus remains a global goal.

OPHTHALMIA NEONATORUM

Ophthalmia neonatorum, defined as purulent conjunctivi-
tis in the first 28 days of life, remains a common problem
in many low-income and middle-income countries. The
risk of infection in the neonate is directly related to the
prevalence of maternal infection and the frequency of
ocular prophylaxis. Infants born in areas of the world with
high rates of sexually transmitted diseases (STDs) are at
greatest risk.

Data on incidence and bacteriologic spectrum from
specific countries are limited. Although a wide array of
agents are cultured from infants with ophthalmia neona-
torum [204-206], Neisseria gonorrboeae (the gonococcus)
and Chlamydia trachomatis are the most important etio-
logic agents from a global perspective [205,207-212]
and share similar mechanisms of pathogenesis. Infection
is acquired from an infected mother during passage
through the birth canal or through an ascending route.
Infection caused by one agent cannot be distinguished
from infection caused by another agent by clinical exami-
nation; both produce a purulent conjunctivitis. Gonococ-
cal ophthalmia may appear earlier, however, and is
typically more severe than chlamydial conjunctivitis.
Untreated gonococcal conjunctivitis may lead to corneal
scarring and blindness, whereas the risk of severe ocular
damage is low with chlamydial infection. Without ocular
prophylaxis, ophthalmia neonatorum develops in 30% to
42% of infants born to mothers with untreated N. gonor-
rhoeae infection [208,210,211] and in approximately 30%
of infants exposed to Chlamydia [210].

A 5-year study from Iran showed S. aureus to be the
major organism responsible for ophthalmia neonatorum
[213]. Similar predominance of S. awreus has been
reported from Argentina and Hong Kong [214,215].
The reasons for these differences in etiology are not well
understood, and data from countries with the lowest
resources are unavailable.

Strategies to prevent or ameliorate ocular morbidity
related to ophthalmia neonatorum include (1) primary
prevention of STDs, (2) antenatal screening for and treat-
ment of STDs (particularly gonorrhea and Chlamydia
infection), (3) eye prophylaxis at birth, and (4) early diag-
nosis and treatment of ophthalmia neonatorum [211]. For
developing countries, eye prophylaxis soon after birth is
the most cost-effective and feasible strategy in settings
where STD rates are high. Eye prophylaxis is used pri-
marily to prevent gonococcal ophthalmia. Primary pre-
vention of STDs in low-income and middle-income
countries is limited, although promotion of condom use
has been successful in reducing STDs in some countries

[216,217]. Screening women at prenatal and STD clinics
and treating based on a syndromic approach (i.e., treat
for possible infections in all women with vaginal dis-
charge without laboratory confirmation) is cost-effective,
but may lead to overtreatment of uninfected women and
missed cases.

Eye prophylaxis consists of cleaning the eyelids and
instilling an antimicrobial agent into the eyes as soon after
birth as possible. The agent should be placed directly into
the conjunctival sac (using clean hands), and the eyes
should not be flushed after instillation. Infants born vagi-
nally and by cesarean section should receive prophylaxis.
Although no agent is 100% effective at preventing dis-
ease, the use of 1% silver nitrate solution (introduced by
Credé in 1881) [218] dramatically reduced the incidence
of ophthalmia neonatorum. This inexpensive agent is still
widely used in many parts of the world. The major prob-
lems with silver nitrate are that it may cause chemical
conjunctivitis in 50% of infants, and it has limited antimi-
crobial activity against Chlamydia [211,219,220]. In low-
income and middle-income countries where heat and
improper storage may be a problem, evaporation and con-
centration are particular concerns. Although 1% tetra-
cycline and 0.5% erythromycin ointments are commonly
used and are as effective as silver nitrate for the preven-
tion of gonococcal conjunctivitis, these agents are more
expensive and unavailable in many parts of the world.
Silver nitrate seems to be a better prophylactic agent in
areas where penicillinase-producing N. gonorrhoeae is a
problem [221].

The ideal prophylactic agent for settings with low
resources would have a broad antimicrobial spectrum
and be available and affordable. Povidone-iodine is an
inexpensive, nontoxic topical agent that is potentally
widely available. More recent studies suggest that it may
be useful in preventing ophthalmia neonatorum. A pro-
spective masked, controlled trial of ocular prophylaxis
using 2.5% povidone-iodine solution, 1% silver nitrate
solution, or 0.5% erythromycin ointment was conducted
in Kenya [222]. Of 3117 neonates randomly assigned,
13.1% in the povidone-iodine group versus 15.2% in
the erythromycin group and 17.5% in the silver nitrate
group developed infectious conjunctivitis (P < .01). The
high rates of infection in this study despite ocular
prophylaxis are striking. Although there was no signifi-
cant difference among agents in prevention of gonococcal
ophthalmia (<1% for each agent), povidone-iodine was
most effective in preventing chlamydial conjunctivitis.
A 2003 study by the same group compared prophylaxis
with 1 drop and with 2 drops of the povidone-iodine
solution instilled in both eyes at birth in 719 Kenyan neo-
nates. No cases of N. gomorrhoese infection were identi-
fied. Double application did not change the rates of
infection with C. trachomatis (4.2% and 3.9%) [223].

Although the antimicrobial spectrum of povidone-
iodine is wider than that of the other topical agents
[224], and antibacterial resistance has not been shown
[156], published data on the efficacy of povidone-iodine
against penicillinase-producing N. gomorrhoeae are not
yet available. A solution of 2.5% povidone-iodine might
also be useful as an antimicrobial agent for cord care—
of relevance in the prevention of omphalitis (see earlier).



Another trial in Iran compared the efficacy of topical
povidone-iodine with erythromycin as prophylactic
agents for ophthalmia neonatorum compared with no
prophylaxis [225]. Among 330 infants studied, ophthalmia
neonatorum developed in 9% of neonates receiving
povidone-iodine versus 18% of neonates receiving eryth-
romycin and 22% of neonates receiving no prophylaxis.
Further studies are needed to establish the safety and
efficacy of povidone-iodine in low-income and middle-
income countries.

The frequency of practice of ocular prophylaxis in low-
income and middle-income countries is unknown. In con-
sideration of the high rates of STDs among pregnant
women in many countries with low resources, eye pro-
phylaxis is an important blindness prevention strategy.
For infants born at home, a single dose of antimicrobial
agent for ocular prophylaxis could be added to birth kits
and potentially distributed to trained birth attendants
during antenatal care, although more information about
the feasibility and acceptability of this approach is needed.
The strategy of ocular prophylaxis is more cost-effective
than early diagnosis and appropriate treatment. In areas
of the world in which access to medical care is limited,
and effective drugs are scarce or unavailable, it may be
the only viable strategy.

No prevention strategy is 100% effective. Even with
prophylaxis, 5% to 10% of infants develop ophthalmia.
All infants with ophthalmia must be given appropriate
treatment, even if they received prophylaxis at birth.
A single dose of either ceftriaxone (25 to 50 mg/kg intra-
venously or intramuscularly, not to exceed 125 mg) or
cefotaxime (100 mg/kg intravenously or intramuscularly)
is effective therapy for gonococcal ophthalmia caused
by penicillinase-producing N. gonorrhoese and non—
penicillinase-producing N. gonorrhoeae strains [221]. Gen-
tamicin and kanamycin also have been shown to be
effective therapeutic agents and may be more readily avail-
able in some settings. Rarely, gonococcal infection acquired
at birth may become disseminated, resulting in arthritis,
septicemia, and meningitis. Neonates with disseminated
gonococcal disease require systemic therapy with ceftriax-
one or cefotaxime (25 to 50 mg/kg once daily) or cefotaxime
(25 mg/kg intramuscularly or intravenously twice daily) for
7 days (for arthritis or sepsis) or 10 to 14 days (for
meningitis). If a lumbar puncture cannot be performed
(and meningitis cannot be ruled out) in an infant with evi-
dence of dissemination, the longer period of therapy should
be chosen [221]. Infants with chlamydial conjunctvitis
should receive a 2-week course of oral erythromycin
(50 mg/kg per day in four divided doses). After the immedi-
ate neonatal period, oral sulfonamides may be used [221].

HUMAN IMMUNODEFICIENCY VIRUS
INFECTION

The Joint United Nations Programme on HIV/AIDS
(UNAIDS) and WHO estimate that in 2007 approximately
33 million people worldwide were infected with human
immunodeficiency virus (HIV), and new infections were
occurring at a rate of approximately 2.7 million per year
[226]. Most HIV infections occur in low-income and
middle-income countries; more than 90% of infected
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individuals live in sub-Saharan Africa, Asia, Latin America,
or the Caribbean. Women are particularly vulnerable to
HIV infection; worldwide, approximately 50% of cases
occur in women. The proportion of women infected with
HIV has increased in many regions; women represent
approximately 60% of HIV infections in sub-Saharan Africa.
An estimated 370,000 children were infected with HIV in
2007, mostly by mother-to-infant transmission in utero, at
the time of delivery, or through breast-feeding [226].

Because HIV increases deaths among young adults, the
acquired immunodeficiency syndrome (AIDS) epidemic
has resulted in a generation of AIDS orphans. In 2007,
it was estimated that 15 million children younger than
15 years of age have been orphaned by AIDS, most in
sub-Saharan Africa [226-228]. It is well known that
maternal mortality increases neonatal and infant deaths,
independent of HIV infection. Global estimates for
2007, including the number of people living with
HIV/AIDS, the number newly infected, and total AIDS
deaths, are presented in Table 2-3.

Transmission—Reducing the Disparity
between Low-Income and High-Income
Countries

Risk factors for mother-to-infant transmission of HIV
include maternal health and severity of disease, obstetric
factors, maternal coinfection with other STDs, prematu-
rity or LBW, and infant feeding practices (Table 2—4).
In most developed countries, evidence-based interven-
tions including use of antiretroviral drugs, elective cesar-
ean section before the onset of labor and before rupture
of membranes, and avoidance of breast-feeding have
reduced vertical transmission of HIV to 1% to 2%, with
virtual elimination of transmission in some settings
[229-232]. Without interventions, it is estimated that
20% to 45% of infants may become infected [233]. Rates
of transmission remain high in settings with low
resources, where there has been limited progress in
increasing services for the prevention of mother-to-infant
transmission of HIV [234]. In 2001, United Nations
member states committed to the goal of reducing the

TABLE 2-3 Statistics on the World Epidemic of Human
Immunodeficiency Virus and Acquired Immunodeficiency
Syndrome (HIV/AIDS): 2007

Estimate Range

30.3-36.1 million

33 million

All people living with
HIV/AIDS

Adults living with HIV/AIDS
Women living with HIV/AIDS

28.2-34 million
14.2-16.9 million

30.8 million
15.5 million

Children living with HIV/AIDS 2 million 1.9-2.3 million
All people newly infected with 2.7 million 2.2-3.2 million
HIV

Children newly infected with 0.37 million ~ 0.33-0.41 million
HIV

All AIDS deaths
Child AIDS deaths

1.8-2.3 million
0.25-0.29 million

2 million
0.27 million

Adapted from Report on the AIDS Epidemic. Geneva, WHO, UNAIDS, 2008.
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TABLE 2-4 Risk Factors Associated with Mother-to-Infant Transmission of Human Immunodeficiency Virus (HIV)

Risk Factor

Possible Mechanism of Mother-to-Infant Transmission of Infection

Maternal Health

Advanced HIV disease
Primary HIV infection

No maternal antiretroviral treatment

High viral load and low CD4 T cells
High viral load; lack of immune response
High viral load

Obstetric Factors

Vaginal delivery

Episiotomies and vaginal tears
Instrumental deliveries

Chorionic villus biopsy or amniocentesis
Fetal electrode monitoring

Prolonged rupture of fetal membranes
Chorioamnionitis

Low birth weight

Prematurity

Exposure to HIV-infected genital secretions

Exposure to HIV-infected blood

Exposure of breached infant skin to secretions containing HIV
Increased risk of placental microtransfusion

Breach in infant skin and exposure to infected secretions
Prolonged exposure to HIV-infected secretions

Ascending infection

Impaired fetal or placental membranes

Impaired fetal or placental membranes

Maternal Coinfection

Malaria (placental malaria)

Increased viral load, disruption in placental architecture

HSV-2
Other STDs

Increased plasma viral load, increased shedding of HIV in genital secretions, genital ulcers
Genital ulcerations and exposure to HIV-infected blood or genital secretions

Infant Feeding

Breast-feeding
Mixed feeding

Mastitis, cell-free and cell-associated virus

Contaminated formula or water used in preparing formula may cause gastroenteritis leading

to microtrauma to infant’s bowel, which provides entry to HIV virus

Miscellaneous Factors

Infant-mother HLLA concordance

HLA molecules on the surface of HIV-infected maternal cells are recognized as “self” by cytotoxic

T lymphocytes or NK cells of the infant and are less likely to be destroyed

Maternal HLA homozygosity Increased viral load

Presence of CCR5 A32 mutation
in T cells of exposed infants

Decreased susceptibility to HIV infection

HLA, buman leukocyte antigen; HSV-2, herpes simplex virus type 2; NK, natural killer; STDs, sexually transmitted diseases.
Adapted from Paintsil E, Andiman A. Update on successes and challenges regarding mother-to-child transmission of HIV. Curr Opin Pediatr 21:94-101, 2009.

proportion of infants infected with HIV by 50% by 2010
[235]; although progress has been made, this goal has not
been achieved.

Breast-Feeding and Human
Immunodeficiency Virus

Although breast-feeding by HIV-positive mothers is dis-
couraged in Europe and North America, where safe and
affordable alternatives to breast milk are available, the
issue of breast-feeding and HIV is much more complicated
in developing countries, where breast-feeding has proven
benefits and where artificial feeding has known risks.
Benefits of breast-feeding include decreased risk of diar-
rhea and other infectious diseases, improved nutritional
status, and decreased infant mortality [236,237]. Research
conducted over 20 years has increased understanding of
mother-to-infant transmission of HIV through breast
milk [238-240]. Risk factors for transmission of HIV via
breast milk include maternal factors (e.g., recent infection
or advanced maternal disease, low CD4 counts, viral load
in breast milk and plasma, mastitis or breast abscess, and
duration of breast-feeding); infant factors (e.g., prematurity,

oral thrush, and being fed breast milk and non-breast milk
alternatives resulting in “mixed” infant feeding); and viral
factors (viral load, clade C) [238]. Three interventions have
been shown to reduce late mother-to-infant transmission
via breast-feeding: complete avoidance of breast-feeding,
exclusive breast-feeding rather than mixed feeding, and
antiretroviral prophylaxis for the lactating mother and for
the infant who is breast-feeding [238-241].

In 2009 WHO wupdated their recommendations on
HIV and infant feeding to help decision makers in differ-
ent countries develop their own policies regarding feeding
practices in the context of HIV infection [241]. The state-
ment addresses several issues: the human rights perspec-
tive, prevention of HIV infection in women, the health
of mothers and children, and elements for establishing a
policy on HIV status and infant feeding. The document
recommends that the choice of feeding option should
depend on the mother’s individual circumstances. All
HIV-infected mothers should be counseled about the risks
and benefits of feeding options and supported in their
choice. Exclusive breast-feeding is recommended for the
first 6 months of life, introducing appropriate complemen-
tary foods thereafter, and continue breastfeeding for the



first 12 months of life. Breastfeeding should then only stop
once a nutritionally adequate and safe diet without breast
milk can be provided. In addition, antiretroviral therapy
to prevent perinatal HIV transmission should be provided
to the pregnant woman as early as the 14th week of gesta-
tion and then to her infant throughout the breastfeeding
period. The document also emphasizes that information
and education on mother-to-infant transmission of HIV
should be directed to the general public and to affected
communities and families. A major challenge will be to
implement these policies in developing countries where
the bulk of perinatal HIV infections occur and where
resources to follow these guidelines are limited.

Prevention of Human Immunodeficiency
Virus Infection in Low-Income and
Middle-Income Countries

Primary prevention of HIV infection among women of
childbearing age is the most successful but most difficult
way to prevent the infection of infants. Improving the
social status of women, educating men and women, ensur-
ing access to information about HIV infection and its pre-
vention, promoting safer sex through condom use, social
marketing of condoms, and treating other STDs that
increase the risk of HIV transmission are potential strate-
gies that have been successful in reducing HIV infection.
A goal for health services in low-income and middle-
income countries is to provide interventions to reduce
sexual transmission of HIV, with special focus on reduc-
ing infections during pregnancy and among women who
are breast-feeding, and to prevent unintended pregnancies
among women infected with HIV.

Prevention of Human Immunodeficiency
Virus Transmission from an Infected
Mother to Her Infant

Antiretroviral Strategies

The era of antiretroviral therapy to reduce vertical trans-
mission of HIV began in 1994 with publication of the
Pediatric AIDS Clinical Trials Groups (ACTG) Protocol
076 [242]. This trial, performed in the United States and
France, showed that zidovudine administered orally to
HIV-infected pregnant women with no prior treatment
with antiretroviral drugs during pregnancy, beginning at
14 to 34 weeks of gestation and continuing throughout
pregnancy, and then intravenously during labor to the
mother, and orally to the newborn for the first 6 weeks
of life, reduced perinatal transmission by 67.5%, from
255% (95% CI 18.4% to 32.5%) to 83% (95% CI
3.9% to 12.8%). The regimen was recommended as
standard care in the United States and quickly became
common practice. Studies have shown that various anti-
retroviral regimens among pregnant women can reduce
mother-to-infant transmission of HIV. These studies have
shown that it is feasible to provide antiretroviral therapy
and prophylaxis to women in low-income and middle-
income countries and substantially reduce mother-to-
infant transmission throughout the world [234,243-245].
Antiretroviral therapy requires the identification of HIV-
infected women early enough in pregnancy to allow them
access to therapy. A system for voluntary, confidential

CHAPTER 2 Neonatal Infections: A Global Perspective 35

HIV counseling and testing must be in place. In 2007, only
18% of pregnant women in low-income and middle-income
countries where data were available had been tested for
HIV, however, and only 33% of pregnant women infected
with HIV were treated with antiretroviral drugs including
therapy to prevent vertical transmission of HIV [234].

Cesarean Section

Meta-analyses of North American and European studies
performed in the late 1990s found that elective cesarean
section reduced the risk of mother-to-infant transmission
of HIV by more than 50% [246,247]. For mothers on
highly active antiretroviral therapy and with low viral
loads, the benefits of delivery by cesarean section for
reducing perinatal transmission of HIV are uncertain,
especially in settings with low resources where risks of
operative complications are high [248].

Integrated Health Care Programs

Successful programs to reduce mother-to-infant transmis-
sion of HIV require integration with health care services
for women and children. These programs provide early
access to adequate antenatal care, voluntary and confiden-
tial counseling and HIV testing for women and their part-
ners, antiretroviral drugs during pregnancy and delivery for
HIV-positive women, improved care during labor and
delivery, counseling for HIV-positive women regarding
choices for infant feeding, and support for HIV-
positive women with ongoing health care and antiretrovir-
als for life and follow-up for their infants (Table 2-5).

Human Immunodeficiency Virus
and Child Survival

Although there have been tremendous gains in child sur-
vival over the past 3 decades, with reductions worldwide
in deaths resulting from diarrhea, pneumonia, and
vaccine-preventable diseases [1,249], the AIDS epidemic
threatens to undermine this dramatic trend in some
countries in sub-Saharan Africa [250]. In sub-Saharan
Africa, AIDS has become a leading cause of death among
infants and children, although globally it causes only 3%
of deaths in children younger than 5 years of age [1,249].
There is a complex link between increasing mortality of
children younger than 5 years old and high rates of HIV
prevalence in adults, related to mother-to-infant transmis-
sion of HIV and the compromised ability of parents who
are ill themselves to care for young children [251].

With success of programs to prevent mother-to-infant
transmission of HIV, increasing numbers of infants who
are exposed to HIV but uninfected are being born [252].
A challenge for health care systems is to ensure that these
infants have access to health care and remain healthy.
Programs for HIV/AIDS prevention and treatment have
been developed largely as vertical programs that now
need to be linked to broader efforts to improve maternal,
neonatal, and child health care in low-income and
middle-income countries.

TUBERCULOSIS

Tuberculosis affects 13.9 million people worldwide
and remains a major global public health threat, causing
the deaths of 0.5 million women annually [203]. After
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TABLE 2-5 Essential Services for High-Quality Maternal Care

Routine Quality Antenatal and Postpartum Care for All Women Regardless of HIV Status

Health education; information on prevention and care for HIV and sexually transmitted infections including safer sex practices; and pregnancy
including antenatal care, birth planning and delivery assistance, malaria prevention, optimal infant feeding, family planning counseling and related
services

Provider-initiated HIV testing and counseling, including HIV testing and counseling for women of unknown status at labor and delivery
or postpartum

Couple and partner HIV testing and counseling including support for disclosure
Promotion and provision of male and female condoms

HIV-related gender-based violence screening

Obstetric care, including history taking and physical examination

Maternal nutritional support

Counseling on infant feeding

Psychosocial support

Birth planning and birth preparedness (including pregnancy and postpartum danger signs), including skilled birth attendants
Tetanus vaccination

Iron and folic acid supplementation

Syphilis screening and management of sexually transmitted diseases

Risk reduction interventions for injecting drug users

Additional Services for Women Living with HIV

Additional counseling and support to encourage partner testing, adoption of risk reduction and disclosure

Clinical evaluation, including clinical staging of HIV disease

Immunologic assessment (CD4 cell count) where available

ART when indicated

Counseling and support on infant feeding based on knowledge of HIV status

Antiretroviral prophylaxis for prevention of mother-to-infant transmission of HIV provided during antepartum, intrapartum, and postpartum periods
Co-trimoxazole prophylaxis where indicated

Additional counseling and provision of services as appropriate to prevent unintended pregnancies

Supportive care, including adherence support

Additional counseling and provision of services as appropriate to prevent unintended pregnancies

Tuberculosis screening and treatment when indicated; preventive therapy (isoniazid prophylaxis) when appropriate
Advice and support on other prevention interventions such as safe drinking water

Supportive care including adherence support and palliative care and symptom management

Additional Services for All Women Regardless of HIV Status in Specific Settings

Malaria prevention and treatment

Counseling, psychosocial support, and referral for women who are at risk of or have experienced violence
Counseling and referral for women with a history of harmful alcohol or drug use

Deworming

Consider retesting late in pregnancy where feasible in generalized epidemics

Essential Postnatal Care for HIV-Exposed Infants and Young Children

Completion of antiretroviral prophylaxis regimen as necessary

Routine newborn and infant care including routine immunization and growth monitoring
Co-trimoxazole prophylaxis

Early HIV diagnostic testing and diagnosis of HIV-related conditions

Continued infant feeding counseling and support, especially after HIV testing and at 6 mo

Nutritional support throughout the first year of life including support for optimal infant feeding practices and provision of nutritional supplements
and replacement foods if indicated

ART for children living with HIV, when indicated

Treatment monitoring for all children receiving ART

Isoniazid prophylaxis when indicated

Counseling on adherence support for caregivers

Malaria prevention and treatment where indicated

Diagnosis and management of common childhood infections and conditions and integrated management of childhood illness
Diagnosis and management of tuberculosis and other opportunistic infections

Continued
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TABLE 2-5 Essential Services for High-Quality Maternal Care—cont'd

Antiretroviral Regimens Recommended by World Health Organization (WHO) for Treating Pregnant Women
and Preventing HIV Infection in Infants: Promoting More Efficacious Antiretroviral Regimens

WHO recommends ART for all pregnant women who are eligible for treatment. Initiation of ART in pregnant women addresses not only
their health needs, but also significantly reduces HIV transmission to their infants. In addition, by securing the health of women, it also improves
child well-being and survival

For pregnant women with HIV who do not yet require ART, antiretroviral prophylactic regimens are recommended for prevention of mother-
to-infant transmission. Two regimens are recommended by WHO: Option A: MOTHER: Antepartum zidovudine (AZT, from as early as 14 weeks
gestation); single dose nevirapine (NVP) at onset of labor; AZT and lamivudine (3TC) during labor and delivery and for 7 days postpartum. If
mother received >4 weeks of AZT antepartum, can omit single dose NVP, AZT and 3TC. INFANT: Breastfeeding infants should receive daily
NVP from birth until 1 week after all exposure to breastmilk has ended; Non-breastfeeding infants should receive AZT or NVP for 6 weeks.
Option B: MOTHER: Triple antiretroviral drug therapy from 14 weeks gestation until 1 week after all exposure to breastmilk has ended.
INFANT: Breastfeeding infants should receive daily NVP for 6 weeks and non-breastfeeding infants should receive AZT or NVP for 6 weeks.

ART, antiretroviral therapy; HIV, human immunodeficiency virus.
WHO. Rapid Advice: Use of antiretroviral drugs for treating pregnant women and preventing HIV infection in infants. http://www.who.int/hiv/pub/mtct/rapid_advice_mitct.pdf. Last accessed June 20, 2010.

HIV/AIDS, tuberculosis is the second leading cause of
death from infectious causes of women of childbearing
age (15 to 44 years old), with an estimated 228,000 deaths
occurring annually in this population [253]. Most world-
wide disability-adjusted life years (99.4%) and deaths
(99.6%) resulting from tuberculosis occur in low-income
and middle-income countries [203,253]. Tuberculosis
during pregnancy may have adverse consequences for
the mother and infant, including increased risk of miscar-
riage, prematurity, LBW, and neonatal death [254-257].
Adverse perinatal outcomes are increased in mothers
who have late diagnosis or incomplete or irregular ther-
apy [254]. Ideally, diagnosis and treatment of tuberculosis
in women should occur before pregnancy.

The lung remains the most common site of infection;
however, the prevalence of extrapulmonary tuberculosis
is increasing. Although congenital tuberculosis is rare,
the fetus may become infected by hematogenous spread
in a woman with placentitis, by swallowing or aspirating
infected amniotic fluid, or by direct contact with an
infected cervix at delivery [257]. The most common route
of infection of the neonate is through airborne transmis-
sion of Mycobacterium tuberculosis from an infected,
untreated mother to her infant. Infected newborns are at
particularly high risk of developing severe disease, includ-
ing fulminant septic shock with disseminated intravascu-
lar coagulation and respiratory failure [257,258].

The resurgence of tuberculosis and the increased risk of
tuberculosis among individuals who are infected with HIV
are well known. In areas where HIV is endemic, tuberculo-
sis rates are increasing [259,260]. Pregnant women who are
coinfected with HIV may be at increased risk for placental
or genital tuberculosis, resulting in an increased risk of
transmission to the fetus [261]. Additionally, neonates born
with tuberculosis/HIV coinfection have been shown to be
at higher risk of severe, rapidly progressive HIV disease
[262]. In areas of the world where tuberculosis and HIV
are endemic, the key to preventing neonatal tuberculosis
is early identification of maternal tuberculosis and HIV
serostatus, based primarily on maternal history and
relevant investigations of the mother and newborn [263].

MALARIA

From a global perspective, malaria is one of the most
important infectious diseases. Half of the world’s popula-
tion live in areas with malaria risk. The disease is mainly

confined to poorer tropical areas of Africa, Asia, and Latin
America. An estimated 85% of all malaria deaths in 2006
occurred in children younger than 5 years old, amounting
to 760,000 deaths in children younger than 5 years [264].
Countries in sub-Saharan Africa account for more than
90% of malaria cases and 88% of malaria cases among chil-
dren younger than 5 years [264]. Each year, approximately
24 million African women become pregnant in malaria-
endemic areas and are at risk for malaria during pregnancy
[265]. Four species of the malaria parasite infect humans:
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale,
and Plasmodium malariae. P. falciparum is responsible for
the most severe form of disease and is the predominant par-
asite in tropical Africa, Southeast Asia, the Amazon area,
and the Pacific. Groups at greatest risk for severe disease
and death are young nonimmune children, pregnant women
(especially primigravidas), and nonimmune adults [266].

Malaria in Pregnancy

Preexisting levels of immunity determine susceptibility to
infection and severity of disease [265-269]. In areas of
high endemicity or high stable transmission, where there
are high levels of protective immunity, the effects of
malaria on the mother and fetus are less severe than in
areas where malaria transmission is low or unstable (i.e.,
sporadic, periodic). It is unclear why pregnant women
(even with preexisting immunity) are at increased risk
for malaria. The most severe maternal complications
(cerebral malaria, pulmonary edema, renal failure) occur
in women previously living in nonendemic areas who have
little or no immunity and are most frequent with infec-
tions caused by P. falciparum. Severe malaria may result
in pregnancy-related maternal death.

Malaria parasitemia is more common, and the parasite
burden tends to be higher in pregnant than in nonpreg-
nant women [267,268]. This increase in prevalence and
density of parasitemia is highest in primiparous women
and decreases with increasing parity [268]. The greater
severity in primiparous women from endemic areas seems
to be attributable in part to a pregnancy-restricted
P. falciparum variable surface protein present on parasi-
tized erythrocytes; because primiparous women have not
been previously exposed to this antigen, they lack immu-
nity to it, allowing this protein to bind to placental chon-
droitin sulfate and parasitized erythrocytes to become
sequestered in the placenta [270]. The parasite burden is
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highest in the second trimester and decreases with
increasing gestation [269,271,272]. The most important
effects of malaria on pregnant women are severe anemia
[267] and placental infection [265-269,273,274]. The
prevalence of anemia can be 78%, and anemia is more
common and more severe in primigravidas [273].

Perinatal Outcome

Perinatal outcome is directly related to placental malaria.
Malaria is associated with an increase in spontaneous abor-
tions, stillbirths, preterm delivery, and intrauterine growth
restriction, particularly in areas where malaria is acquired
by nonimmune women [269,275,276]. Reported rates of
fetal loss range from 9% to 50% [268]. The uteroplacental
vascular space is thought to be a relatively protected site
for parasite sequestration and replication [274,277]. Placen-
tal malaria is characterized by the presence of parasites and
leukocytes in the intervillous space, pigment within macro-
phages, proliferation of cytotrophoblasts, and thickening of
the trophoblastic basement membrane [273]. Placental
infection may alter the function of the placenta, reducing
oxygen and nutrient transport and resulting in intrauterine
growth restriction, and may allow the passage of infected
red blood cells to the fetus, resulting in congenital infection.
In primigravidas living in endemic areas, placental malaria
occurs in 16% to 63% of women, whereas in multigravidas,
the prevalence is much lower at 12% to 33% [267,268].
The most profound effect of placental malaria is the
reduction of birth weight [269,278,279]. P. falciparum and
P. vivax infection during pregnancy are associated with a
reduction in birth weight [280]. Steketee and associates
[278] estimated that in highly endemic settings, placental
malaria may account for approximately 13% of cases of
LBW secondary to intrauterine growth restriction. In
Africa, malaria is thought to be an important contributor
to LBW in the almost 3.5 million infants with LBW born
annually [281]. Malaria is one of the few preventable causes
of LBW. Because LBW is a major determinant of neonatal
and infant mortality in developing countries, malaria may
indirectly increase mortality by increasing LBW [282].

Congenital Malaria

Transplacental infection of the fetus also may occur. It is
relatively rare in populations with prior immunity (0.1%
to 1.5%) [267], but more common in nonimmune
mothers. It is thought that the low rate of fetal infection
concomitant with a high incidence of placental infection
is due in part to protection from transplacental maternal
antibodies [283,284].

The clinical characteristics of neonates with congenital
malaria (i.e., malaria parasitemia on peripheral blood smear)
include fever, respiratory distress, pallor, anemia, hepato-
megaly, jaundice, and diarrhea. There is a high mortality
rate with congenital infection [285]. The global burden of
disease related to congenital malaria is unknown.

Prevention and Treatment of Malaria
in Pregnancy
Pregnant women living in malaria-endemic areas need

access to services that can provide prompt, safe, and effec-
tive treatment for malaria. Among at-risk pregnant

populations in areas with stable or high transmission,
WHO recommends that malaria control strategies
include antenatal care, at least two doses of intermittent
preventive treatment with sulfadoxine-pyrimethamine
during the second and third trimesters, early and consis-
tent use of insecticide-treated bednets during pregnancy
through the postpartum period, effective case manage-
ment of malaria, and screening and treatment of anemia
frequently resulting from malaria infection [286,287]. In
areas with low transmission, case management is empha-
sized [287].

Prophylaxis and Treatment Using
Antimalarial Drugs

Chloroquine, the safest, cheapest, and most widely avail-
able antimalarial drug, has been the agent of choice for
the prevention and treatment of malaria in pregnancy
(288]. In all areas where P. falciparum is prevalent, the
parasite is at least partially resistant to chloroquine, how-
ever, and resistance to sulfadoxine-pyrimethamine, the
first-line drug for intermittent preventive treatment in
pregnancy, is increasing [289,290]. There are a limited
number of safe and effective antimalarials available for
use in pregnancy. For a drug to be considered safe, it
must be safe for the mother, safe for the fetus, and ideally
safe for the breast-feeding infant [288,291]. New drug
development has been impeded by the fact that pregnant
women have been excluded for ethical reasons from drug
development programs because of the justified fear of
risks to the fetus [292,293].

A 2002 systematic review of prevention versus therapy
in pregnant women examined studies on the effectiveness
of prompt therapy for malaria infection, prophylaxis with
antimalarial drugs to prevent infection, and reduced expo-
sure to mosquito-borne infection by using insecticide-
treated bednets [294]. Chemoprophylaxis is associated
with reduced maternal disease, including anemia and pla-
cental infection. One study found that the incidence of
placental malaria is reduced by prophylaxis, even when
chloroquine is used in areas with chloroquine-resistant
malaria [295]. In addition, a large systematic review
showed prophylaxis to have a positive effect on birth
weight, risk of preterm delivery, and neonatal mortality
(relative risk [RR] 0.73, 95% CI 0.53 to 0.99) [296].

A major problem with chemoprophylaxis and prompt
therapy for known or suspected infection is that it is often
difficult to deliver services to pregnant women, especially
women who live in areas remote from health centers.
Intermittent preventive treatment involves two or three
doses of a safe and effective antimalarial given to women
in malaria-endemic areas with the presumption that they
are at high risk of malaria infection. Studies from Africa
have shown that intermittent preventive treatment can
reduce the incidence of malaria and its adverse conse-
quences [297,298]. These interventions are particularly
important and cost-effective in pregnancy and have been
estimated to reduce all-cause neonatal mortality by 32%
[10,299,300]. In 2000, WHO recommended intermittent
preventive treatment with sulfadoxine-pyrimethamine in
malaria-endemic areas where P. falciparum is resistant to
chloroquine and sensitive to sulfadoxine-pyrimethamine



[301]. This drug is effective in a single dose, is not bitter,
and is relatively well tolerated. In areas where malaria
transmission is lower and P. vivax and P. falciparum are
a problem, finding an appropriate drug regimen is more
difficult [302]. In these areas and where P. falciparum is
resistant to sulfadoxine-pyrimethamine, further research
on the safety and efficacy of alternative antimalarial drugs
for prevention and treatment of malaria in pregnancy,
including artemisinin-based combination therapies, is
urgently needed [293].

Prevention Using Insecticide-Treated Bednets

Although the benefits of antimalarial chemoprophylaxis
have been established, poor compliance and increasing
drug resistance have led to trials of alternative prevention
strategies [303]. The use of insecticide-treated bednets
has been successful in reducing childhood morbidity and
mortality in malaria-endemic areas [304-306]. A system-
atic review of use of insecticide-treated bednets during
pregnancy in Africa associated their use with a reduced
risk of placental malaria in all pregnancies (RR 0.79,
95% CI 0.63 to 0.98), reduced risk of LBW (RR 0.77,
95% CI 0.61 to 0.98), and reduced risk of fetal loss in
the first to fourth pregnancy (RR 0.67, 95% CI 0.47 to
0.97) [307]. The use of social marketing and incentive
initiatives such as voucher and discounted net programs
have increased bednet coverage and use [308,309].
An additional benefit of bednet use is protection of the
neonate, who almost always sleeps with the mother in
these settings [308]. A pooled analysis of studies of
insecticide-treated bednet use in early childhood found a
reduction in all-cause child mortality associated with the
use of insecticide-treated bednets (RR 0.82, 95% CI
0.76-0.89) [15]. Although there is clear evidence of the
impact of insecticide-treated bednets in Africa, further
data are needed from trials of insecticide-treated bednets
in Latin America and Asia and areas of high P. vivax
transmission [307].

Malaria Control Strategies and Challenges

Comprehensive malaria prevention and treatment strate-
gies implementing the interventions recommended by
WHO can have dramatic effects on child health out-
comes. A program that achieved high coverage of muld-
ple malaria control measures in Equatorial Guinea was
associated with reduced prevalence of malaria infection
(odds ratio 0.31, 95% CI 0.2 to 0.46) and led to an overall
reduction in mortality in children younger than 5 years
from 152 per 1000 to 55 per 1000 births (hazard ratio
0.34, 95% CI 0.23-0.49) [310].

Studies have shown an association between malaria and
HIV in pregnancy with an increase in the risk of maternal
malaria and of placental malaria in HIV-positive mothers,
although the influence of malaria on the clinical course of
HIV infection remains unclear [311-313]. There is some
suggestion that coinfection with malaria and HIV infection
in pregnancy may be linked with increased mother-to-infant
transmission of HIV, perinatal and early infant mortality,
and morbidity after the neonatal period [314,315]. Intermit-
tent preventive treatment with sulfadoxine-pyrimethamine
is less effective in preventing malaria in HIV-infected
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women than in women without HIV infection, under-
scoring the need for research to expand the arsenal of safe
and effective antimalarials and to understand interactions
between antimalarial and andretroviral drugs [314]. Effec-
tive, practical, and well-tolerated strategies are needed to
prevent and treat malaria in HIV-infected women.

INDIRECT CAUSES OF NEONATAL
DEATH RELATED TO INFECTION

In addition to direct infectious causes of neonatal deaths, a
vast array of indirect causes contribute to infectious deaths
in developing countries. These contributory factors have
socioeconomic and medical roots. Sociocultural factors
include poverty; illiteracy; low social status of women; lack
of political power (for women and children) and lack of will
in individuals who have power; gender discrimination (for
mother and neonate); harmful traditional or cultural prac-
tices; poor hygiene; lack of clean water and sanitation; the
cultural belief that a sick newborn is doomed to die, and that
the family is powerless to alter fate; the family’s inability to
recognize danger signs in the newborn; inadequate access to
high-quality medical care (because it is unavailable or unaf-
fordable, or because of lack of transport for emergency care)
or the lack of supplies or appropriate drugs; and maternal
death [316-319]. Medical factors that may also contribute
to an infectious neonatal death include poor maternal
health; untreated maternal infections (including STDs,
urinary tract infection, and chorioamnionitis); failure to
immunize the mother fully against tetanus; unhygienic and
inappropriate management of labor and delivery; unsanitary
cutting and care of the umbilical cord; failure to promote
early and exclusive breast-feeding; and prematurity or
LBW or both [316,317,320-322]. To promote change,
families must be empowered and mobilized to identify ill-
ness and to seek care. Health care workers (of all levels)
must know what to do and must have the resources to sup-
port needed therapy. Better maternal care—preventive and
curative—is preventive medicine for the newborn.

Coordinated activities are needed to bring about
change that is sustainable by countries on their own over
the long-term. A multdisciplinary approach—bringing
together people with different interests, from different
backgrounds, different agencies, different government
ministries—is needed to seek solutions to problems and to
implement change at the local level. Finally, global
acknowledgment is needed that this is the right thing to
do (i.e., a moral imperative), and with this acknowledgment
the long-term commitment of substantial funding to help
provide needed services to countries with low resources
and high maternal and neonatal mortality. A major remain-
ing challenge is to link science and medicine with social
solutions through a global commitment to long-term,
long-lasting change so that improvements in maternal and
newborn health can be achieved and sustained.

STRATEGIES TO PREVENT AND TREAT
INFECTION IN NEONATES

Strategies to prevent or reduce neonatal infections and to
reduce morbidity and mortality in newborns in whom
infection develops involve putting into practice what is
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known and creating innovative ways to make these inter-
ventions feasible in a developing country context. Use of
simple, cost-effective technologies that are potentially
available and feasible for use in the community and at
first-level health facilities could have a major impact in
reducing morbidity and mortality related to neonatal
infection. Public health, medical, and social interventions
all have a role to play in reducing the global burden of
neonatal infection. Several potential interventions are
reviewed here (Table 2-6).

MATERNAL IMMUNIZATION TO PREVENT
NEONATAL DISEASE

There is growing interest in the possibility of using mater-
nal immunization to protect neonates and very young
infants from infection through passively acquired trans-
placental antibodies or breast milk antibodies, or both
(for additional information, see Chapter 38) [323,324].

TABLE 2-6 Interventions to Reduce Neonatal Infections
or to Reduce Infection-Associated Mortality in Low-Income
and Middle-Income Countries

Periconceptional Care

Folic acid supplementation to prevent neural tube defects (and
associated risk of infectious morbidity and mortality)

Antenatal Care

Tetanus immunization
Maternal influenza immunization

Primary prevention of sexually transmitted disease, including HIV
infection, through maternal education and safer sex using condoms

Diagnosis and treatment of sexually transmitted diseases
(e.g., syphilis), urinary tract infection (including detection and
treatment of asymptomatic bacteriuria), malaria, and tuberculosis

Intermittent presumptive treatment for malaria
Sleeping under insecticide-treated bednet

Balanced protein-energy supplements in populations with insecure
food sources

Intrapartum and Delivery Care

Skilled maternal and immediate newborn care
Antibiotics for preterm premature rupture of membranes

Corticosteroids for preterm labor (to prevent respiratory distress
syndrome and hyaline membrane disease)

Optimal management of complications including fever, premature
rupture of membranes, and puerperal sepsis

Clean delivery
Clean cutting of umbilical cord and clean cord care

Immediate breast-feeding

Postnatal Care

Immediate, exclusive breast-feeding

Hand washing

Thermal care to prevent and manage hypothermia

Skin-to-skin care

Emollient therapy (e.g., sunflower seed oil for very preterm infants)

Case management for pneumonia

Data from Darmstadt et al [10,12], and Bbutta et al [15].

Immunization of pregnant women with tetanus toxoid
has dramatically reduced cases of neonatal tetanus and is
the classic example of maternal immunization and
subsequent passive immunization to protect the newborn
and the mother. Because most IgG antibody is transported
across the placenta in the last 4 to 6 weeks of pregnancy,
maternal immunization to prevent neonatal disease
through transplacental antibodies is most promising for
term rather than preterm newborns because the former
would have adequate antibody levels at birth. Boosting
breast milk antibodies by immunizing the mother is a
potential strategy for reducing infection in term and
preterm infants.

Routine influenza vaccination is recommended for
women who are or will be pregnant during the influenza
season [325]. Despite the fact that no study to date has
shown an increased risk of either maternal complications
or adverse fetal outcomes associated with inactivated
influenza vaccination [326], compliance remains poor.
A study in Bangladesh[327] revealed a greater burden of
influenza in infants than had been predicted and showed
that maternal influenza vaccination provided significant
protection to infants and their mothers. Vaccinating
mothers against influenza reduced laboratory-proven
influenza in their infants by 68% from birth to 6 months
of age and reduced episodes of maternal influenza-like ill-
nesses by 35%. To achieve protection, influenza vaccines
would need to be administered during each pregnancy.
"This vaccination would require strengthening of current
antenatal immunization programs, which have limited
reach, and education on the benefits of the vaccine to
overcome the general reluctance to intervene in healthy
pregnant women.

Other vaccines currently being developed or field tested
to reduce or prevent neonatal infection by maternal immu-
nization include vaccines against GBS, S. pneumoniae, and
H. influenzae [328-337]. Because most neonatal GBS dis-
ease—especially the most severe—occurs in the first hours
of life, maternal immunization to provide passive protec-
tion to the neonate is a potentially important strategy.
A problem with GBS vaccines has been poor immunoge-
nicity, resulting in more recent interest in the potential of
conjugate vaccines [338]. GBS polysaccharide-tetanus tox-
oid conjugates are safe in adults and elicit antibody levels
above what is likely to be passively protective for neonates
[331,332]. Multivalent vaccines, which could provide pro-
tection against multiple GBS serotypes, are particularly
promising [330].

Pneumococcal polysaccharide vaccines have been ad-
ministered safely to pregnant women [334,336]. A study
from Bangladesh reported that pneumococcal vaccination
during pregnancy increased type-specific IgG serum anti-
body in mothers and their infants [335]. Cord blood levels
of antibody were about half those of the mothers, with
IgG1 subclass antibodies preferentially transferred to the
infants. The estimated antibody half-life in the infants
was 35 days. Immunization increased breast milk antibody
as well. In a study of the 23-valent pneumococcal vaccine
given to women before pregnancy, neither mothers nor
infants had significantly elevated pneumococcus-specific
antibody at delivery [335]. The study in Bangladesh of
the impact of maternal influenza vaccination on risk of



maternal and infant respiratory illness used vaccination of
mothers with 23-valent polysaccharide vaccine for the
control group [327]. If passive immunization does not
interfere with active immunization of young infants, vac-
cination of pregnant women could potentially be used to
prevent pneumococcal disease in early infancy; however,
this requires further research.

Additional studies of the safety, efficacy, and effective-
ness of immunizing pregnant women with specific vac-
cines are needed. Studies must address issues of safety to
the mother, fetus, and young infant. Vaccines are not rou-
tinely tested for safety in pregnant women, so most safety
data come from animal studies or postlicensure pregnancy
registries and adverse event reporting systems. Based on
accumulated evidence, vaccines against diphtheria, teta-
nus, and influenza have been recommended for use in
pregnancy. Studies must assess protection against specific
diseases (e.g., sepsis, pneumonia, meningitis) and protec-
tion against all causes of neonatal and infant mortality.
Local epidemiology must also be considered because
HIV and malaria can reduce the amount of antibody
transferred to the fetus, decreasing the benefits of mater-
nal immunization programs in highly endemic areas. The
subsequent response of the infant to active immunization
also must be evaluated, to ensure that passive immuniza-
tion does not interfere with the infant’s ability to mount
an immune response. In low-income and middle-income
countries, studies must be done in settings in which it is
possible to maintain surveillance throughout infancy.

NEONATAL IMMUNIZATION

Protection of young infants against vaccine-preventable
diseases requires vaccines that are immunogenic in early
life (for additional information, see Chapter 38) [339].
Bacillus Calmette-Guérin (BCG), hepatitis B, and oral
poliovirus vaccine are currently given to neonates within
the first days of life in many low-income and middle-
income countries. The BCG vaccine, developed early in
the 20th century, is a live attenuated strain of Mycobacte-
rium bovis. WHO promotes the use of BCG in newborns
to prevent tuberculosis, and this vaccine is widely used in
developing countries in which tuberculosis is a common
and potentially lethal disease. Although approximately
3 billion doses have been given, the efficacy of this vaccine
is still debated. Vaccine efficacy in many prospective trials
and case-control studies of vaccine use at all ages ranges
from possibly harmful to 90% protective [340].

One meta-analysis of BCG studies in newborns and
infants concluded that the vaccine was effective and reduced
infection in children by more than 50% [341]. It was esti-
mated that the 100 million BCG vaccinations given to
infants in 2002 prevented nearly 30,000 cases of tuberculous
meningitis (5th to 95th centiles, 24,063 to 36,192) in chil-
dren during their first 5 years of life, or 1 case for every
3435 vaccinations (2771 to 4177), and 11,486 cases of mili-
ary tuberculosis (7304 to 16,280), or 1 case for every 9314
vaccinations (6172 to 13,729) [342]. At a cost of US$2 to 3
per dose, BCG vaccinaton costs US$206 (US$150 to 272)
per year of healthy life gained, considered highly cost-
effective. BCG reduced the risk of pulmonary tuberculosis,
tuberculosis meningitis, disseminated tuberculosis, and
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death from tuberculosis. Factors that may explain the
variability of responses to BCG vaccination in different
studies and populations include use of a wide variety of
vaccine preparations, regional differences in environ-
mental flora that may alter vaccine response, and population
differences [323]. The safety of BCG in immunocom-
promised patients (e.g., patients with HIV infection) is
of significant concern, and WHO has now made HIV
infection in infants a full contraindication to BCG vaccina-
tion [343].

Hepatitis B vaccination of newborns has proved that
neonatal immunization can prevent neonatal infections
and their sequelae [344]. Studies from developed and
developing countries have shown that hepatitis B vaccine
administered in the immediate newborn period can signif-
icantly reduce the rate of neonatal infection and the
development of a chronic hepatitis B surface antigen
(HBsAg) carrier state [345]. The efficacy of vaccine alone
(without hepatitis B immunoglobulin) has allowed devel-
oping countries that cannot screen pregnant women and
do not have hepatitis B immunoglobulin to make a major
impact in reducing the infection of newborns. WHO
recommends that all countries include hepatitis B vaccine
in their routine childhood immunization programs [346].

With the global problem of increasing antibiotic resis-
tance, maternal and neonatal immunization have become
even more important strategies to pursue. In low-income
and middle-income countries, issues of vaccine cost, avail-
ability, and efficacy in the field are particularly pressing
and are major barriers to the use of vaccines that are
known to be safe and effective. Global Alliance for
Vaccines and Immunisation (GAVI), established in 1999
with funding from the Bill and Melinda Gates Founda-
tion, is working to address these issues. Since 2000, more
than 200 million children have been immunized with vac-
cines funded by GAVI, and more than 3.4 million prema-
ture deaths have been averted [347].

ANTENATAL CARE AND PREVENTION
OF NEONATAL INFECTION

The care and general well-being of the mother are inex-
tricably linked to the health of her newborn. Antenatal
care can play an important role in the prevention or
reduction of neonatal infections [348]. Preventive and
curative interventions directed toward the mother can
have beneficial effects on the fetus and newborn. Tetanus
immunization of the pregnant woman is an essential com-
ponent of any developing country’s antenatal care pro-
gram and, as discussed earlier, prevents neonatal tetanus
[349,350]. The diagnosis and treatment of STDs—espe-
cially syphilis, gonorrhea, and chlamydial infection—can
have a significant impact on neonatal morbidity and mor-
tality [351,352]. In areas of the world in which syphilis is
endemic, congenital syphilis may be an important cause
of neonatal morbidity and mortality [353]. Antenatal
treatment of gonorrhea and chlamydial infection can pre-
vent neonatal infection with these agents—ophthalmia
neonatorum (for gonorrhea and chlamydial infection),
disseminated gonorrhea, and neonatal respiratory disease
(for chlamydial infection) [351,352]. STDs and maternal
urinary tract infection increase the mother’s risk of
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puerperal sepsis, with its associated increased risk of
neonatal sepsis. In malaria-endemic areas, treatment of
maternal malaria can have an impact on newborn health,
particularly through a reduction in the incidence of
LBW [354].

Antenatal care also is an important setting for maternal
education regarding danger signs during pregnancy,
labor, and delivery—especially maternal fever, prolonged
or premature rupture of the membranes, and prolonged
labor—and danger signs to watch for in the newborn.
It is the time and place for the mother to plan where
and by whom she will be delivered and for the health care
worker to stress the importance of a clean delivery, pref-
erably with a skilled birth attendant.

INTRAPARTUM AND DELIVERY CARE AND
PREVENTION OF NEONATAL INFECTION

It is universally recognized that poor aseptic techniques
during labor and delivery, including performing proce-
dures with unclean hands and unclean instruments and
unhygienic cutting of the umbilical cord, are major risk
factors for maternal and neonatal infections [348]. It is
essential to promote safe and hygienic practices at every
level of the health care system where women deliver
(home, first-level health clinic, district or referral hospi-
tal). Proper management of labor and delivery can have
a significant impact on the prevention of neonatal infec-
tion. It is important to emphasize the need for clean
hands; clean perineum; clean delivery surface; clean
instruments; clean cord care; avoidance of harmful tradi-
tional practices; prevention of unnecessary vaginal exami-
nations; prevention of prolonged labor; and optimal
management of pregnancy complications including pro-
longed rupture of the membranes, maternal fever, and
chorioamnionitis or puerperal sepsis [355].

POSTNATAL CARE AND PREVENTION
OF NEONATAL INFECTION

The birth attendant is responsible for observation of the
newborn at and after birth and deciding that the newborn
is healthy and ready to be “discharged” to the care of the
mother. It is important to link postpartum care of the
mother with surveillance and care of the newborn. Post-
natal visits should be used for health education and nego-
tiation of improved household practices and to detect and
treat the sick newborn and to evaluate the mother. Birth
attendants need to be trained to identify problems in the
newborn, to treat simple problems (e.g., skin infections),
and to refer newborns with conditions that are potentally
life-threatening (e.g., suspected sepsis). Birth attendants
should provide all new mothers with breast-feeding sup-
port and give advice regarding personal hygiene and
cleanliness and other prevention strategies, such as clean
cord care, thermal care, and immunization. Improvement
in domestic hygiene should be encouraged, including san-
itary disposal of wastes, use of clean water, and hand
washing, so that the newborn enters a clean home and is
less likely to encounter pathogenic organisms. Commu-
nity interventions need to be designed and modified to
meet the needs of mothers and newborns in different

settings in different countries with varying policies
on the role of frontline workers in the recognition and
management of infections.

Despite its importance, postnatal care is one of the
most neglected aspects of maternal and newborn care in
low-income and middle-income countries. Although
numerous simple, low-cost preventive interventions are
available that can avert a substantial proportion of deaths
attributed to infections—including immediate and exclu-
sive breast-feeding, thermal care, hand washing, clean
cord care, and skin-to-skin care [8,10,12,15]—few data
are available on coverage with postnatal care (i.e., a post-
natal visit with a health care provider within 2 days of
delivery). In 12 African countries, more recent Demo-
graphic Health Survey data indicated that less than 10%
of newborns, on average, received an early postnatal care
visit [356].

The importance of early postnatal care was highlighted
in a study in Sylhet, Bangladesh, where, overall, a 34%
reduction (95% CI 7% to 53%) in neonatal mortality
was achieved through implementation of maternal and
neonatal interventions aimed primarily at prevention and
treatment of infections delivered by community health
workers through antenatal and postnatal home visits
(357]. Further analysis revealed, however, that a 64%
reduction (95% CI 45% to 77%) in mortality was seen
among the newborns who had an early postnatal home
visit within the first 2 days of life, whereas no impact on
mortality was found among the newborns who were vis-
ited only after the first 2 days [358]. Another study found
that promotion of healthy, preventive household newborn
care practices (e.g., birth preparedness, clean delivery,
breast-feeding, clean cord and skin care, thermal care)
through home visitation and community meetings by
trained community health workers in a very high mortal-
ity setting in Uttar Pradesh, India, resulted in a 54%
reduction (95% CI 40% to 65%) in all-cause neonatal
mortality [359]. Serious infections seemed to be the most
important cause of death that was averted.

BREAST-FEEDING

The promotion of early and exclusive breast-feeding is
one of the most important interventions for the mainte-
nance of newborn health and the promotion of optimal
growth and development [355]. Breast-feeding is espe-
cially important in developing countries, where safe alter-
natives to breast milk are often unavailable or too
expensive. Poor hygiene and a lack of clean water and
clean feeding utensils make artificial formula a significant
vehicle for the transmission of infection. Breast milk has
many unique anti-infective factors, including secretory
IgA antibodies, lysozyme, and lactoferrin (for additional
information, see Chapter 5). In addition, breast milk is
rich in receptor analogues for certain epithelial structures
that microorganisms need for attachment to host tissues,
an initial step in infection [360]. Many studies have shown
that breast-feeding reduces the risk of infectious diseases,
including neonatal sepsis, diarrhea, and possibly respira-
tory tract infection [361-366], and that breast-feeding
protects against infection-related neonatal and infant
mortality [8,10,367-370].



The HIV epidemic has raised questions about the
safety of breast-feeding in areas in which there is a high
prevalence of HIV infection among lactating women
[371-381]. HIV can be transmitted through breast-
feeding. A major question for any setting is whether the
benefits of breast-feeding outweigh the risk of postnatal
transmission of HIV through breast milk [373]. For many
areas of the world, where infectious diseases, especially
diarrheal diseases, are a primary cause of infant death,
breast-feeding, even when the mother is HIV-infected,
remains the safest mode of infant feeding. As noted ear-
lier, all HIV-infected mothers should be counseled, how-
ever, about the risks and benefits of feeding options and
supported in their choice.

MANAGEMENT OF NEONATAL INFECTION

If the mother develops a puerperal infection, the newborn
requires special attention and should be treated for pre-
sumed sepsis [348]. Prolonged rupture of the membranes,
maternal fever during labor, and chorioamnionitis are
particular risk factors for early-onset neonatal sepsis and
pneumonia [382-384]. Ideally, high-risk infants who are
born at home should be referred to the nearest health care
facility for observation and antibiotic therapy. In practice,
this referral may be either impossible or unacceptable to
the family, as evidenced by high rates of noncompliance
with referral in many settings [27,357,359], and ways to
deliver care to the mother and the newborn in the home
must be developed and evaluated.

IDENTIFICATION OF NEONATES
WITH INFECTION

If untreated, infections in newborns can rapidly become
severe and life-threatening. Early identfication and
appropriate treatment of newborns with infection are
crucial to survival. In low-income and middle-income
countries, where access to care may be limited, diagnosis
and treatment are particularly difficult. Maternal and neo-
natal factors that increase risk of infection in the newborn
must be recognized. These factors include maternal infec-
tions during pregnancy (STDs, urinary tract infection,
others); premature or prolonged rupture of membranes;
prolonged labor; fever during labor; unhygienic obstetric
practices or cord care; poor hand-washing practices; pre-
maturity or LBW; artificial feeding; and generally unhy-
gienic living conditions [316,317,320].

In areas without sophisticated technology and the diag-
nostic help of laboratory tests and radiographic studies,
treatment decisions must be made on the basis of the his-
tory and findings on physical examination. The WHO
Young Infants Study was designed to identify clinical pre-
dictors of serious neonatal infections; this study enrolled
more than 3000 sick infants younger than 2 months of
age who presented to health facilities in Ethiopia, The
Gambia, Papua New Guinea, and the Philippines [385].
In multivariable analysis, 14 signs were independent pre-
dictors of severe disease: reduced feeding ability, absence
of spontaneous movement, temperature greater than
38° C, drowsiness or unconsciousness, a history of a feed-
ing problem or change in activity, state of agitation, the
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presence of lower chest indrawing (retractions), respira-
tory rate greater than 60/min, grunting, cyanosis, a his-
tory of convulsions, a bulging fontanelle, and slow
digital capillary refill. The presence of any one of these
signs had a sensitivity for severe disease (sepsis, meningi-
tis, hypoxemia, or radiologically proven pneumonia) of
87% and a specificity of 54%; reducing the list to nine
signs reduced sensitivity only slightly (83%), but signifi-
cantly improved specificity (62%) [385].

More recently, 8899 young infants who presented to
health facilities in six countries (India, Bangladesh,
Pakistan, Ghana, South Africa, Bolivia) with a complaint
of illness were enrolled in a second Young Infant Clinical
Signs Study. Seven signs were found to be associated with
severe illness requiring referral level care in the first week
of life: history of difficulty feeding, history of convulsions,
movement only when stimulated, respiratory rate of 60
breaths/min or more, severe chest indrawing, and temper-
ature of 37.5° C or greater or less than 35.5° C. These
signs had a sensitivity and specificity of 85% and 75%
in infants less than 1 week old. Studies in Bangladesh have
sought to validate the ability of community health work-
ers to use the clinical signs recommended by the WHO
Young Infant Studies during routine household surveil-
lance to identify neonates needing referral level care.

In Sylhet, 288 newborns were assessed independently
for the presence of clinical signs suggestive of very severe
disease by community health workers and by study physi-
cians. Compared with the physician’s gold standard assess-
ment, community health workers correctly classified very
severe disease in newborns with a sensitivity of 91%, spec-
ificity of 95%, and kappa value of 0.85 (P < .001) [386]. In
Mirzapur, Bangladesh, classification of very severe disease
by community health workers showed a sensitivity of 73%,
a specificity of 98%, a positive predictive value of 57%, and
a negative predictive value of 99% [387]. In addition to
clinical signs, community health workers gathered histori-
cal information on neonatal illness. A history of a feeding
problem, as reported by the mother to a physician, was sig-
nificantly associated with the presence of a severe feeding
problem (particularly a lack of ability to suck) as assessed
by community health workers. Because assessing breast-
feeding is complex, time-consuming, and difficult for male
physicians owing to cultural sensitivity, a reported history
may substitute for an observed feeding problem in the
algorithm, substantially simplifying the assessment.
Trained and supervised community health workers seem
to be able to use a diagnostic algorithm to identify severely

ill newborns with high validity.

ANTIBIOTIC TREATMENT OF NEONATES
WITH INFECTION

The drugs most frequently used at present to treat sus-
pected severe neonatal infections are a combination of
penicillin or ampicillin and an aminoglycoside (usually
gentamicin) [388]. WHO continues to recommend that
young infants (from birth to 2 months of age) with signs
of severe infection should be referred for inpatient care
and treated with intravenous broad-spectrum antibiotics—
a combination of a benzyl penicillin and an aminoglycoside
such as gentamicin for 10 to 14 days.
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If 90% of neonates with infections received timely and
appropriate antibiotic therapy, it is estimated that 30% to
70% of global neonatal deaths attributed to infections
could be averted [10]. Most infants with suspected serious
infections in developing countries do not currently
receive adequate treatment, however; inpatient care is
not feasible for most families either because treatment
is available only in tertiary care facilities that are inac-
cessible or because hospitalization is unaffordable or
unacceptable to families [27,357]. In many settings, place-
ment and management of an intravenous line is impossi-
ble, and parenteral antibiotic therapy must be delivered
by intramuscular injections. In this context, extended-
interval gentamicin regimens have been recommended as
the preferred mode of aminoglycoside dosing [389-391],
and evidence is accumulating that procaine penicillin
may be a feasible alternative to multiple daily dosing
regimens with ampicillin [392].

Eliminating the need for multiple daily contacts with
the patient to deliver antibiotics makes it more feasible
for frontline workers in settings with low resources poten-
tially to treat neonates with suspected infections, either at
peripheral health facilities or possibly even in the home
[392]. Further efforts are under way to identify even sim-
pler antibiotic treatment regimens that require fewer
injections over the course of treatment. Antibiotics avail-
able for treatment of serious neonatal infections in devel-
oping countries have been reviewed more recently
[393,394].

Ideally, antibiotic therapy should be tailored to the spe-
cific microbiologic needs of a particular patent or, if
patient-level data are unavailable, for the geographic
region based on local surveillance data, especially if blood
cultures are not performed and cannot be used to guide
therapy, as is the case in most low-income and middle-
income countries. In reality, surveillance data also are
generally unavailable, however. In addition, issues related
to drug supply, availability, quality, and cost must be
addressed. The problem of antibiotic resistance is now
recognized to be a global problem, and the emergence
of antibiotic-resistant pathogens is particularly alarming
in hospitals in countries with low resources. The wide-
spread availability of antibiotics in many low-income
and middle-income countries, even directly to families
outside contact with the formal health system, and indis-
criminate and inappropriate antibiotic use in the health
and agriculture sectors contribute to this problem.

Appropriate treatment of neonatal infections is one of
the most important child survival interventions [10]. In
areas where it is impossible to deliver parenteral antibiotic
therapy in a health facility, community-based case man-
agement is emerging as a viable alternative to facility-
based care [10-12,27,357,386,387,395-399]. More recent
data suggest that well-trained and supervised primary
health care workers, including community health workers
conducting routine household surveillance, are capable of
identifying and treating sick newborns [386,387,400]. In a
pooled analysis of five controlled trials of community-
based management of neonatal pneumonia (four using
co-trimoxazole, one using ampicillin or penicillin), all-
cause neonatal mortality was reduced by 27% (95% CI
18% to 35%), and pneumonia-specific mortality was

reduced by 42% (95% CI 22% to 57%) [401]. A 62%
reduction in neonatal mortality was also shown in a non-
randomized controlled study in rural Maharashtra, India,
in which village health workers conducted home visits and
identified and treated neonates with suspected serious
infections with a combination of oral co-trimoxazole and
injectable gentamicin. CFR declined from 16.6% before
the intervention to 2.8% after the intervention (P < .05).

Similarly, in a cluster randomized controlled trial in
rural Sylhet, Bangladesh, community health workers
identified sick newborns and referred them to a health
facility for treatment. If the family refused referral, the
community health workers provided treatment in the
home with injectable procaine penicillin and gentamicin,
resulting in a 34% reduction (95% CI 7% to 53%) in
neonatal mortality compared with the control arm where
the usual services of the Government of Bangladesh and
various private providers were available. In Sylhet,
although only 32% of referrals of sick newborns to the
hospital by community health workers were complied
with, another 42% accepted injectable antibiotic treat-
ment at home, indicating that with the addition of
home-based treatment, approximately three fourths of
sick neonates received curative antibiotic treatment from
qualified providers or community health workers. CFR
for treatment of neonates with suspected serious infec-
tions was 14.2% at health facilities and 4.4% in the hands
of the community health workers. After controlling for
differences in background characteristics and illness signs
among treatment groups, newborns treated by commu-
nity health workers had a hazard ratio of 0.22 (95% CI
0.07 to 0.71) for death during the neonatal period and
newborns treated by qualified providers had a hazard ratio
of 0.61 (95% CI 0.37 to 0.99) compared with newborns
who received no treatment or were treated by untrained
providers [392].

INTEGRATED MANAGEMENT OF
NEONATAL ILLNESS

An integrated approach to the sick child, including the
young infant, has been developed by WHO and UNICEF
[402]. This strategy promotes prompt recognition of
disease, appropriate therapy using standardized case man-
agement, referral of serious cases, and prevention through
improved nutrition (breast-feeding of the neonate), and
immunization. This approach stresses diagnosis using
simple clinical signs, defined through the Young Infant
Clinical Signs Studies, that can be taught to health care
workers at all levels. The health care worker assesses the
infant by questioning the mother and examining the
infant; classifies the illness as serious or not; and deter-
mines if the infant needs urgent treatment and referral,
specific treatment and advice, or only simple advice and
home management. The importance of breast-feeding
is stressed, and follow-up instructions are given. All
young infants are checked for specific danger signs that
equate with need for emergency care and urgent referral.
Because the signs of serious bacterial infection in the new-
born are not easily recognized, every young infant with
danger signs is given treatment for a possible bacterial
infection.



MATERNAL EDUCATION AND
SOCIOECONOMIC STATUS

Maternal education, literacy, and overall socioeconomic
status are powerful influences on the health of the mother
and the newborn [403-406]. Education of girls must be
promoted and expanded so that women of reproductive
age know enough to seek preventive services, understand
the implications of danger signs during labor and delivery
and in their newborns, and recognize that they must
obtain referral care for obstetric or newborn complica-
tions. Improvements in education and socioeconomic sta-
tus are linked. They may affect child health by allowing
the mother a greater voice in the family with greater
decision-making power, making her better informed about
domestic hygiene, disease prevention, or disease recogni-
tion, or enhancing her ability to seek medical attention
outside the home and to comply with medical advice.

CONCLUSION

Neonatal infections cause a massive burden of mortality
and morbidity, most of which occur in low-income and
middle-income countries in settings characterized by
high-risk household practices, poor care seeking and
access to quality care, and weak health systems. Surveil-
lance for infections is lacking, but limited data indicate
that antibiotic resistance is increasing. Many preventive
and curative interventions are available, however, which
if implemented effectively at large scale could avert most
neonatal deaths around the world secondary to serious
infections. Development of new and adapted tools and
technologies holds promise for expanding the availability
and impact of interventions to prevent deaths secondary
to infections. Implementation challenges continue to
limit coverage with interventions, however. Renewed
commitment is needed to deliver evidence-based inter-
ventions at the community level and at health facilities,
integrated with maternal and child health programs.
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Early-onset neonatal infections often originate in utero.
Risk factors for neonatal sepsis include prematurity, pre-
mature rupture of the membranes (PROM), and maternal
fever during labor (which may be caused by clinical intra-
amniotic infection [IAI]). This chapter focuses on these
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major obstetric conditions. In addition to these three
“classic” topics, we discuss information indicating that
intrauterine exposure to bacteria is linked to major neona-
tal sequelae, including cerebral palsy, bronchopulmonary
dysplasia, and respiratory distress syndrome (RDS).
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INTRA-AMNIOTIC INFECTION

Clinically evident intrauterine infection during the latter
half of pregnancy develops in 1% to 10% of pregnant
women and leads to increased maternal morbidity and peri-
natal morbidity and mortality. Generally, the diagnosis is
clinically based on the presence of fever and other signs
and symptoms, such as maternal or fetal tachycardia, uterine
tenderness, foul odor of the amniotic fluid, and maternal
leukocytosis. Although not invariably present, rupture of
membranes or labor typically occurs in cases of clinically
evident TAI. Older retrospective studies report rates of IAI
of 1% to 2% [1]. Subsequent prospective studies report
rates of 4% to 10% [2-5]. Numerous terms have been
applied to this infection, including chorioamnionitis,
amnionitis, intrapartum infection, amniotic fluid infection,
and TAI. We use IAI to distinguish this clinical syndrome
from bacterial colonization of amniotic fluid (also referred
to as microbial invasion of the amniotic cavity) and from
histologic inflammation of the placenta (i.e., histologic
chorioamnionitis). When citing authors who use alternative
expressions, however, we defer to their terminology.

TAI can refer to a histologic, subclinical, or clinical diag-
nosis. Histologic IAI is defined by infiltration of the fetal
membranes by polymorphonuclear leukocytes and occurs
much more often than clinically apparent infection. This
diagnosis can be made in 20% of term deliveries and more
than 50% of preterm deliveries [6]. Pettker and colleagues
[7] evaluated the ability of microbiologic and pathologic
examination of the placenta to diagnose IAI accurately
and found that microbiologic studies of the placenta show
poor accuracy to diagnose IAl (as defined by positive amni-
otic fluid cultures). They concluded that the presence of
histologic chorioamnionitis is a sensitive, but not specific,
test to diagnose intra-amniotic inflammation.

PATHOGENESIS

Before labor and membrane rupture, amniotic fluid is
nearly always sterile. The physical and chemical barriers
formed by intact amniotic membranes and cervical mucus
are usually effective in preventing entry of bacteria. With
the onset of labor or with membrane rupture, bacteria
from the lower genital tract typically enter the amniotic
cavity. With increasing interval after rupture of mem-
branes, the numbers of bacteria can increase. This ascend-
ing route is the most common pathway for development of
IAI [1]. In 1988, Romero and coworkers [la] described
four stages of ascending IAI (Fig. 3-1). Shifts in vaginal
or cervical flora and the presence of pathologic bacteria
in the cervix represent stage I. Bacterial vaginosis may also
be classified as stage I. In stage II, bacteria ascend from the
vagina or cervix into the decidua, the specialized endome-
trium of pregnancy. The inflammatory response here
allows organisms to invade the amnion and chorion leading
to chorioamnionitis. In state III, bacteria invade chorionic
vessels (choriovasculitis) and migrate through the amnion
into the amniotic cavity to cause IAl. When in the amni-
otic cavity, bacteria may gain access to the fetus through
several potential mechanisms, culminating in stage IV; fetal
bacteremia, sepsis, and pneumonia may result [8].
Occasional instances of documented IAI in the absence
of rupture of membranes or labor support a presumed

FIGURE 3-1 Stages of ascending infection. (Adapted from
Romero R, Mazor M. Infection and preterm labor: pathways for intrauterine
infections. Clin Obstet Gynecol 31:558, 1988.)

hematogenous or transplacental route of infection. IAI
without labor and without rupture of membranes may
be caused by Listeria monocytogenes [9-13]. Maternal sepsis
caused by this aerobic gram-positive rod often manifests
as a flulike illness and may result in fetal demise. In an
outbreak caused by “Mexican-style” cheese contaminated
with Listeria, several maternal deaths occurred [14]. Other
virulent organisms, such as group A streptococci, may
lead to a similar blood-borne infection [15].

TAI may develop as a consequence of obstetric proce-
dures such as cervical cerclage, diagnostic amniocentesis,
cordocentesis (percutaneous umbilical cord blood sam-
pling), or intrauterine transfusion. The absolute risk is
small with all these procedures. With cervical cerclage, data
regarding infectious complications are sparse; reported
rates range from 1% to 18%, with increasing rate with
advanced dilation [16-18]. After diagnostic amniocentesis,
rates of IAI range from 0% to 1% [19,20]. With intrauter-
ine transfusion, infection is reported to develop in approxi-
mately 10%. Chorioamnionitis is a rare complication of
chorionic villus sampling. Although IAI is very rare after
percutaneous umbilical blood sampling, and the fetal loss
rate accompanying this procedure is only 1% to 2%, infec-
tion is responsible for a high percentage of losses and may
lead to life-threatening maternal complications [21].

Two large studies of risk factors for IAI identified charac-
teristics of labor as the major risk factors by logistic regres-
sion analysis. These features included low parity, increased
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number of vaginal examinations in labor, increased duration
of labor, increased duration of membrane rupture, and
internal fetal monitoring [1,4]. Other data from a rando-
mized trial of active management of labor showed that chor-
ioamnionitis occurs less frequently when labor management
features early diagnosis of abnormalities and early interven-
tion [5]. Although internal fetal monitoring is associated
with TAL it should be employed if it enables practitioners
to diagnose and treat abnormalities more efficiently.

Risk factors for IAI have been stratified for term versus
preterm pregnancies [22]. For patients at term with IA],
the study investigators observed, by logistic regression
analysis, that the independent risk factors were membrane
rupture for longer than 12 hours (odds ratio [OR] 5.81),
internal fetal monitoring (OR 2.01), and more than four
vaginal examinations in labor (OR 3.07). For preterm
pregnancies, these three risk factors were identified again
as being independently associated with IAI, but with dif-
fering ORs. Specifically, in the preterm pregnancies,
membrane rupture for longer than 12 hours was asso-
ciated with an OR of 2.49; internal fetal monitoring,
OR of 1.42; and more than four examinations in labor,
OR of 1.59. One interpretation of these data regarding
risk factors among preterm pregnancies is that there was
some other risk factor not detected in this survey. Addi-
tionally, meconium staining of the amniotic fluid has been
associated with an increased risk of chorioamnionitis
(4.3% versus 2.1%) [23]. Prior spontaneous and elective
abortion (at <20 weeks) in the immediately preceding
pregnancy also has been associated with development of
IAI in the subsequent pregnancy (OR 4.3 and OR 4.0) [24].

In 1996, a multivariable analysis showed the importance
of chorioamnionitis in neonatal sepsis [25]. The OR for neo-
natal sepsis accompanying clinical chorioamnionitis was 25,
whereas for preterm delivery, membrane rupture for longer
than 12 hours, endometritis, and colonization with group
B streptococcus (GBS), an ORs all were less than 5.

Although Naeye had reported an association between
recent coitus and development of chorioamnionitis
defined by histologic study [26], further analysis of the
same population refuted this association [27]. Other stud-
ies have not shown any relationship between coitus and
PROM, premature birth, or perinatal death [28].

MICROBIOLOGY

The cause of IAI is often polymicrobial, involving aerobic
and anaerobic organisms. Sperling and colleagues [72]
reported a microbiologic controlled study of amniotic
fluid cultures from patients with IAl versus patients with-
out TAL Patients with TAI were more likely to have 10
colony-forming units (CFU)/mL of any isolate, any num-
ber of high virulence isolates, and more than 10> CFU/
mL of a high-virulence isolate (e.g., GBS, Escherichia coli,
and enterococci). The isolation of low-virulence organ-
isms, such as lactobacilli, diphtheroids, and Staphylococcus
epidermidis, was similar in the IAI and control groups
[29]. Table 3-1 shows the most common amniotic fluid
isolates found in more than 400 cases of IAI.

Although GBS and E. coli were isolated with only mod-
est frequency (15% and 8%), they are strongly associated
with either maternal or neonatal bacteremia. When GBS

TABLE 3-1 Microbes Isolated in Amniotic Fluid from Cases
of Intra-amniotic Infection*

Microbe Representative % Isolated

Genital Mycoplasmas

Ureaplasma urealyticum 47-50
Mycoplasma hominis 31-35
Anaerobes

Prevotelln bivia 11-29
Peptostreptococcus 7-33
Fusobacterium species 6-7
Aerobes

Group B streptococci 12-19
Enterococci 5-11
Escherichia coli 8-12, 55
Other aerobic gram-negative 5-10
rods

Gardnerella vaginalis 24

*Data from references [13, 27, 28, 33], and [40]. See text.

was found in the amniotic fluid of women with IAI,
maternal or neonatal bacteremia was detected in 25% of
the cases. When E. coli was found, maternal or neonatal
bacteremia was detected in 33%. These rates of bacter-
emia are significantly higher (P < .05) than the 10% rate
for all organisms and the 1% rate for anaerobes (see
Chapter 2). Although Gardnerella vaginalis was isolated
with high frequency, its pathogenic role is unclear. In a
case-control study, G. vaginalis was isolated with similar
frequencies in IAI and control cases (24 of 86 [28%] ver-
sus 18 of 86 [21%]), and there was no detectable maternal
antibody response to this organism.

Neisseria gonorrboeae rarely has been reported to cause
amnionitis [30,31]. Data related to the role of Chlamydia tra-
chomatis in infections of amniotic fluid are conflicting. Mar-
tin and coworkers prospectively studied perinatal mortality
in women whose pregnancies were complicated by antepar-
tum maternal Chlamydia infections [32]. Two of the six fetal
deaths in the Chlamydia-positive group were associated with
chorioamnionitis compared with one of eight in the control
group. Wager and colleagues showed that the rate of occur-
rence of intrapartum fever was higher in patients with C.
trachomatis infecdon (9%) than in patients without C. tracho-
matis isolated from the cervix (1%) [33]. These data must be
interpreted with caution because of the limited number of
patients and because the control group may not have been
sufficiently similar to the infected group. C. trachomatis has
not been isolated from amniotic cells or placental mem-
branes of patients with IAI [34,35].

In a controlled study of IAIL, 35% of amniotic fluid sam-
ples from 52 patients with IAI yielded Mycoplasma hominis,
whereas only 8% of amniotic fluid samples from the 52
matched controls had M. hominis (P < .001). Ureaplasma
urealyticurn was isolated from the amniotic fluid from
50% of the infected and uninfected patients. M. hominis
is present more commonly in the amniotic fluid of infected
patients, but usually in association with other bacteria of
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known virulence. In a subsequent study, M. hominis was
found in the blood of 2% of women with IAI and with
M. hominis in the amniotic fluid. The rate of serologic
response was significantly greater than that in asymptom-
atic control women or infected women without IAI in the
amniotic fluid (P < .001). These results suggest that the
pathogenic potential of M. hominis is high.

Goldenberg and colleagues found that 23% of neonates
who were born between 23 and 32 weeks of gestation had
positive umbilical blood cultures for genital mycoplasmas
(U. wrealyticum and M. hominis) [36]. Patients with sponta-
neous preterm delivery had a significantly higher rate of
blood cultures positive for U. urealyticum or M. hominis or
both than patients with indicated preterm delivery (34.7%
versus 3.2%; P < .0001) The earlier the gestational age at
delivery, the more likely the culture was positive. In addi-
tion, newborns with a positive blood culture had a higher
frequency of a neonatal systemic inflammatory response
syndrome, higher serum concentrations of interleukin
(IL)-6, and more frequent histologic evidence of placental
inflammation than neonates with negative cultures.

The aforementioned studies support the idea that gen-
ital mycoplasmas can cause fetal and neonatal morbidity.
Considering this notion, a crucial question is why genital
mycoplasmas gain access to the amniotic cavity in some,
but not most, pregnant women.

Pregnant women seem particularly susceptible to infec-
tion with L. monocytogenes, an organism that has caused
regular outbreaks of infection often associated with con-
taminated cheeses and other dairy products. The infec-
tion is especially dangerous in immunocompromised
hosts (fetuses, neonates, and immunocompromised chil-
dren or adults). Several outbreaks of L. monocytogenes—
associated febrile gastroenteritis have been reported
among healthy adults, but only at doses of 10° CFU or
greater [37-40]. A study using rhesus monkeys as a surro-
gate for pregnant women indicated that oral exposure to
107 CFU of L. monocytogenes resulted in about 50% still-
births [41]. In 2002, an outbreak of listeriosis in the
United States that was responsible for three stillbirths
was linked to eating sliceable turkey deli meat [42].

Evidence has shown that maternal bacterial vaginosis is
causally linked to IAI [43]. The evidence may be categorized
as follows: (1) The microorganisms in bacterial vaginosis
and in IAI are similar (anaerobes and mycoplasmas plus G.
vaginalis), (2) bacterial vaginosis is associated with the isola-
tion of organisms in the chorioamnion, and (3) bacterial
vaginosis is associated with development of clinical chor-
ioamnionitis in selected populations [44-46]. It has been
shown that treatment of bacterial vaginosis in high-risk
populations prenatally decreases the risk of choricamnioni-
tis and other pregnancy outcomes [47]. In the large trial of
Maternal-Fetal Medicine Units Network of the National
Institutes of Child Health and Development (NICHD),
screening and treatment did not lead to benefit, however,
either in the overall patient population or in the secondary
analysis of women with prior preterm birth [48]. Subse-
quently, an American College of Obstetricians and Gyne-
cologists Practice Bulletin on assessment of risk factors for
preterm birth advocated that screening and treatment of
high-risk or low-risk women would not be expected to
reduce the overall rate of preterm birth [49]. In certain

populations of high-risk women, such as women with prior
preterm birth and bacterial vaginosis early in pregnancy,
many experts still recommend treatment of bacterial vagi-
nosis diagnosed early in pregnancy [50].

The role of viruses in causing [Al is unclear. Yankowitz
and associates evaluated fluid from 77 mid-trimester
genetic amniocenteses by polymerase chain reaction
(PCR) assay for the presence of adenovirus, enterovirus,
respiratory syncytial virus, Epstein-Barr virus, parvovirus,
cytomegalovirus, and herpes simplex virus. Six samples
were positive (three adenovirus, one parvovirus, one cyto-
megalovirus, and one enterovirus), and two resulted in
pregnancy loss, one at 21 weeks (adenovirus) and one at
26 weeks (cytomegalovirus) [51]. More recently, primary
or reactivated adeno-associated virus-2 infection (mater-
nal IgM seropositivity) early in pregnancy was associated
with spontaneous preterm delivery [52].

DIAGNOSIS

Diagnosis of IAI requires a high index of suspicion because
the clinical signs and symptoms may be subtle. Usual labora-
tory indicators of infection, such as positive stains for organ-
isms or leukocytes and positive culture results, are found
more frequently than clinically evident infection. Microor-
ganisms are easily grown in culture from amniotic fluid or
chorioamniotic membranes using standard techniques.

Antepartum Criteria

The clinical criteria used to make the diagnosis of clinical
IAI varies among centers, but often includes maternal
fever, maternal tachycardia, fetal tachycardia, uterine ten-
derness, and foul-smelling amniotic fluid [2]. Maternal
leukocytosis (peripheral white blood cell count >15,000/
mm’) supports the diagnosis of clinical IAI. The presence
of a left shift (i.e., an increase in the proportion of neutro-
phils, especially immature forms) is particularly suggestive
of clinical TAIL. One caveat is that the recent administra-
tion of corticosteroids may cause a mild leukocytosis
[53]. The increase is caused by demarginated mature neu-
trophils, however, and the presence of immature forms
still suggests infection.

Other causes of fever in the parturient patient include
epidural analgesia, concurrent infection of the urinary tract
or other organ systems, dehydration, illicit drug use, and
other rare conditions. The differential diagnosis of fetal
tachycardia includes prematurity, medications, arrhythmias,
and hypoxia. Possible causes of maternal tachycardia
include drugs, hypotension, dehydration, anxiety, intrinsic
cardiac conditions, hypothyroidism, and pulmonary embo-
lism. Foul-smelling amniotic fluid and uterine tenderness,
although more specific signs, occur in only a few cases. Bac-
teremia occurs in less than 10% of cases.

Direct examination of the amniotic fluid may provide
important diagnostic information. Samples can be col-
lected transvaginally by aspiration of an intrauterine pres-
sure catheter, by needle aspiration of the forewaters, or by
amniocentesis. Outside of research protocols, transab-
dominal amniocentesis is the most common technique.

Of the rapid diagnostic tests that evaluate IAI, amniotic
fluid glucose is the most specific for predicting a positive
amniotic fluid culture [54]. Kiltz and colleagues found that
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an amniotic fluid glucose of less than or equal to 5 mg/dL
had a positive predictive value of 90%, whereas a glucose
of greater than 20 mg/dL had a negative predictive value
of 98% [55]. With intermediate values (i.e., 14 to 15 mg/
dL), the likelihood of a positive amniotic culture is 30% to
50%. Hussey and associates prospectively evaluated Gram
stain and showed that it is 80% sensitive and 91% specific
when a positive result is considered in the presence of white
blood cells or bacteria [56]. These investigators concluded
that the combination of Gram stain with amniotic fluid glu-
cose level is superior to any individual test.

Amniotic fluid IL-6 is even more sensitive and specific
than amniotic fluid glucose and Gram stain [57,58]. IL-6
is an immunostimulatory cytokine and a key mediator of
fetal host response to infection. At the present time, this
test is not typically available outside of research protocols.

PCR, a molecular biologic technique that amplifies the
signal of small amounts of DNA, is likely to change the
future of diagnosis of IAI. Several studies have evaluated
amniotic fluid samples using PCR techniques. PCR assay
has a higher sensitivity than culture for detection of micro-
organisms in the amniotic fluid, particularly in patients
whose amniotic fluid is culture-negative but other markers
indicate evidence of an inflammatory response [59-63].

The term amniotic fluid “sludge” has been proposed to
describe “free floating hyperechogenic material within the
amniotic fluid in close proximity to the uterine cervix.”
[64] When aspirated, this “sludge” often resembles pus
and may show aggregation of epithelial and white blood
cells and bacteria on Gram stain. In one retrospective
case-control study, patients with “sludge” had a signifi-
cantly higher rate of spontaneous preterm delivery; a
higher frequency of clinical chorioamnionitis, histologic
chorioamnionitis, and funisitis; a higher frequency of pre-
term PROM; and a shorter median ultrasound-to-deliv-
ery interval [65]. The presence of amniotic fluid
“sludge” was an independent explanatory variable for the
occurrence of spontaneous preterm delivery, preterm
PROM, microbial invasion of the amniotic cavity, and
histologic chorioamnionitis. In addition, the combination
of a cervical length less than 25 mm and “sludge” con-
ferred an OR of 14.8 for spontaneous preterm delivery
at less than 28 weeks and an OR of 9.9 for spontaneous
preterm delivery at less than 32 weeks.

Rates of IAI are probably underestimated with preterm
PROM because severe oligohydramnios may preclude
successful sampling. The rate of positive amniotic fluid
cultures for microorganisms is higher with preterm
PROM (32.4%) than with preterm labor with intact
membranes (12.8%) [63]. Additionally, women in labor
on hospital admission generally do not have their amni-
otic fluid sampled, but have been shown to have higher
rates of microbial invasion of the amniotic cavity (39%)
than women not in labor (25%). When women do enter
labor, the risk of microbial invasion of the amniotic cavity
is even higher at 75% [66].

Neonatal Criteria

Most cases of early-onset neonatal sepsis originate in
utero. Immediately after delivery, the diagnosis of septice-
mia is difficult because the neonate’s response to infection

is impaired, and the reaction is often nonspecific. The ear-
liest signs are often subtle and include changes in color,
tone, activity, and feeding patterns; poor temperature con-
trol; or simply a general feeling that the neonate is “not
doing well.” Other possible early signs are abdominal dis-
tention, apnea, and jaundice, but they may not appear until
later stages, or they may even be seen in healthy premature
newborns. Late signs include grunting, dyspnea, cyanosis,
arrhythmias, hepatosplenomegaly, petechiae, seizures,
bulging fontanelles, and irritability. Focal signs of menin-
gitis or pneumonia may also develop [29].

Laboratory Criteria in the Placenta and
Newborn or Stillborn Infant

Examination of the cord, placenta, or membranes for a
leukocytic infiltrate has been suggested as another tech-
nique to identify infants at risk for infection. Placental
inflammation or funisitis or both are found far in excess
of proven cases of sepsis, however, and the technique is
cumbersome [7]. In a stillborn with suspected IAI, a blood
sample should be obtained to attempt to isolate the
infecting microbe. This technique should also be applied
in cases of stillbirth with unknown cause.

CHRONIC INTRA-AMNIOTIC INFECTION

Some evidence suggests that IAl may exist as a chronic con-
dition. Several studies have performed microbiologic stud-
ies of mid-trimester genetic amniocentesis fluid. Risk of
adverse pregnancy outcome is increased when patients are
asymptomatic, but have positive results on such studies at
mid-trimester amniocentesis compared with patients with
culture-negative fluid [59]. Similarly, amniotic fluid IL-6
concentratdons were found to be significantly higher in
patients experiencing a loss after mid-trimester amniocente-
sis than in patients delivering at term [67,68].

Emerging evidence also suggests that chronic inflam-
mation may be present in maternal serum. Goldenberg
and colleagues showed elevated granulocyte colony-sti-
mulating factor at 24 weeks and 28 weeks in women sub-
sequently delivering prematurely [69].

Building on the idea that infection could be present
before conception, Andrews and associates [70] performed
a prospective, randomized trial to evaluate whether inter-
conceptional antibiotics (azithromycin and metronidazole)
decreased the rate of preterm birth. In their population of
women with a recent early spontaneous birth, administra-
tion of these antibiotics did not significantly reduce the rate
of subsequent preterm birth. In a subsequent subgroup
analysis, this group found that neither baseline endometrial
microbial colonization nor plasma cell endometritis was a
risk factor for adverse pregnancy outcome. Colonization
with specific microbes interacted with the antibiotics to
increase adverse outcomes [71]. Interconceptional antibio-
tics are not recommended at this time in an attempt to
reduce subsequent preterm delivery.

MANAGEMENT

Traditionally, the effectiveness of management of IAI has
been viewed in terms of short-term maternal and neonatal
outcomes, including maternal sepsis, neonatal sepsis,
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pneumonia, meningitis, and perinatal death. This section
discusses the management principles of these short-term
outcomes.

In the past, there was debate regarding timing of antibi-
otic administration, but it has now become standard to
begin treatment during labor, as soon as possible after
the maternal diagnosis of IAI is made. Three studies,
including a randomized clinical trial, have shown benefits
from intrapartum antibiotic therapy compared with
immediate postpartum treatment (Table 3-2) [72-74]. In
a large, nonrandomized allocation of intrapartum versus
immediate postpartum treatment, the former treatment
was associated with a significant decrease in neonatal bac-
teremia (2.8% versus 19.6%; P < .001) and a reduction in
neonatal death from sepsis (0.9% versus 4.3%; P = .07)
[72]. Another large study showed an overall reduction in
neonatal sepsis (P = .06), especially bacteremia caused
by GBS (0% versus 4.7%; P = .004), with use of intrapar-
tum treatment [73].

In a randomized clinical trial, Gibbs and associates
showed that intrapartum treatment provided maternal ben-
efits (decreased hospital stay, lower mean temperature post-
partum) and neonatal benefits (decrease in sepsis [0% versus
21%; P = .03] and decreased hospital stay). In this study,
neonates received one set of blood cultures and a chest x-
ray film. Cerebrospinal fluid specimens were obtained only
from infants with referable signs or symptoms. All infants
received identical regimens consisting of intravenous ampi-
cillin and gentamicin begun within 1 to 2 hours of birth and
continued for at least 72 hours. If bacteremia or neonatal
pneumonia was diagnosed, antibiotics were continued for
10 days [74]. Initiation of intrapartum antibiotics leads to
a decrease in neonatal death from sepsis and an improved
maternal outcome. These benefits seem to outweigh any
theoretical arguments (e.g., obscuring positive neonatal cul-
tures) against intrapartum treatment in cases of IAI.

Pharmacokinetic studies [75] done during early preg-
nancy show that ampicillin concentrations in maternal
and fetal sera are comparable 60 to 90 minutes after
administration (Fig. 3-2). Penicillin G levels in fetal serum
are one third the maternal levels 120 minutes after admin-
istration [76]. In addition, ampicillin has some activity
against E. coli. Ampicillin is preferable to penicillin G for
treatment of IAl. When used in combination with an
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FIGURE 3-2 Ampicillin levels achieved with systemic administration
to the mother. (From Bray RE, Boe RW, Fobnson WL. Transfer of
ampicillin into fetus and amniotic fluid from maternal plasma in late
pregnancy. Am J Obstet Gynecol 96:938, 1966.)

aminoglycoside, ampicillin should be administered first
because it has a broader antimicrobial spectrum.

In late pregnancy, gentamicin also crosses the placenta
rapidly, but peak fetal levels may be low, especially if
maternal levels are subtherapeutic [77]. Traditionally, an
initial gentamicin dose of at least 1.5 to 2 mg/kg followed
by 1 to 1.5 mg/kg every 8 hours is used because of the
potential for unfavorable gentamicin kinetics. Locksmith
and colleagues [78] evaluated maternal and fetal serum
drug levels between women who received the standard
gentamicin dosing versus once-daily dosing (5 mgrkg
every 24 hours). The authors found that the once-daily
dosing regimen resulted in fetal serum peak levels that
were closer to optimal neonatal values. No adverse effects
of once-daily dosing were seen. Achieving the same gen-
tamicin levels in the fetus as are targeted in the newborn
infant seems worthy of future investigation.

Clindamycin achieves peak concentrations in maternal
blood within minutes after injection and in fetal blood
shortly thereafter. In pharmacokinetic studies later in
pregnancy, peak clindamycin concentrations were approx-
imately one half of maternal peaks, but the former were
still within therapeutic ranges [77].

TABLE 3-2 Comparative Studies of Intrapartum versus Postpartum Maternal Antibiotic Therapy in Treatment of Intra-amniotic Infection

No. Maternal Intrapartum

Author, Year Design/Setting Patients

Antibiotic Regimen

Benefits of Intrapartum Treatment

Retrospective/public 257
teaching hospital in
San Antonio, TX

Sperling et al
28], 1987

Penicillin G plus
gentamicin IV

NNS reduced from 19.6% in postpartum treatment
group to 2.8% in intrapartum treatment group
(P = .001)

Gilstrap et al, Retrospective/public 273 Varied* NNS reduced from 5.7% in postpartum treatment
1988 teaching hospital in group to 1.5% in intrapartum treatment group

Dallas, TX (P = .06); group B streptococcal bacteria reduced from

5.7% to 0% (P = .004)

Gibbs et al, Randomized clinical 45 Ampicillin plus gentamicin ~~ NNS reduced from 21% to 0%; maternal morbidity
1988 trial/same as Sperling v also decreased (P = .05)

(1987)
*Antibiotic regimens noted as 47% received ampicillin or penicillin in combination with icin and clindamycin; 22 %, ampicillin or penicillin with jcin; 20%, cefoxiting and 11%, other
antibiotics.
1V, intr ly; NNS, 1 tal sepsis confirmed by blood culture.
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As an alternative, a newer penicillin or cephalosporin with
excellent activity against aerobic gram-negative bacteria
might be used. There is little published experience with these
other antibiotics in IAI, however. In cases of clinical chor-
ioamnionitis, one study showed that clindamycin, mezlocil-
lin, ampicillin, cefoxitin, and gentamicin all penetrated into
cord blood and placental membranes, with achievement of
therapeutic concentrations in cord blood [79].

"The traditional antibiotic choice in cases of IAl includes a
combination of a broad-spectrum penicillin with an amino-
glycoside, plus clindamycin in some cases (e.g., cesarean
delivery or apparent sepsis). Because of expense and com-
plexity, there has been interest in treatment of IAI with a
single agent. In view of the typical causative microbes, there
are several reasonable choices for single-drug treatment,
such as extended-spectrum penicillin (piperacillin, tazobac-
tam) or extended-spectrum cephalosporins (cefotetan).
More recent studies have addressed the issue of duration
of antibiotic therapy postpartum in cases of IAl. One rando-
mized trial compared single-dose versus multidose postpar-
tum treatment of mothers and reported that single-dose
treatment was accompanied by a shorter time to discharge
(33 hours versus 57 hours; P = .001) [80]. The single-dose
group had a nearly threefold increase in failure of therapy,
but this did not achieve statistical significance (11% versus
3.7%; P = .27). Although not statistically significant, this
threefold increase in “failed therapy” elicits concern regard-
ing single-dose postpartum therapy for IAI.

In a study of antibiotic therapy after cesarean delivery
for chorioamnionitis, Turnquest and associates [29] ran-
domly assigned patients to receive no scheduled postoper-
ative antibiotics or clindamycin and gentamicin until they
were afebrile (for a minimum of at least 24 hours.) All
patients received ampicillin in labor, and clindamycin and
gentamicin, one dose each preoperatively. No patients in
either group developed an abscess or were readmitted for
endometritis. Although there was no significant difference
in endometritis (14.8% in patients with no routine antibi-
otic versus 21.8% in patients who received clindamycin
and gentamicin), there was a 2.5-fold increase in wound
infection rate in patients who did not receive scheduled
postpartum antibiotics (5% versus 1.8%).

A subsequent study randomly assigned postpartum
patients with chorioamnionitis to receive ampicillin 2 g
every 6 hours) and gentamicin (1.5 mg/kg every 8 hours)
until afebrile and asymptomatic for 24 hours (control
group) or to receive only the next scheduled dose of each
antibiotic [81]. In this study, 40% of patients delivered by
cesarean section. All patients received ampicillin and gen-
tamicin intrapartum; patients who underwent cesarean
delivery also received clindamycin (900 mg) at cord clamp-
ing. Patients in the control group had clindamycin
continued every 8 hours until antibiotics were discontin-
ued, whereas patients in the study group received only
the one dose of clindamycin. The primary outcome was
failure of treatment, defined as one temperature elevation
after the first postpartum antibiotics dose of 39° C or more
than two temperatures of 38.4° C, at least 4 hours apart.
These two regimens had similar rates of failure. Based on
the information related here, it seems that when antibiotic
treatment is initiated early, a short course of therapy in the
puerperium is sufficient therapy in most patients.

SHORT-TERM OUTCOMES

With regard to timing of delivery, short-term outcome does
not depend on duration of chorioamnionitis [2,82-85].
Cesarean delivery usually is reserved for standard obstetric
indications, not for IAl itself. No critical interval from diag-
nosis of amnionitis to delivery could be identified. Specifi-
cally, —neither prenatal mortality nor maternal
complications correlated with more prolonged intervals
from diagnosis of chorioamnionitis to delivery, yet all
patients delivered within 4 to 12 hours. Nearly all of these
cases described pregnancy at or near term, however. Rates
of cesarean section are two to three times higher among
patients with IAI than in the general population, owing to
patient selection (most cases occur in women with dystocia
already diagnosed) and a poor response to oxytocin [86,87].

We use a combination of an intravenous penicillin and
intravenous gentamicin as soon as the diagnosis of IAI is
made [2,88]. Several studies have reported good results
with similar regimens [82]. When a cesarean section is
necessary, clindamycin should be added postpartum to
these antibiotics to cover anaerobic microbes that are
associated with post—cesarean section infection and
because of high failure rate (20%) with penicillin and gen-
tamicin therapy after cesarean section [1]. Other initial
regimens with cefoxitin alone or ampicillin plus a newer
cephalosporin may be equally effective, but no compara-
tive trials have been performed.

Since 1979, retrospective studies have shown a vastly
improved perinatal outcome compared with perinatal out-
comes reported in older studies. Gibbs and colleagues
reported a retrospective study of 171 patients with IATI in
whom therapy (with penicillin G and kanamycin) usually
was begun at the time of diagnosis [1]. The mean gesta-
tional age of the neonate was 37.7 weeks. There were no
maternal deaths, and bacteremia was found in only 2.3%
of mothers. Among women with IAI, the rate of cesarean
delivery was increased approximately threefold to 35%,
mainly because of dystocia. The outcome was good in all
mothers. There was only one episode of septic shock, with
no pelvic abscesses or maternal deaths. Similar results were
reported from Los Angeles County Hospital [89].

Gibbs and colleagues found that when IAI is present,
perinatal mortality rate (140 per 1000 births) was approxi-
mately seven times the overall perinatal mortality rate for
infants weighing more that 499 g (which was 18.2 per
1000 births) [1]. None of the perinatal deaths was clearly
attributable to infection, however; of live-born infants
weighing more than 1000 g, none died of infection. In the
study by Koh and coworkers, the perinatal mortality rate
was lower (28.1 per 1000 births), which probably reflected
the higher mean gestational age (39.3 weeks) [89]. There
were no intrapartum fetal deaths and only four neonatal
deaths. No deaths were due to infection. Neither perinatal
nor maternal complications correlated with more pro-
longed diagnosis-to-delivery intervals. Because patients
who underwent cesarean section had more complicated
courses, it was concluded that cesarean section should be
reserved for patients with standard obstetric indications.

Yoder and colleagues later reported a prospective, case-
control study of 67 neonates with microbiologically con-
firmed IAI at term [88]. There was only one perinatal
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death, which was unrelated to infection. Cerebrospinal
fluid culture results were negative for all 49 infants tested,
and there was no clinical evidence of meningitis. Findings
on chest radiographs were interpreted as possible pneu-
monia in 20% of patients and as unequivocal pneumonia
in only 4%. Neonatal bacteremia was documented in
8%. There was no significant difference in the frequency
of low Apgar scores between the IAI and control groups.

Two other retrospective studies have been confirma-
tory. Looff and Hager reported the outcomes of 104
pregnancies with clinical chorioamnionitis [82]. The
mean gestational age was 36 weeks. The perinatal mortal-
ity rate was 123 per 1000 births. Nearly all of the excess
mortality was attributed to prematurity, rather than to
sepsis. These authors also reported an increase in the
cesarean delivery rate. Hauth and coworkers reviewed
data for 103 pregnancies with clinical chorioamnionitis
at term [83]. The mean interval from diagnosis of amnio-
nitis to delivery was 3.1 hours, which confirmed the
absence of a critical interval for delivery. In this study,
the overall perinatal mortality rate was 9.7 per 1000
births, and the cesarean delivery rate was 42%.

Neonates born prematurely have a higher frequency of
complications if their mothers have IAI. Garite and Free-
man noted that the perinatal death rate was significantly
higher in 47 preterm neonates with IAI than in 204 neo-
nates with similar birth weights, but without IAI [90].
The group with IAI also had a significantly higher percent-
age (13% versus 3%; P < .05) with RDS and total infec-
tion. A larger but similar comparative study of 92
patients with chorioamnionitis and 606 controls of similar
gestational age also showed significant increases in mortal-
ity, RDS, intraventricular hemorrhage (IVH), and clini-
cally diagnosed sepsis in the group with chorioamnionitis
(Table 3-3) [91]. When Sperling and associates stratified
outcomes in cases of IAI by birth weight, cases with low
birth weight were associated with more frequent maternal
bacteremia (13.5% versus 4.9%; P = .06), early-onset neo-
natal sepsis (16.2% versus 4.1%; P = .005), and neonatal
death from sepsis (10.8% versus 0; P < .001) [92].

In a retrospective, case-control study, Ferguson and
coworkers reported neonatal outcome after chorio-
amnionitis [93]. Of newborns, 70% weighed less than
2500 g. In 116 matched pairs, the authors found more deaths
(20% versus 11%), more sepsis (7% versus 2%), and more
asphyxia (27% versus 16%) in the group with chorioamnioni-
tis. None of these differences, achieved statistical significance.

Chorioamnionitis has been previously considered a mater-
nal infection. Increasing evidence indicates, however, that the

fetus is primarily involved in the inflammatory response lead-
ing to premature delivery. Fetal inflammatory response
syndrome, well described by Yoon and colleagues, charac-
terizes preterm PROM and spontaneous preterm labor, with
a systemic proinflammatory cytokine response resulting in
earlier delivery and with an increased risk of complications
[94]. Additionally, these investigators showed an association
between the fetal inflammatory cascade and fetal white mat-
ter damage [95]. It is unclear, however, whether cytokines
mediate this damage or directly cause the damage, or whether
infection itself is responsible for the damage. Cytokines also
can be stimulated by many noninfectious insults, such as hyp-
oxia, reperfusion injury, and toxins [96].

IAI has a significant adverse effect on the mother and neo-
nate. Outcome largely depends on the involved microbes
(with E. co/i and GBS more likely to result in maternal or
neonatal bacteremia), birth weight (with low birth weight
infants faring more poorly), and timing of antibiotic therapy
(with intrapartum administration improving outcome.)

LONG-TERM QUTCOME

Hardt and colleagues studied long-term outcomes in pre-
term infants (weighing <2000 g) born after a pregnancy
with chorioamnionitis and found a significantly lower
mental development index (Bayley score) for the infants
than seen in preterm control infants (104 + 18 versus
112 + 14; P = .017) [97]. Morales reported 1-year fol-
low-up of preterm infants born after pregnancy with
chorioamnionitis and of control infants. Differences in
mental and physical development were not observed, but
adjustments were made for IVH and RDS, both of which
were more frequent in the amnionitis group [91].

Intriguing new information strongly suggests that intra-
uterine exposure to bacteria is associated with long-term
serious neonatal complications, including cerebral palsy
or its histologic precursor, periventricular leukomalacia
(PVL), and major pulmonary problems of bronchopul-
monary dysplasia and RDS. The unifying hypothesis states
that intrauterine exposure of the fetus to infection leads to
abnormal fetal production of proinflammatory cytokines;
this leads to fetal cellular damage in the brain, lung, and,
potentially, other organs. This fetal inflammatory response
syndrome has been likened to systemic inflammatory
response syndrome in adults. The evidence linking infec-
tion to cerebral palsy may be summarized as follows:

1. Intrauterine exposure to maternal or placental infec-
tion is associated with an increased risk of cerebral
palsy in preterm and term infants [98-101].

TABLE 3-3 Perinatal Outcome in Preterm Amnionitis (Intra-amniotic Infection)

Amnionitis* Control*
Measure (%) Garite [88] (n =47) Morales [89] (n =92) Garite [88] (n = 204) Morales [89] (n = 606)
Perinatal death 13 25 3f 6"
Respiratory distress syndrome 34 62 16 357
Total infections 17 28 7t 117
Intraventricular hemorrhage NR 56 NRT 224

*At centers reporting these results, there were active referval services. In these series of consecutive patients with preterm premature rupture of membranes, patients with amnionitis are compared with

patients without amnionitis.
"Rates are significantly lower than for
NR, not reported.

jonitis group in corvesponding study.
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2. Clinical chorioamnionitis in infants with very low
birth weight is significantly associated with an
increase in PVL (P = .001) [102].

3. The levels of inflammatory cytokines are increased
in the amniotic fluid of infants with white matter
lesions (PVL), and there is overexpression of these
cytokines in neonatal brain with PVL [103].

4. Experimental intrauterine infection in animal mod-
els leads to brain white matter lesions [104,105].

5. Marked inflammation of the fetal side of the placenta
is associated with adverse neurologic outcomes.
Coexisting evidence of infection and thrombosis,
particularly on the fetal side of the placenta, is asso-
ciated with a heightened risk of cerebral palsy or neu-
rologic impairment in term and preterm infants.
Additionally, histologic funisitis is associated with
an increased risk of subsequent cerebral palsy (OR
5.5, 95% confidence interval [CI] 1.2 to 24.5)
[102,106-108]. This risk underscores the importance
of sending placentas to pathology for gross and
microscopic examination in the setting of IAI

The association between IAI and cerebral palsy differs for
term and preterm infants. A review article outlined the con-
troversies in this area, including the associations among
microbiologic, clinical, and histologic chorioamnionitis
[109]. Additionally, emerging evidence points to genetic
predispositions to inflammation and thrombosis. Cytokine
polymorphisms also may be linked to cerebral palsy [96].

In addition to cellular and tissue damage in the fetal brain,
an overexuberant cytokine response induced by bacteria may
damage other fetal tissues, such as the lung, contributing to
RDS and bronchopulmonary dysplasia [110]. In support of
this hypothesis, a case-control study of infants with and
without RDS was conducted. Infants with RDS were signif-
icantly more likely to have elevated levels of amniotic fluid
tumor necrosis factor (TNF)-o, a positive culture of the
amniotic fluid, and severe histologic chorioamnionitis (P <
.05 for each association). Elevated amniotic fluid IL-6 levels
were also twice as common in the group with RDS, but this
association did not achieve statistical significance. Preterm
fetuses with elevated cord blood IL.-6 concentrations (>11
pg/mL) were more likely to develop RDS (64% versus
24%; P < .005) than preterm fetuses without elevated cord
IL-6 levels. Rates of occurrence of bronchopulmonary dys-
plasia also were increased (11% versus 5%), but the
observed difference was not statistically significant [111].
Curley and associates found elevated matrix metalloprotei-
nase (MMP)-9 concentration in bronchoalveolar lavage
fluid in preterm neonates with pregnancies complicated by
chorioamnionitis compared with age-matched uninfected
controls. These investigators hypothesized that increased
MMP levels in the lung cause destruction of the extracellular
matrix, breaking down type IV collagen in the basement
membrane and leading to the failure of alveolarization and
to the fibrosis components of chronic lung disease [112].

More recently, genetic predisposition toward exuberant
host response to tissue injury has been described. Proin-
flammatory cytokine polymorphisms such as TNF-a 308
relate to bacterial endotoxin and an increased risk of pre-
term delivery [113-115].

TAI has significant adverse effects on the mother and neo-
nate, but vigorous antibiotic therapy and reasonable prompt

TABLE 3-4 Proposed Prevention Strategies for Clinical
Intra-amniotic Infection

Prompt management of dystocia

Induction of labor with premature rupture of membranes at term
Antibiotic prophylaxis with preterm premature rupture of membranes
Antibiotic prophylaxis with preterm labor, but with intact membranes
Antibiotic prophylaxis for group B streptococcal infection

Prenatal treatment of bacterial vaginosis

Chlorhexidine vaginal irrigations in labor

Infection control measures

delivery result in an excellent short-term prognosis, espe-
cially for the mother and term neonate. With the combina-
tion of prematurity and amnionitis, serious sequelae are
more likely for the neonate. Newer information suggests
that intrauterine infection is linked to major neonatal long-
term complications. A complex interplay of cytokine geno-
types may contribute to long-term complications as well.

CONCLUSION

The unanswered question remains: Why does IAI develop
in some patients and not in others? Investigations of
maternal and fetal genotypes for proinflammatory mar-
kers, among others, and study of mucosal immunity and
host response may help to answer this important question
and clarify when neonatal damage occurs. Satisfactory
therapeutic approaches cannot be developed until we
understand the answers to these questions.

Prevention

As categorized in Table 3-4, numerous approaches have
been proposed for the prevention of IAl. Among these,
prompt management of dystocia has been shown to
decrease chorioamnionitis and to shorten labor and reduce
cesarean section rate [5]. Similarly, induction in women
with PROM at term most likely results in fewer maternal
infections than may occur with expectant management
[115]. Antibiotic prophylaxis for patients with preterm
PROM decreases chorioamnionitis and other complica-
tions [116,117]. Treatment for bacterial vaginosis in
high-risk women decreases the incidence of preterm birth.
Antibiotic prophylaxis for patients in preterm labor (but
with intact membranes) does not seem to decrease fre-
quency of chorioamnionitis [118]. Intrapartum prophylaxis
for the prevention of neonatal sepsis with GBS is now a
national standard in patients with GBS colonization or in
patients with specific high risks. It is presumed that this
approach also decreases chorioamnionitis, but there are
no definitive data to support this. Prenatal treatment of
bacterial vaginosis in low-risk women, chlorhexidine vagi-
nal washes in labor, and specific infection control measures
have not been shown to be effective [22,119-122].

INFECTION AS A CAUSE OF PRETERM
BIRTH

Preterm birth is a leading perinatal problem in the United
States, and rates continue to increase. In 2005, the rate of
preterm birth before 37 completed weeks of gestation



60 SECTION | General Information

TABLE 3-5 Evidence for Relationship between Preterm Births
and Subclinical Genitourinary Tract Infection

The incidence of histologic chorioamnionitis is increased after
preterm birth

The incidence of clinical infection is increased after preterm birth
in the mother and neonate

Some lower genital tract microbes or infections are associated with
increased risk of preterm birth

Biochemical mechanisms link prematurity and infection

Infection and inflammation cause cytokine release and prostaglandin
production

Bacteria and bacterial products induce preterm delivery in animal models

Amniotic fluid tests for bacteria are positive in some patients in
premature labor

Some antibiotic trials have shown a decrease in numbers of preterm
births

increased to 12.7%, an increase of 20% since 1990 and 9%
since 2000 [123]. Preterm infants account for 70% of all
perinatal deaths and half of long-term neurologic morbidity.

In most cases, the underlying cause of premature labor is
not evident. Evidence from many sources points to a rela-
tionship between preterm birth and genitourinary tract
infections (Table 3-5) [124,125]. In addition to the genito-
urinary tract, infection leading to preterm birth may arise
in a more remote site, such as the lung or periodontal tissues
[126-129]. Newer information has suggested that subclini-
cal infection is responsible not only for preterm birth, but
also for many serious neonatal sequelae, including PVL,
cerebral palsy, RDS, bronchopulmonary dysplasia, and nec-
rotizing enterocolitis [96,98-110].

HISTOLOGIC CHORIOAMNIONITIS
AND PREMATURITY

Over the past 3 decades, one of the most consistent observa-
tions is that placentas in premature births are more likely to
show evidence of inflammation (i.e., histologic chorioamnio-
nitis) (Fig. 3-3). In a series of 3500 consecutive placentas,
Driscoll found infiltrates of polymorphonuclear cells in
11% [130]. Clinically evident infection developed in only a
few of the women in the study, but the likelihood of neonatal
sepsis and death was increased [131].

An association has been established between histologic
chorioamnionitis and chorioamnion infection (defined as
a positive culture) [131]. ORs of 2.8 to 14 have been
reported, this relationship being stronger among preterm
deliveries than among term deliveries. Overall, the organ-
isms found in the chorioamnion are similar to organisms
found in the amniotic fluid in cases of clinical IAI. This
array of organisms supports an ascending route for chor-
ioamnion infection in most cases.

Although it is uncertain how histologic chorioamnioni-
tis and membrane infection cause preterm delivery or pre-
term PROM, studies suggest that they lead to weakening
of the membranes (as evidenced by lower bursting tension,
less work to rupture, and less elasticity [132] in vitro) and
to production of prostaglandins by the amnion [133,134].

The rate of histologic chorioamnionitis increases with
decreasing gestational age at delivery. In one study, when
birth weight was greater than 3000 g, the percentage of
placentas showing histologic chorioamnionitis was less
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FIGURE 3-3 Infiltrates of polymorphonuclear cells are seen in fetal
membranes. Inflammation of placenta and membranes has been consistently
observed more often after preterm births than after term births.

than 20%; when birth weight was less than 1500 g, the
percentage was 60% to 70% [135].

CLINICAL INFECTION AND PREMATURITY

Premature infants and women who previously gave birth
to premature infants are more likely to develop clinically
evident infection [136]. In a large study of more than
9500 deliveries, confirmatory evidence showed that chor-
ioamnionitis, endometritis, and neonatal infection all were
significantly increased in preterm pregnancies, even after
correcting for the presence of PROM [137]. These observa-
tions suggest that subclinical infection led to the labor and
that infection became clinically evident after delivery. Some
investigators argue that there is no causal relationship, but
that infection develops more frequently in premature infants
because they are compromised hosts, or because they have
more invasive monitoring in the nursery.

Strong evidence supports the relationship between pre-
term birth and genitourinary tract infections. Untreated
bacteriuria in pregnancy leads to acute pyelonephritis in
20% to 40% of patients; pyelonephritis has a significantly
increased risk of fetal morbidity and mortality. Untreated
acute pyelonephritis is associated with a 30% risk of pre-
term labor and delivery. A meta-analysis [138] showed that
women with asymptomatic bacteriuria had a 60% higher
rate of low birth weight (95% CI 1.4 to 1.0) and a 90%
higher rate of preterm delivery (95% CI 1.3 to 1.9).
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Mounting evidence indicates that periodontal disease is
associated with preterm birth. A meta-analysis [139]
stated that a “likely association” existed between peri-
odontitis and preterm birth or low birth weight, with
approximately a twofold increased risk for preterm birth
in patients with periodontal disease. As Stamilio and col-
leagues pointed out [140], the validity of the meta-ana-
Iytic results is limited by the quality of studies that
comprise the analysis. In addition, association does not
always correspond to causation. Finally, we can never
conclude that an association leads to proof of efficacy
for an intervention. Based on all of the available informa-
tion, the authors do not recommend dental interventions
as preventive therapy for preterm birth.

ASSOCIATION OF LOWER GENITAL TRACT
ORGANISMS OR INFECTIONS WITH
PREMATURITY

Premature birth has been associated with isolation of several
organisms from the maternal lower genital tract and with
subclinical infections, as listed in Table 3-6. A large collab-
orative study including more than 4500 patients showed
that lower genital tract colonization with U. wrealyticum is
not associated with preterm birth; this organism is one of
the most commonly isolated in the amniotic fluid of women
in preterm labor. Similarly, cervical infection with C. tracho-
matis is not associated with preterm birth [141].

Other lower genital tract or urinary infections, including
infections caused by N. gonorrboeae and Trichomonas vaginalis
and bacteriuria, are associated with preterm birth, however.
Several studies found increased OR for preterm birth among
women with 7. vaginalis infection [125]. In the large Vaginal
Infections and Prematurity Study, lower genital tract car-
riage of T. vaginalis at mid-pregnancy was significantly asso-
ciated with preterm low birth weight. Preterm low birth
weight occurred in 7.1% of women with 7. vaginalis

TABLE 3-6 Association of Lower Genitourinary Tract Infections
with Preterm Birth

Odds Ratio for Preterm Birth
(95% Confidence Interval)

1.0 (0.8-1.2)

0.7 (0.36-1.37)"*

531 (1.57-17.9)¢

1.3 (1.1-1.4)y

1.3 (1.1-1.4)

1.64 (1.35-1.78)¢

Infection

Ureaplasma wrealyticum
Chlamydia trachomatis
Neisseria gonorrhoeae
Trichomonas vaginalis
Bacterial vaginosis
Bacteriuria

“Data from Carey JC, et al. Antepartum cultures for Ureaplasma urealyticum are not
useful in predicting pregnancy outcome. Am § Obster Gynecol 164:728, 1991.

"Data from Sweet RL, et al. Chlamydia trachomatis infection and pregnancy outcome. Am
F Obstet Gynecol 156:824, 1987.

‘Data from Harrison HR, et al. Cervical Chlamydia trachomatis and mycoplasmal
infections in pregnancy. JAMA 250:1721, 1983.

“Data from Elliott B, et al. Maternal gonococcal infection as a preventable risk factor for low
birth weight. J Infect Dis 161:531, 1990.

“Data from Cotch MF, et al. Trichomonas vaginalis associated with low birth weight and
preterm delivery. Sex Transm Dis 24:353, 1997.

'Data from Leitich H, et al. Bacterial vaginosis as a visk factor for preterm delivery: a meta-
analysis. Am J Obstet Gynecol 189:139, 2003.

$Data from Romero R, et al. Meta-analysis of the relationship between asymyp

bacteriuria and preterm delivery/low birth weight. Obstet Gynecol 73:567, 1989.

compared with 4.5% of women without 1. vaginalis (OR
1.6,95% CI 1.3-1.9) [142]. Bacterial vaginosis, characterized
by high concentrations of anaerobes, G. vaginalis, and genital
mycoplasmas, with a corresponding decrease in the normal
vaginal lactobacilli, confers an approximately twofold to
threefold increase in spontaneous premature birth. It is
unclear whether bacterial vaginosis causes preterm delivery
by leading to subclinical infection, or whether bacterial vag-
inosis acts locally in the lower genital tract infections because
it is associated with increased concentrations of elastase,
mucinase, and sialidase (hydrolytic enzymes associated with
increased risks of adverse pregnancy outcomes) [143-148].

Macones and colleagues presented evidence that an inter-
action between genetic susceptibility and environmental
factors (i.e., bacterial vaginosis) increased the risk of sponta-
neous preterm birth. Specifically, they showed that mater-
nal carriers of TINF-2 were at significantly increased risk
of spontaneous preterm birth (OR 2.7, 95% CI 1.7-4.5).
The association between TNF-2 and preterm birth was
modified by the presence of bacterial vaginosis; mothers
with a “susceptible” genotype and bacterial vaginosis had
an increased OR of preterm birth compared with mothers
who did not (OR 6.1, 95% CI 1.9-21.0) [149].

Maternal genital tract colonization with GBS may lead
to neonatal sepsis, especially when birth occurs prema-
turely, or when the membranes have been ruptured for
prolonged intervals. In addition, Regan and coworkers
[150] found an association between colonization of the
cervix with these organisms and premature birth. These
investigators noted delivery at less than 32 weeks in
1.8% of the total population, but in 5.4% of women colo-
nized with GBS (P < .005). PROM also occurred signifi-
cantly more often in the colonized group (15.3% versus
8.1%; P < .005). Of six studies evaluating the association
between GBS genital colonization and preterm labor or
delivery, five found no association [125].

In contrast with the conflicting data regarding genital
colonization with GBS, GBS bacteriuria has been consis-
tently associated with preterm delivery, and treatment of
this bacteriuria resulted in a marked reduction in prematu-
rity (37.5% in the placebo group versus 5.4% in the treat-
ment group) [151-153]. In a randomized treatment trial of
erythromycin versus placebo in women colonized with
GBS, erythromycin use was not shown to be effective in
prolonging gestation or increasing birth weight [154].

Current recommendations for prevention of perinatal
infection with GBS from the U.S. Centers for Disease
Control and Prevention (CDC) are for intrapartum treat-
ment only, with the exception of GBS bacteriuria, which
should be treated antepartum. The 2002 CDC guidelines
recommend adoption of universal screening. The univer-
sal screening approach involves screening women at 35 to
37 weeks of gestation with proper collection and culture
techniques, followed by intrapartum treatment for all
women with positive cultures [155].

AMNIOTIC FLUID CULTURES IN PRETERM
LABOR
Among patients with signs and symptoms of preterm labor,

the probability of finding a positive result on tests for bacte-
ria depends on several factors: the specimen tested, the
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population under investigation, and the technique used for
microbial detection. When standard culture techniques have
been used for the amniotic fluid of patients clinically defined
as being in preterm labor, the likelihood of positive cultures
ranges from 0% to 25%. Yet with culture of the amniotic
fluid of patients in preterm labor who deliver a preterm
infant within 72 hours of the amniocentesis, the likelihood
of a positive result has been 22 %. With use of more sensitive
assays such as PCR, the probability of finding bacteria in the
amniotic fluid of patents in preterm labor has been 30% to
55% [60-62,125,156]. Because bacteria are likely to be pres-
ent in the amniotic membranes before appearing in the
amniotic fluid, the rate of positive cultures of the membranes
for patients in preterm labor has been 32% to 61%. Histo-
logic evidence of chorioamnion infection is extremely com-
mon, being found in approximately 80% of placentas after
birth of infants weighing 1000 g or less.

BIOCHEMICAL LINKS OF PREMATURITY
AND INFECTION

The widely accepted working hypothesis is that bacteria
ascending into the uterine cavity are able to stimulate cyto-
kine activity directly. IL-1, IL-6, and TNF-a, the proin-
flammatory cytokines, have been shown to be produced by
the fetal membranes, decidua, and myometrium. Patients
with elevated levels of these cytokines in the amniotic fluid
have shorter amniocentesis-to-delivery intervals than
patients without elevated cytokine levels. Levels also are ele-
vated when preterm labor is associated with IAI [156]. Sim-
ilarly, Gomez and associates [157] showed that elevated fetal
plasma levels of IL-6 in patients with preterm PROM, but
not in labor, had a higher rate of delivery within 48 hours
compared with patients who delivered more than 48 hours
after cordocentesis. These important findings suggest that
a fetal inflammatory cytokine response triggers spontaneous
preterm delivery.

Immunomodulatory cytokines, such as IL-1 receptor
antagonist (IL-1ra), IL-10, and transforming growth factor
(TGF)-B, play a regulatory role in the cytokine response,
allowing for a downregulation of this response [158]. IL-1ra
has been shown in humans to increase in response to IAI
[159]. Murtha and coworkers showed that maternal carriage
of at least one copy of the IL-1ra allele 2 is associated with
increased risk of preterm birth [159]. Similarly, Mulherin
and colleagues reported that common genetic variants in
proinflammatory cytokine genes could influence the risk for
spontaneous preterm birth. They found that selected TINF-
o haplotypes were associated with spontaneous preterm birth
in African American and white subjects [160]. IL-10 inhibits
IL-1B-induced preterm labor in a rhesus model [161].

Animal models have been used to evaluate cytokine-
mediated initiation of preterm birth. Romero and col-
leagues showed that systemic administration of IL-1 induced
preterm birth in a murine model [162]. Similarly, Kaga
and coworkers gave low-dose lipopolysaccharide intraperi-
toneally to preterm mice, causing preterm delivery [163].
Again using a murine model, other investigators showed
preterm birth after intrauterine inoculation of E. co/i.

Other investigators have used inoculation of live bacteria
to study the infection-cytokine-preterm birth pathway. In
rabbits, we found that intrauterine inoculation of E. coli,

Fusobacterium species, or GBS led to rapid induction of labor
at 70% gestation with an accompanying increase in histo-
logic infiltrate and elaboration of TNF-u into the amniotic
fluid. More recently, using our rabbit model, we showed that
intrauterine inoculation of the anaerobe Prevotella bivia at
70% gestation led to establishment of a “chronic” infection
in 64% of animals, with preterm birth occurring in 33%
[164]. Also, using a rhesus monkey model, Gravett and col-
leagues inoculated GBS at 78% gestation and found result-
ing increases in amniotic fluid cytokines and prostaglandins
followed by a progressive cervical dilation [165].

ANTIBIOTIC TRIALS

Antibiotic treatment trials may be categorized into three
general types as follows: (1) antibiotics given during prena-
tal care to patients at increased risk of preterm delivery; (2)
antibiotics given adjunctively with tocolytics to women in
preterm labor; and (3) antibiotics given to women with pre-
term PROM, but not yet in labor. In the prototype of the
first category of antibiotic trial, Kass and colleagues [166]
and McCormack and associates [167] noted a reduction in
the percentage of low birth weight infants delivered of
women who received oral erythromycin for 6 weeks in the
third trimester compared with infants delivered of women
who were given a placebo. These results were not confirmed
in a National Institutes of Health-sponsored, multi-institu-
tional study. More than 1100 women with genital U. urealy-
ticwm were randomly assigned to receive placebo or
erythromycin beginning at 26 to 28 weeks of gestation and
continuing until 35 weeks. No improvement was detected
in any outcome measure, including no difference in birth
weight, low birth weight, or prematurity rate (Table 3-7).
Treatment of U. urealyticum in pregnancy to prevent prema-
turity remains experimental.

Two retrospective, nonrandomized studies have reported
reductions in PROM, low birth weight, and preterm labor
through antenatal treatment of C. trachomatis infection [168,
169]. In the first study, patients successfully treated for
C. trachomatis had significantly lower rates of PROM and pre-
mature labor than patients who failed to have C. #rachomatis
eradicated. In the second study, adverse outcome was
assessed among three large groups: C. trachomatis—positive

TABLE 3-7 Randomized Trial of Erythromycin for Treatment
of Vaginal Ureaplasma urealyticum Infection in Pregnancy

Treatment Group

Erythromycin Placebo P

Outcome (n = 605) (n =576) Value
Birth weight 3302 + 557 3326 +£ 558 NS

(g, mean + SD)

Birth weight <2500 g (%) 7 6 NS
Gestational age at delivery 8.6 8.2 NS
>36 wk (%)

Premature rupture of 2.5 2.5 NS
membranes at >36 wk (%)

Stillbirth (%) 0.5 0.5 NS
Neonatal death (%) 0.2 0 NS

NS, not significant; SD, standard deviation.
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but untreated (n = 1110), C. trachomatis—positive and treated
(n = 1327), and C. trachomatis—negative (n = 9111). The
C. trachomatis—positive but untreated group had PROM and
low birth weight significantly more often and had higher
perinatal mortality than the other two groups. The only
randomized treatment trial for C. trachomatis in pregnancy
led to conflicting results, however [170]. In this latter
study, the rate of pregnancies resulting in low birth weight
infants was reduced in three of the five centers, but not
significantly reduced in the remaining two. A more recent
study by the NICHD Maternal-Fetal Medicine Units
Network found that treatment of C. trachomatis in the mid-
trimester was not associated with a decreased frequency of
preterm birth [141]. At the present time, it is standard of
care to treat women with C. trachomatis infection, not as
much to prevent preterm labor, but to prevent spread of the
sexually transmitted disease.

Treatment with metronidazole should be offered to
women who have symptomatic 7. vaginalis infection in
pregnancy to relieve maternal symptoms and prevent
spread of a sexually transmitted disease [171]. Metronida-
zole is safe for use in the first trimester of pregnancy
[172]. When pregnant women with asymptomatic 7. vagi-
nalis infection at 24 to 29 weeks of gestation were ran-
domly assigned to receive treatment with either
metronidazole or placebo, rates of delivery at less than 37
weeks and at less than 37 weeks because of preterm labor
were increased in the group given metronidazole (relative
risk 1.8 [95% CI 1.2 to 2.7] for delivery at <37 weeks
and relative risk 3.0 [95% CI 1.5 to 5.9] for delivery at
<37 weeks because of preterm labor) [173].

Because of the consistent association of bacterial vagi-
nosis with preterm birth, several treatment trials have
been carried out in pregnant women. A meta-analysis
reported no significant reduction in preterm delivery
when women with bacterial vaginosis were given antibi-
otic therapy as part of prenatal care. Similarly, there is
no significant reduction in preterm labor with treatment
for bacterial vaginosis in women at low risk for preterm
birth. In the subset of women with previous preterm birth
and treatment for at least 7 days with an oral regimen,
there was a significant reduction in preterm delivery
(OR 0.42, 95% CI 0.27 to 0.67). Following the meta-
analysis, the PREMET study [174], a randomized con-
trolled trial, concluded that oral metronidazole does not
reduce early preterm birth in high-risk women (selected
by history and a positive vaginal fetal fibronectin test).
Whether vaginal treatment of bacterial vaginosis is effec-
tive in preventing preterm birth is unclear. In the meta-
analysis, no benefit was obtained by vaginal treatment
[175]. Subsequent trials supported the idea, however, that
a course of clindamycin cream early in pregnancy leads to
a decreased incidence of preterm birth [176,177].

Among women in preterm labor with intact mem-
branes, there have been several studies and meta-analyses
studying the effect of various antibiotic regimens. The
ORACLE 1I study showed no delay in delivery or no
improvement in a composite outcome that included neo-
natal death, chronic lung disease, or cerebral anomaly
[178]. In the Cochrane meta-analysis, 7428 women in 11
trials were assessed. As shown in Table 3-8, the use of
antibiotics did not decrease preterm birth delivery within

TABLE 3-8 Risk of Selected Adverse Outcomes with Use
of Antibiotics in Preterm Labor with Intact Membranes

RR* (95% Confidence Interval)

0.99 (0.92-1.05)
1.04 (0.89-1.23)
1.22 (0.88-1.70)
1.52 (0.99-2.34)

Outcome

Preterm birth
Delivery within 48 hr
Perinatal mortality
Neonatal death

*Relative risk (RR) <1.0 favors antibiotics, and RR >1.0 favors controls. RR is statistically
significant if the 95% confidence interval excludes 1.0.

From King 7, Flenady V. Prophylactic antibiotics for inhibiting preterm labour with intact
membranes. Cochrane Database Syst Rev (1), 2003.

48 hours or perinatal mortality. The relative risk for neo-
natal death in the antibiotic treatment group was 1.52
(95% CI 0.99 to 2.34). There was a significant reduction
in postpartum intrauterine infection with use of antibio-
tics, but this reduction was not seen as sufficient justifica-
tion for widespread use of antibiotics in preterm labor.

In a subanalysis, the reviewers looked at trials employing
antibiotics that were active against anaerobes (i.e., metroni-
dazole or clindamycin). There were significant benefits in
delivery within 7 days and in neonatal intensive care unit
admissions. These benefits were not accompanied, how-
ever, by significant reductions in major end points such as
preterm birth, perinatal mortality, or neonatal sepsis.

There have been several large trials among patients with
preterm PROM. In 2003, the Cochrane Library updated
its meta-analysis of these trials. In 13 trials comprising
6000 patients, antibiotics in this clinical setting had consis-
tent benefits. Among women given antibiotics, delivery
within 48 hours, delivery within 7 days, or development
of chorioamnionitis was less likely. Their neonates were
less likely to have infection or sepsis (Table 3-9).

Lack of consistent findings in these antibiotic trials
raises the question of why antibiotics have been effective
in so few clinical situations. One likely explanation is that
a true effective antibiotic may be “diluted out” by inclu-
sion in the trials of patients in whom premature labor is
not due to infection, such as patients in preterm labor at
34 to 37 weeks. Another likely explanation is that when
clinical signs and symptoms of preterm labor begin, the
complex biochemical reactions have progressed too far
to be stopped by antibiotic therapy alone.

Widespread use of antibiotics for the purpose of
prolonging a premature pregnancy raises concerns

TABLE 3-9 Risk of Selected Adverse Outcomes with Use
of Antibiotics for Preterm Premature Rupture of Membranes

RR* (95% Confidence Interval)

0.71 (0.58-0.87)
0.8 (0.71-0.9)

0.57 (0.37-0.86)
0.68 (0.53-0.87)
0.82 (0.68-0.98)

Outcome

Delivery within 48 hr
Delivery within 7 days
Chorioamnionitis
Neonatal infection

Abnormalities on cerebral
ultrasound examination

*Relative risk (RR) <1.0 favors antibiotics, and RR >1.0 favors controls. RR is statistically
significant if the 95 % confidence interval excludes 1.0.
Data from **.
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TABLE 3-10 Consensus on Use of Antibiotics to Prevent Preterm Birth

Opinion

Comment

During Prenatal Care

Treat Neisseria gonorrhoeae and Chlamydia trachomatis infection

Treat bacteriuria, including group B streptococcal bacteriuria

Screen for and treat bacterial vaginosis in patients at high risk for
preterm birth. In these high-risk women, treat with an oral
metronidazole for >1 wk

Treat symptomatic Trichomonas vaginalis infection to relieve maternal
symptoms, but do not screen for or treat asymptomatic trichomoniasis

Do not treat Ureaplasma urealyticum genital colonization

Do not treat group B streptococcal genital colonization

Screening and treatment of these two sexually transmitted organisms
should follow standard recommendations to prevent spread to sexual
partner(s) and the newborn. Published nonrandomized trials show
improved pregnancy outcome with treatment.

Screening and treatment for bacteriuria is a standard practice to prevent
pyelonephritis. A meta-analysis concluded that bacteriuria is directly
associated with preterm birth.

A meta-analysis has shown benefit with this treatment in women with
high-risk pregnancies.

This opinion is based on randomized trials in asymptomatic infected
women.

One double-blind treatment trial that corrected for confounding
infections showed no benefit.

One double-blind treatment trial showed no benefit.

With Preterm Labor and Intact Membranes

Give group B streptococcal prophylaxis to prevent neonatal sepsis

Do not give antibiotics routinely to prolong pregnancy

As recommended by Centers for Disease Control and Prevention and
American College of Obstetricians and Gynecologists.

A meta-analysis concluded that antibiotics gave no neonatal benefit.

With Preterm Premature Rupture of Membranes

Give group B streptococcal prophylaxis to prevent neonatal sepsis

Give additional antibiotics in pregnancies at 24 to 32 wk

As recommended by Centers for Disease Control and Prevention and
American College of Obstetricians and Gynecologists.

Meta-analyses concluded that there was substantial benefit to the neonate.

regarding selection of resistant organisms and masking of
infection. To date, evidence of selection pressure has been
limited mainly to infants with very low birth weight [179].
Masking infection is now of great concern, especially in
view of evidence that intrauterine exposure to bacteria is
associated with long-term adverse neonatal outcomes
including cerebral palsy and PVL [99,110].

For reasons other than prevention of preterm birth,
detection and treatment of N. gonorrhoeae, C. trachomatis,
and bacteriuria are appropriate. Table 3-10 summarizes
our recommendations for use of antibiotics to prevent
preterm birth. Future research is urgently needed, how-
ever, to identify markers in women who are in preterm
labor as a result of infection, in whom intervention with
antibiotics or other novel therapies is most likely to be
beneficial. In addition, detection of women genetically
predisposed to infection-induced preterm birth is impor-
tant. Some investigators have identified associations
between polymorphisms in the cytokine gene complexes
including TNF-a and preterm PROM or spontaneous
preterm birth [113-115,180].

PREMATURE RUPTURE
OF MEMBRANES

PROM is a common but poorly understood problem.
Because there is little understanding of its etiology, man-
agement has been largely empirical, and obstetricians
have been sharply divided over what constitutes the best
approach to care [181-184]. The problem is complex.
Gestational age and demographic factors influence the

outcome with PROM. Therapeutic modalities added
within the past 2 decades include corticosteroids, tocoly-
tics, and more potent antibiotics, but their place in ther-
apy is controversial. Of major importance is the marked
improvement in survival of infants with low birth weight.
This chapter emphasizes developments since 1970. The
literature has been reviewed periodically.

DEFINITION

Lack of standard, clear terminology has hindered under-
standing of PROM. Most authors define PROM as rup-
ture at any time before the onset of contractions, but
“premature” also carries the connotation of preterm preg-
nancy. To avoid confusion, we reserve “preterm” to refer
to rupture occurring at a gestational age less than 37
weeks. Others using the expression “prolonged rupture
of the membranes” have used the same acronym, PROM.

The latent period is defined as the time from mem-
brane rupture to onset of contractions. It is to be distin-
guished from the latent phase, which designates the
phase of labor that precedes the active phase. “Conserva-
tive” or “expectant” management refers to the period of
watchful waiting when IAI has been clinically excluded
in the setting of PROM.

In addition to IAI, terms used to describe maternal or
perinatal infections during labor include fever in labor,
intrapartum fever, chorioamnionitis, amnionitis, and intra-
uterine infectdon. In most reports, clinical criteria used for
these diagnoses include fever, uterine irritability or tender-
ness, leukocytosis, and purulent cervical discharge. After
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delivery, maternal uterine infection is referred to an endo-
metritis, endomyometritis or metritis. These clinical diag-
noses usually are based on fever and uterine tenderness.
In a few studies, presumed maternal infections were con-
firmed by blood and genital tract cultures.

For neonates, the most common term used to report infec-
tion is neonatal sepsis. Some authors use a positive blood or
cerebrospinal fluid culture result, whereas others use clinical
signs of sepsis without bacteriologic confirmation.

INCIDENCE

In several reports, the incidence of PROM has ranged
from 3% to 7% of total deliveries [185,186], whereas
PROM related to preterm birth has occurred in approxi-
mately 1% of all pregnancies [10-12]. In some referral cen-
ters, preterm PROM accounted for 30% of all preterm
births. Despite some progress in prolonging the latent
period after preterm PROM and possible prevention of
recurrence (e.g., by use of progesterone or by treating bac-
terial vaginosis), preterm PROM remains a leading con-
tributor to the overall problem of premature birth.

ETIOLOGY

Several clinical variables have been associated with PROM
[187,188], including cervical incompetence, cervical
operations and lacerations, multiple pregnancies, polyhy-
dramnios, antepartum hemorrhage, and heavy smoking.
In most instances, none of these clinical variables are pres-
ent, however. No association has been found between the
frequency of PROM and maternal age, parity, maternal
weight, fetal weight and position, maternal trauma, or type
of maternal work [181,189]. The NICHD Maternal-Fetal
Medicine Units Network found that the combination of
short cervical length, previous preterm birth caused by
preterm PROM, and positive fetal fibronectin screening
results was highly associated with preterm delivery caused
by preterm PROM in the current gestation [190].

Physical properties of membranes that rupture prema-
turely also have been investigated. Studies of the collagen
content of amnion in patients with PROM have led to
conflicting results, perhaps because of important differ-
ences in methodology. Patients with Ehlers-Danlos syn-
drome, a hereditary defect in collagen synthesis, are at
increased risk of preterm PROM. Other reports have
shown that membranes from women with PROM are
thinner than membranes from women without PROM
[189]. Using in vitro techniques to measure rupturing
pressure, investigators have found that the membranes
from patients with PROM withstand either the same or
higher pressure before bursting than do membranes from
women without PROM [191,192]. Such observations
have suggested a local defect at the site of rupture, rather
than a diffuse weakening, in membranes that rupture
before labor. These studies of physical properties should
be interpreted with caution because of differences in mea-
suring techniques, possible deterioration of membrane
preparations, and need for proper controls.

In addition to being a possible cause of premature labor,
subclinical infection may be a cause of PROM (see previous
section). Acute inflammation of the placental membranes is
twice as common when membranes rupture within 4 hours

before labor than when they rupture after the onset of labor,
which suggests that this “infection” may be the cause of
PROM [193]. Supporting this hypothesis, increases in
amniotic fluid MMP-1, MMP-8, and MMP-9 and decreases
in MMP-1 and MMP-2 inhibitors have been shown in
women experiencing preterm PROM [194,195].

Several reports have suggested a relatdonship among
coitus, histologic inflammation, and PROM. In additional
analyses, two successive singleton pregnancies in each of
5230 women (10,460 pregnancies) were considered
[196]. Preterm PROM occurred in only 2% of 773 preg-
nancies when there was no recent coitus and histologic
chorioamnionitis, but it occurred in 23% of 96 pregnan-
cies when both of these features were present. A causal
role of coitus or infection was not established, however,
because there may have been other factors that were not
considered. Evaluation of successive pregnancies would
not have eliminated these confounding variables. In the
South African black population, the rates of histologic
chorioamnionitis and PROM were increased when coitus
had occurred within the last 7 days. Use of a condom dur-
ing coitus resulted in less placental inflammation. In addi-
tion, PROM occurred more often (P > .01) when there
had been male orgasm during coitus [197]. Because
organisms may attach to sperm, it has been hypothesized
that sperm carry organisms into the endocervix or uterus.

Further evidence is provided by bacteriologic studies.
Patients with PROM before term or with prolonged
membrane rupture are more likely to have anaerobes in
endocervical cultures than women without PROM at
term [198,199]. These observations may be interpreted
as showing that subclinical anaerobic “infection” leads to
PROM. The increased presence of anaerobes in cervical
cultures may reflect hormonal or other influences at dif-
ferent stages of gestation, however.

Investigations of risk factors for preterm PROM are
likely to provide insight into the etiology of this condi-
tion. In the largest case-control study, Harger and collea-
gues reported 341 cases and 253 controls [200]. Only
three independent variables were associated with preterm
PROM in a logistic regression analysis: previous preterm
delivery (OR 2.5, 95% CI 1.4 to 2.5), uterine bleeding in
pregnancy, and cigarette smoking. OR accompanying
bleeding increased with bleeding in late pregnancy and
with the number of trimesters in which bleeding occurred
(OR for first-trimester bleeding 2.4, 95% CI 1.9 to 23;
OR for bleeding in more than one trimester 7.4, 95%
CI 2.2 to 26). For cigarette smoking, OR was higher for
women who continued smoking (OR 2.1, 95% CI 1.4 to
3.1) than for women who stopped (OR 1.6, 95% CI 0.8
to 3.3). Because previous preterm pregnancy is a historical
feature and little can be done to prevent bleeding in preg-
nancy, this study provides an additional reason to encour-
age all patients, especially women of reproductive age, to
stop smoking. Finally, in most cases, the specific etiology
of preterm PROM is unknown.

DIAGNOSIS

In most cases, PROM is readily diagnosed by history,
physical findings, and simple laboratory tests such as
determination of pH (Nitrazine [phenaphthazine] test
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[Bristol-Myers Squibb, Princeton, NJ]) or detection of
ferning. Although these tests are accurate in approxi-
mately 90% of cases, they yield false-positive and false-
negative results, especially in women with small amounts
of amniotic fluid in the vagina. If the patient is not going
to be delivered immediately, a digital examination should
be deferred because examination may introduce bacteria
into the uterus and shorten the latent phase.

Other biochemical and histochemical tests and intra-
amniotic injection of various dyes have been suggested,
but they have not gained wide acceptance. Indigo carmine
blue (1 mL diluted in 9 mL of sterile normal saline solu-
tion) can be injected into the amniotic fluid, and a sponge
can be placed into the vagina and inspected 30 minutes
later for dye. Methylene blue should not be used because
of reported methemoglobinemia in the fetus. This test is
invasive, and the accuracy of diagnosis is unknown.

An immunoassay for placenta o;-microglobulin (abun-
dant in amniotic fluid, but barely detectable in normal
cervicovaginal secretions) has been approved for detecting
PROM. Initial reports have found high diagnostic accu-
racy [29,201].

Ultrasound examination also has been used as a diag-
nostic technique because oligohydramnios supports a
diagnosis of PROM. Oligohydramnios has many addi-
tional causes, however. Ultrasound examination should
be considered in the context of the entire clinical picture.

NATURAL HISTORY

The onset of regular uterine contractions occurs within
24 hours after membrane rupture in 80% to 90% of term
patients [2]. The latent period exceeds 24 hours in 19% of
patients at term and exceeds 48 hours in 12.5% [200,202].
Only 3.6% of term patients do not begin to labor within 7
days [200].

Before term, latent periods are longer among patients
with PROM. Confirming earlier studies, more recent inves-
tigations have shown latent periods of 24 hours in 57% to
83% [202,203], of 72 hours in 15% to 26% [204-206],
and of 7 days in 19% to 41% of patients [202,204]. There
is an inverse relationship between gestational age and of
patients with latent periods of 3 days [205]. There is also
an inverse relationship between advancing gestation and a
decreased risk of chorioamnionitis. One third of women
with pregnancies between 25 and 32 weeks of gestation
had latent periods of 3 days, whereas for pregnancies
between 33 and 34 weeks and between 35 and 37 weeks,
the values were 16% and 4.5%. In 53 cases of PROM at
16 to 25 weeks (mean 22.6 weeks), the median length of
time from PROM to delivery was 6 days (range 1 to 87 days,
mean 17 days) [207]. In a population-based study of 267
cases of PROM before 34 weeks, 76% of women were
already in labor at the time of admission, and an additional
5% had an indicated delivery. Only 19% were candidates
for expectant management, and of these women, 60% went
into labor within 48 hours [208]. The natural history of
PROM reveals that labor usually develops within a few days.

In a few cases of PROM, the membranes can “reseal,”
especially with rupture of membranes after amniocentesis.
With expectant management, 2.8% to 13% may antici-
pate the cessation of leakage of amniotic fluid [209,210].

COMPLICATIONS

Analysis of complications described in more recent stud-
ies is complex because of differences in study design.
Table 3-11 summarizes complications observed in studies
with more than 100 infants. Direct comparisons of data
from one study to another require extreme caution. The
wide-ranging differences are attributable to major differ-
ences in populations at risk, gestational age, definitions,
and management.

The most common complication among cases with
PROM before 37 weeks is RDS, which is found in 10%
to 40% in neonates. (A few studies have reported RDS
in 60% to 80% of newborns.) Neonatal sepsis was docu-
mented in less than 10%, whereas amnionitis (based on
clinical criteria only) occurred in 4% to 60% [211]. Endo-
metritis developed in 3% to 29% of patients in most
reports, but it is unclear whether patients with amnionitis
are included in the endometritis category. In selected
groups, such as women who undergo cesarean section
after PROM, endometritis can occur in 70% of patients.
Abruptio placentae after PROM is reported in 4% to
6% of cases, severalfold higher than the rate of 0.5% to
1% in the general population [212].

When latent periods in preterm pregnancies are pro-
longed, pulmonary hypoplasia is an additional neonatal com-
plication. Although the rate of pulmonary hypoplasia seems
to depend on the gestational age of PROM and the remain-
ing amount of amniotic fluid surrounding the fetus, reported
rates vary [213-215]. Vergani and colleagues reported that if
severe oligohydramnios is present, there is nearly a 100%
probability of lethal pulmonary hypoplasia when PROM
occurs before 23 weeks [215]. Other investigators reported
that the incidence of pulmonary hypoplasia is approximately
60% when rupture occurs before 19 weeks, however [216].
Nimrod and associates showed a 27% incidence of pulmo-
nary hypoplasia in cases in which PROM occurred before
26 weeks and with long intervals (e.g., >5 weeks) between

TABLE 3-11 Complications in Newborns after Premature
Rupture of Membranes*

Complication Rate (%)
Perinatal mortality, overall 0-43
Term 0-2.5
All preterm 2-43
1000-1500 g 29
1501-2500 g 7
RDS, all preterm 10-42
1000-1500 g 42
1501-2500 g 7
Infection
Amnionitis 4-33
Maternal (overall) 3-29
Endometritis 3-29
Neonatal sepsis 0-7
Neonatal overall (including clinically 3-281

diagnosed sepsis)

*Studies with >100 infants.
RDS, respiratory distress syndrome.
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rupture and delivery [214]. Other studies showed a lower
incidence of pulmonary hypoplasia [213]. Pulmonary hypo-
plasia is rare if PROM occurs after 26 weeks of gestation
[215]. Pulmonary hypoplasia is poorly predicted antenatally
by ultrasound examination [213]. Ultrasound estimates of
interval fetal lung growth include lung length, chest circum-
ference, chest circumference—abdominal circumference ratio,
or chest circumference—femur length ratio.

In addition to the risk of pulmonary hypoplasia, an
additional 20% of neonates had fetal skeletal deformities
as a result of compression. Nonskeletal restriction defor-
mities of prolonged intrauterine crowding similar to fea-
tures of Potter syndrome include abnormal facies with
low-set ears and epicanthal folds. Limbs may be malposi-
tioned and flattened [217].

Low Apgar scores (<7 at 5 minutes of life) are noted in
15% to 64% of live-born infants [186,187,218-219]. This
complication is most common among infants with very
low birth weight. Other complications of PROM, espe-
cially in preterm pregnancies, include malpresentation,
cord prolapse, and congenital anomalies. In view of the
long list of potential hazards, it is not surprising that pre-
mature infants surviving after PROM often are subject to
prolonged hospitalization.

Perinatal mortality depends mainly on gestational age.
The wide variation in results for preterm infants reflects
different groupings of gestational ages. It is uncertain
whether infants with PROM have higher mortality than
infants of the same gestational age without PROM.

Causes of perinatal death may be determined by exam-
ining data from four large series (Table 3-12)
[185,188,220]. Two of these studies included stillbirths;
two studies excluded them. Overall, RDS was the leading
cause of death. Deaths were presumed to be due to hyp-
oxia when there was an antepartum or intrapartum death
of a very small infant. In frequency and severity, RDS was
a greater threat than infection to the preterm fetus.

Maternal mortality as a complication of PROM is rare.
Studies have documented only one maternal death
(related to chorioamnionitis, severe toxemia, and cardio-
respiratory arrest) in more than 3000 women with PROM
[221]. Case reports of maternal death from sepsis compli-
cating PROM appear sporadically [222].

TABLE 3-12 Primary Causes of Death among Preterm Infants
Born with Premature Rupture of Membranes

Cause % of Perinatal Deaths*
RDS 29-70
Infection 3-19
Congenital anomaly 9-27
Asphyxia-anoxia 5-46"
Others* 9-27

*Overall perinatal mortality was 13% to 24%.

Includes stillbirths with birth weight 500 to 1000 g.

*Includes atelectasis, erythroblastosis fetalis, intracranial hemorrbage, and necrotizing
enterocolitis.

RDS, respiratory distress syndrome.

Data from references [277, 305, 306], and Romero R, Kadar N, Hobbins FC. Infection and
labor. Am § Obster Gynecol 157:815, 1987.

APPROACH TO DIAGNOSIS OF INFECTION

Because of the frequency and potential severity of maternal
and fetal infections after PROM, various tests have been
studied as predictors of infection. One review critically
appraised eight tests and found no test to be ideal [223]. A
rectovaginal culture for GBS should be taken, unless the
GBS status is already known. In addition, all patients with
preterm PROM should receive a thorough physical exami-
nation focusing on possible evidence of chorioamnionitis.
Digital examination should be avoided in patients with
PROM, unless delivery is imminent. In a comparison of
outcomes, women with digital examination after PROM
had a significantly shorter latent period (2.5 & 4 days versus
11.3 £ 13.4 days; P < .001), more maternal infections (44 %
versus 33%; P = .09), and more positive amniotic fluid cul-
tures (11 of 25 [44%] versus 10 of 63 [16%]; P < .05) [224].

Abnormal physical examination findings that could sup-
port a diagnosis of chorioamnionitis include maternal or
fetal tachycardia; uterine tenderness; and detection of a
purulent, foul-smelling discharge. Temperature is often a
late sign of chorioamnionitis, especially in preterm PROM.

Several authors have evaluated the use of amniocentesis
and microscopic examination of amniotic fluid. Analyses
for possible IAI include performing a Gram stain; glucose
concentration; and cultures for anaerobes, aerobes, and
genital mycoplasmas. A low amniotic fluid glucose can
predict a positive amniotic fluid culture. When the glu-
cose is greater than 20 mg/dL, the likelihood of a positive
culture is less than 5%; when glucose is less than 5 mg/
dL, the likelihood of a positive culture approaches 90%
[55,225]. In addition, an elevated IL-6 in amniotic fluid
may be the most sensitive predictor of intrauterine infec-
tion. Measurement of IL-6 in amniotic fluid is not a
widely available test at this time, however.

Clinical infection is more common in women with posi-
tive smears or cultures, but 20% to 30% of these women
or their newborns had no clinical evidence of infection
[226-229]. In addition, amniocentesis may potentially be
accompanied by trauma, bleeding, initiation of labor, or
introduction of infection, although Yeast and colleagues
reported no increase in onset of labor and no trauma in their
retrospective series [230]. Table 3—13 summarizes the diag-
nostic and prognostic value of several tests of amniotic fluid.

Because the value of amniocentesis in patients with pre-
term PROM has not been determined precisely, most
practitioners do not employ this test routinely for several
reasons. Most patients with PROM and positive amniotic
fluid culture results are in labor within 48 hours, and cul-
ture results are often delayed and available after the fact.
Because some patients have positive culture results with
no clinical evidence of infection, there is concern regard-
ing unnecessary delivery of preterm infants. Finally, it has
not been shown that clinical decisions based on data from
amniocentesis lead to an improved perinatal outcome.
Feinstein and colleagues evaluated 73 patients with pre-
term PROM who underwent amniocentesis [231]. When
the Gram stain or culture result was positive, delivery
was accomplished. Results were compared with 73
matched controls from a historical group. Compared with
controls, patients managed by amniocentesis had less clin-
ically diagnosed amnionitis (7% versus 20%, P < .05) and
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TABLE 3-13 Diagnostic Values of Amniotic Fluid Testing in Detection of Positive Amniotic Fluid Culture in Patients with Preterm Labor

and Intact Membranes

Diagnostic Index

Sensitivity

Specificity

Positive

Predictive Value

Negative
Predictive Value

Gram stain

IL-6 (>11.30 ng/mL)

WBC count (>50 cells/mm?)

Glucose (<14 mg/dL)

Gram stain plus WBC count (>50 cells/mm?)
Gram stain plus glucose (<14 mg/dL)

Gram stain plus IL-6 (>11.30 ng/mL)

Gram stain plus glucose (<14 mg/dL) plus WBC
count (>50 cells/mm?)

Gram stain plus WBC count (>50 cells/mm?)
plus IL-6 (>11.30 ng/mL)

Gram stain plus glucose (<14 mg/dL) plus IL-6
(>11.30 ng/mL)

Gram stain plus WBC count (>50 cells/mm?) plus

7/11 (63.64%)
11/11 (100%)

7/11 (63.64%)
9/11 (81.82%)
10/11 (90.91%)
10/11 (90.91%)
11/11 (100%)

10/11 (90.91%)

11/11 (100%)
11/11 (100%)

11/11 (100%)

108/109 (99.08%)
90/109 (82.57%)
103/109 (94.50%)
80/109 (81.65%)
102/109 (93.58%)
88/109 (80.73%)
89/109 (81.65%)
85/109 (77.98%)

87/109 (79.82%)
78/109 (71.56%)

76/109 (69.72%)

7/8 (87.50%)
11/30 (36.67%)
7/13 (53.85%)

9/29 (31.03%)

10/17 (58.82%)
10/31 (32.26%)
11/31 (35.48%)
10/34 (29.41%)

11/33 (33.33%)
11/42 (26.19%)

11/44 (25.00%)

108/112 (96.43%)
90/90 (100%)
103/107 (96.26%)
89/91 (97.80%)
102/103 (99.03%)
88/89 (98.88%)
89/89 (100%)
85/86 (98.84%)

87/87 (100%)
78/78 (100%)

76/76 (100%)

IL-6 (>11.30 ng/mL) plus glucose (<14 mg/dL)

1L-6, interleukin-6; WBC, white blood cell.

Data from Romero R, et al. The diagnostic and prognostic value of amniotic fluid white blood cell count, glucose, interleukin-6, and Gram stain in patients with preterm labor and intact membranes.

Am F Obstet Gynecol 169:805, 1993.

fewer low Apgar scores for their infants at 5 minutes (3%
versus 12%, P < .05). There were no significant differ-
ences, however, in rates of overall infection (22% versus
30%), “possible neonatal sepsis” (12% versus 14%), or
perinatal deaths (1% versus 3%).

Although there were apparent advantages to management
by amniocentesis, controlled studies have serious limita-
tions, and no significant decreases in overall infection or
perinatal mortality were found. In a small comparative study
of expectant management versus the use of amniocentesis,
Cotton and associates reported a significantly shorter neo-
natal hospital stay in the amniocentesis group (P < .01),
but more than 25% of patients were excluded because no
amniotic fluid pocket was seen [232]. Also, there were no
significant differences in rates of maternal infection, neona-
tal sepsis, or neonatal death. Ohlsson and Wang found
Gram stain and culture of amniotic fluid to have a modest
positive predictive value for clinical chorioamnionitis
[226]. Clear evidence for the widespread use of amniocente-
sis in PROM is unavailable. In view of information regard-
ing the association of cerebral palsy and infection, these
issues should be reinvestigated in a controlled fashion.

Noninvasive procedures such as measuring the level of
maternal serum C-reactive protein, measuring the level
of IL-6 in vaginal secretions, and assessment of amniotic
fluid volume have also been suggested as predictors of
infection. Several groups have evaluated C-reactive pro-
tein as such a predictor [233-237]. An elevated level of
C-reactive protein in serum from patients with PROM
has a modest positive predictive value for histologic
amnionitis (40% to 96%), but its predictive value for clin-
ically evident infection is poor (10% to 45%). The value
of a normal level of C-reactive protein for predicting
absence of clinical chorioamnionitis is better (80% to
97%). In view of the low predictive value of a positive
test, a decision to attempt delivery based solely on an ele-
vated C-reactive protein level does not seem wise.

Kayem and colleagues [238] evaluated the diagnostic
value of an IL-6 bedside test of vaginal secretions for neo-
natal infection in cases of preterm PROM. They showed
that the sensitivity of this new test of IL-6 for the predic-
tion of neonatal infection was 79% (95% CI 65 to 92),
and its specificity was 56% (95% CI 42 to 70). Similar
to evaluation of IL-6 in amniotic fluid, this immunochro-
matographic test is not widely available.

Women who have PROM with oligohydramnios seem to
be at increased risk for clinically evident infection, but the
positive predictive value is modest (33% to 47%). In 1985,
Gonik and coworkers noted that “amnionitis” developed in
8 (47%) of 17 patients with no pocket of amniotic fluid
larger than 1 x 1 cm on ultrasound examination, whereas
amnionitis developed in 3 (14%) of 22 patients with ade-
quate pockets (i.e., >1 x 1 cm) (P < .05) [239]. To improve
the predictability of these tests, Vintzileos and colleagues
used a biophysical profile that included amniotic fluid vol-
ume, fetal movement and tone, fetal respirations, and a
nonstress test [240]. Positive predictive value of the biophys-
ical profile has been variable (31% to 60% for clinical chor-
ioamnionitis and 31% to 47% for neonatal sepsis) [226].

TREATMENT OF PRETERM PREMATURE
RUPTURE OF MEMBRANES BEFORE FETAL
VIABILITY

Because fetal viability is nil throughout nearly all of the sec-
ond trimester, the traditionally recommended approach to
PROM in this period of gestation has been to induce labor.
Retrospective reports have provided pertinent data on
expectant management for PROM before fetal viability,
however [208,241-244]. As expected, the latent period is
relatively long (mean 12 to 19 days, median 6 to 7 days).
Although maternal clinically evident infections were com-
mon (amnionitis in 35% to 59% and endometritis in 13%
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to 17%) in these reports, none of these infections were seri-
ous; however, maternal death from sepsis has been reported
[243,244]. There was an appreciable neonatal survival rate
of 13% to 50%, depending on gestational age at membrane
rupture and duration of the latent period. In cases with
PROM at less than 23 weeks, the perinatal survival rate
was 13% to 47%; with PROM at 24 to 26 weeks, it was
50% [243,244]. The incidence of stillbirth is greater
(15%) with mid-trimester preterm PROM than with later
preterm PROM (1%). The incidence of lethal pulmonary
hypoplasia is 50% to 60% when membrane rupture occurs
before 19 weeks [213].

With appropriate counseling, expectant management
may be offered even in the second trimester for selected
cases of PROM (Table 3-14). As neonatal survival in
the previable periods continues to improve, the numbers
of infants with moderate to severe disabilities remains
substantial [245]. These concerns should be clearly com-
municated to the mother before delivery. As discussed
subsequently, a plan for GBS surveillance and treatment
also would be indicated.

TABLE 3-14 Summary of Management Plans for Premature
Rupture of Membranes
Management Evidence

In Second Trimester (<26-28 wk)

Induction

Expectant management Retrospective works show high
maternal infection rate but

13-50% neonatal survival

In Early Third Trimester (26-34 wk)

Randomized trials show no
important benefits

Tocolytics to delay delivery

CDC consensus statement
recommends use between
24 and 32 wk

Efficiency established in
randomized trial

Corticosteroids to accelerate
lung maturity 32 wk

Antibiotics for prophylaxis of
neonatal group B streptococcal
infection

Risk-benefit ratio unresolved;
limit to randomized trials;
optimal duration of antibiotics
unresolved

Antibiotics to prolong latent
period

Expectant management Approach followed most
commonly; if premature
rupture of membranes occurs
>32 wk, randomized trials show
no neonatal benefit to expectant

management

At or Near Term (>35 wk)

Early induction, within 12-24 hr

Late induction, after
approximately 24 hr

Expectant management until
labor or infection develops

Evidence supports early
induction and expectant
management

Randomized trials and
historical data support safety
and efficacy

Prostaglandin E; and E,
preparations to ripen cervix and
induce labor

CDC, Centers for Disease Control and Prevention.

Investigational Treatment Measures

Highly experimental protocols are investigating the possi-
bility of extrinsic materials to promote resealing of the
amniotic membranes. This idea stems from the use of a
blood patch for treatment of spinal headache [246]. An
aggressive interventional protocol for early mid-trimester
PROM using a gelatin sponge for cervical plugging in
patients with spontaneous or iatrogenic preterm PROM at
less than 22 weeks with significant oligohydramnios (maxi-
mum vertical pocket <1.5 cm) evaluated transabdominal
or transcervical placement of the gelatin sponge. This mea-
sure was in addition to broad-spectrum antibiotic therapy
and cervical cerclage. Eight of 15 women undergoing the
procedure reached a late enough stage in gestation to allow
fetal viability, and 3 (30%) infants survived to hospital dis-
charge. Three of the surviving infants had talipes equino-
varus, and two had bilateral hip dysplasia and torticollis.

Quintero [247] introduced an “amniopatch” consisting
of autologous or heterologous platelets and cryoprecipi-
tate through a 22-gauge needle intra-amniotically into
seven patients with preterm PROM 16 to 24 weeks after
fetoscopy or genetic amniocentesis and reported a fetal
survival rate of 42.8% (three of seven). Of the remaining
patients, two had unexplained fetal death, one miscarried,
and a fourth had underlying bladder outlet obstruction
that prevented resealing of membranes. With spontane-
ous rupture of membranes, zero of 12 patients have had
resealing of their membranes [246]. Quintero speculated
that with spontaneous rupture of membranes, rupture
sites are larger, are located over the internal cervical os,
are less amenable to patching, and are more susceptible
to ascending infection and weakening of the lower por-
tion of the membranes by proinflammatory agents.

To address the larger defect with spontaneous preterm
PROM, Quintero and colleagues investigated the use of
an “amnio graft,” achieved by laser-welding the amniotic
membranes using Gore-Tex materials and a collagen-
based graft material (Biosis) and combined use with a
fibrin glue, with variable success in animal models and
selected patients [246-248]. Use of a fibrin sealant was
associated with a 53.8% survival rate when the sealant
was placed transcervically. In their study, mean gesta-
tional age at rupture of membranes was 19 weeks 4 days;
at treatment, 20 weeks 5 days; and at delivery, 27 weeks 4
days, with a mean latency of 48 days from initial rupture
to delivery. Additional research in this area is necessary

to establish the safety and efficacy of this modality.

TREATMENT OF PRETERM PREMATURE
RUPTURE OF MEMBRANES IN EARLY
THIRD TRIMESTER

Management is most controversial at the gestational age
interval of 24 to 34 weeks. New information has become
available, however, and sophisticated meta-analyses have
been performed. Controversial components of therapy,
including corticosteroids, tocolytics, and antibiotics are
reviewed here. Specific situations, such as herpes simplex
virus and human immunodeficiency virus (HIV) infection
and cerclage coexisting with PROM, are reviewed later.
Some studies reported significant (or nearly significant)
decreases in the occurrence of RDS, but others found no
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significant decrease when corticosteroids were used in
patients with PROM [249-258]. There are major difficul-
ties in interpreting these studies. In some of the more rig-
orously designed studies of corticosteroid use, the numbers
of patients with PROM were small. The real differences
may have been missed (a beta error). In most studies, there
were at least small decreases in the incidence of RDS in the
corticosteroid group. A wide range of gestational ages was
studied. The minimum number of weeks of gestation for
entry into a study was 25 to 32, and the maximum was
32 to 37. Because an equal effect of corticosteroids on
the rate of RDS is unlikely at all gestational age intervals,
real differences may have been missed in some intervals
because data for these intervals were combined with data
for other gestational ages. Finally, experiments measuring
the surfactant-inducing potency of corticosteroids suggest
differences in the efficacy of various corticosteroid prepara-
tions and various dosages.

Several studies, including three meta-analyses, have
attempted to resolve the confusion [259-261]. The authors
reached differing conclusions. Ohlsson concluded that in
preterm PROM, corticosteroid treatment “cannot presently
be recommended to prevent RDS ... outside a randomized
controlled trial [259]. The reasons underlying this conclu-
sion are that the evidence that it decreases RDS is weak
and its use increases incidence of endometritis and may
increase neonatal infections.” Crowley concluded that corti-
costeroids were effective in preventing RDS after preterm
PROM (OR 0.44, 95% CI 0.32 to 0.60) and that they were
not associated with a significant increase in perinatal infec-
tion (OR 0.84, 95% CI 0.57 to 1.23) or neonatal infection
(OR 1.61,95% CI 0.9 to 3.0) [260]. Lovett and colleagues,
in a prospective, double-blind trial of treatment for preterm
PROM, used corticosteroids in all patients. They also found
significant decreases in mortality, sepsis, and RDS rates and
increased birth weight when corticosteroids and antibiotics
were given compared with use of corticosteroids alone.
Lewis and coworkers investigated use of ampicillin-sulbac-
tam in preterm PROM and randomly assigned patients to
receive weekly corticosteroids versus placebo between 24
and 34 weeks. They found a decrease in RDS (44% versus
18%; P = .03 or 0.29, 95% CI 0.10% to 0.82%) in the cor-
ticosteroid treatment group with no increase in maternal or
neonatal infection complications [261].

Leitich and associates concluded that corticosteroids
seem to diminish the beneficial effects of antibiotics in the
treatment of preterm PROM. This conclusion was based
on the results of their meta-analysis of five randomized trials
of antibiotics and preterm PROM without corticosteroids.
They found nonsignificant differences in mortality, sepsis,
RDS, IVH, and necrotizing enterocolitis when antibiotics
and corticosteroids were used. By contrast, when antibiotics
without corticosteroids were used, they found a significant
decrease in chorioamnionitis (OR 0.37, P = .0001), postpar-
tum endometritis (OR 0.47, P = .03), neonatal sepsis (OR
0.27, P = .002), and IVH (OR 0.48, P = .02) [262].

The National Institutes of Health Consensus Develop-
ment Panel in 1995 recommended that corticosteroids be
given in the absence of IAI to women with preterm PROM
at less than 30 to 32 weeks of gestation because the benefits
of corticosteroids may outweigh the risk at this gestational
age, particularly of IVH. Because the number of patients

receiving corticosteroids with PROM at more than 32
weeks of gestation was small, the consensus panel chose to
restrict its recommendation to less than 32 weeks of gesta-
tion. Recommended dosing includes betamethasone, 12
mg intramuscularly every 24 hours for two doses, or dexa-
methasone, 6 mg every 12 hours for four doses. The con-
sensus panel reconvened in 2000 and reconfirmed their
original recommendations. Repeat dosing of steroids was
not recommended outside of randomized trials. A 2006
Cochrane Update on antenatal corticosteroids recom-
mended a single course of corticosteroids for women at 24
to 34 weeks of gestation in whom there is reason to antici-
pate early delivery, including women with ruptured mem-
branes. Weighing the hypothetical risk of increased
infection when corticosteroids are used in preterm PROM,
we use 32 weeks as the upper gestational age limit for use.

Lee and associates also evaluated use of weekly steroids in
a randomized double-blind trial in women at 24 to 32 weeks
of gestation with preterm PROM compared with a single
course of steroids. Although investigators found no differ-
ences in the overall composite neonatal morbidity between
the groups (34.2% versus 41.8%), they did find an increased
rate of chorioamnionitis in the weekly course group (49.4%
versus 31.7%; P = .04). In the group with gestational age at
delivery of 24 to 27 weeks, there was a significant reduction
in RDS from 100% in the single course group to 26.5%
(P = .001) in the weekly course group [263]. Guinn and
colleagues found no decrease in neonatal morbidity with
serial weekly courses of betamethasone compared with sin-
gle course therapy [236]. In the secondary analysis of this
multcenter, randomized trial of weekly courses of antenatal
corticosteroids versus single course therapy, this same group
reported that multple courses were associated with an
increase in the rate of chorioamnionitis [263]. Based on the
available information, antenatal steroid therapy in preterm
PROM should be limited to a single course.

Antibiotics

Patients with preterm PROM are candidates for prophy-
laxis against GBS [264-266]. In addition, one innovative
report noted use of combination antibiotics in an asymp-
tomatic patient with preterm PROM because of bacterial
colonization of the amniotic fluid, which was detected by
amniocentesis. A second amniocentesis 48 hours after
therapy revealed a sterile culture [267].

Some studies of preterm pregnancies have found an
increased rate of amnionitis to be associated with an
increasing length of latent period [186,220,268], whereas
others [219] have not. In patients with preterm PROM,
digital vaginal examination should be avoided until labor
develops, although transvaginal or transperineal ultra-
sound can be used safely to assess cervical length without
increasing the risk of infection [269]. Some studies noted
that prolonged rupture of membranes decreased the inci-
dence of RDS [188,221], others noted no significant effect
[185,204,219,220,250,270,271]. These discrepancies may
be explained by differences in experimental design (e.g.,
grouping of various gestational ages and using different
sample sizes) or in definitions of clinical complications.

Antibiotics in several classes have been found to pro-
long pregnancy and reduce maternal and neonatal
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morbidity in the setting of preterm PROM [272]. Two
large multicenter clinical trials with different approaches
had adequate power to evaluate the utility of antibiotics
in the setting of preterm PROM. Mercer and Arheart
[116] evaluated the use of antibiotics in PROM with a
meta-analysis. They evaluated such outcomes as length
of latency, chorioamnionitis, postpartum infection, neo-
natal survival, neonatal sepsis, RDS, IVH, and necrotizing
enterocolitis. Several classes of antibiotics were used,
including penicillins and cephalosporins, although few
studies used either tocolytics or corticosteroids. Benefits
of antibiotics in this analysis included a significant reduc-
tion in chorioamnionitis, IVH, and confirmed neonatal
sepsis. There was a significant decrease in the number of
women delivering within 1 week of membrane rupture
(OR 0.56, CI 0.41 to 0.76), but no significant differences
were seen in necrotizing enterocolitis, RDS, or mortality.
The evidence currently supports use of antibiotics in pre-
term PROM to prolong latency and to decrease maternal
and neonatal infectious complications, but further studies
to select the preferred agent have yet to be performed.

The NICHD Maternal-Fetal Medicine Units Network
conducted a large, multicenter trial of antibiotics after
PROM, but did not use tocolytics or corticosteroids.
Patients with preterm PROM between 24 and 32 weeks
were included. Patients were randomly assigned to receive
aggressive intravenous antibiotic therapy consisting of
ampicillin (2 g intravenously every 6 hours) and erythro-
mycin (250 mg intravenously every 6 hours) for the first
48 hours, followed by 5 days of oral therapy of amoxicillin
(250 mg every 8 hours) and enteric-coated erythromycin
(333 mg orally every 8 hours) or placebo. Antibiotic treat-
ment resulted in prolongation of pregnancy. Twice (50%)
as many patients in the antibiotic treatment group
remained pregnant after 7 days, and 21-day composite
neonatal morbidity was reduced in the antibiotic treat-
ment group from 53% to 44% (P < .05). In addition,
individual neonatal comorbid conditions occurred less
often in the antibiotic treatment group, including RDS
(40.5% versus 48.7%), stage 3/4 necrotizing enterocolitis
(2.3% versus 5.8%), patent ductus arteriosus (11.7% ver-
sus 20.2%), and bronchopulmonary dysplasia (13% versus
20.5%) (P < .05 for each). Occurrence rates for specific
infections including neonatal GBS-associated sepsis (0%
versus 1.5%), overall neonatal sepsis (8.4% versus
15.6%), and pneumonia (2.9% versus 7%) all were signif-
icantly less (P < .05) in the antibiotic treatment group.

The second large trial was the multicenter, multiarm
ORACLE trial of oral antibiotics in women with preterm
PROM at less than 37 weeks. More than 4000 patients
were randomly assigned to receive oral erythromycin,
amoxicillin/clavulanic acid, erythromycin and amoxicillin/
clavulanic acid, or placebo for up to 10 days. All of the
antibiotic regimens prolonged pregnancy compared with
placebo. Amoxicillin/clavulanic acid increased the risk
for neonatal necrotizing enterocolitis (1.9% versus 0.5%;
P = .001), however, and this regimen is now advised against.
The investigators showed a significant decrease in perinatal
morbidity, RDS, and necrotizing enterocolitis with use of
ampicillin and erythromycin [117].

Egarter and associates found in a meta-analysis of seven
published studies a 68% reduction of neonatal sepsis and

a 50% decreased risk of IVH in infants born to mothers
receiving antibiotics after preterm PROM. They did not
find any significant differences, however, in either RDS
or neonatal mortality [273].

The Cochrane Library has reviewed antibiotic use in
preterm PROM in more than 6000 women in 19 trials.
This meta-analysis also found that antibiotic use in pre-
term PROM was associated with an increased latent
period at 48 hours and 7 days and reduction in major neo-
natal comorbid conditions or indicators such as neonatal
infection, surfactant use, oxygen therapy, and abnormal-
ities on head ultrasound examination before hospital dis-
charge. There was an increased risk of necrotizing
enterocolitis in the two trials involving 2492 infants in
which co-amoxiclav was administered to the mother (rel-
ative risk 4.6, 95% CI 1.98 to 10.72). Another trial in the
meta-analysis compared erythromycin with co-amoxiclav;
the investigators found fewer deliveries at 48 hours in the
co-amoxiclav group, but no difference at 7 days. The trial
also found a decrease in necrotizing enterocolitis when
erythromycin rather than co-amoxiclav was used (relative
risk 0.46, 95% CI 0.23 to 0.94) [274]. The investigators in
this trial recommended that co-amoxiclav should be
avoided in the setting of preterm PROM.

Owing to concerns of emergence of resistant organisms,
another question involves duration of antibiotic therapy in
preterm PROM. T'wo small trials have evaluated this ques-
tion. Segel and associates compared 3 days and 7 days of
ampicillin in patients at 24 to 33 weeks with preterm
PROM. In 48 patients, there was no difference in 7-day
latency and no difference in rates of chorioamnionitis,
postpartum endometritis, and neonatal morbidity and
mortality [275]. Lewis and colleagues studied 3 days versus
7 days of ampicillin/sulbactam (3 g intravenously every
8 hours) and similarly found no difference in outcomes
between groups [276]. Both of these studies are small, so
this important question remains unanswered. We use 7
days of antibiotics, usually ampicillin and erythromycin,
following the dosing from the NICHD trial.

Tocolytics and Development
of Respiratory Distress Syndrome

Older studies suggested a decrease in the rate of RDS with
use of B-adrenergic drugs, but in the National Collabora-
tive Study, use of tocolytics in patients with ruptured
membranes increased the likelihood of RDS by about
350% [277]. In addition, two small randomized controlled
trials assessed use of tocolytics in the presence of PROM
[278,279]. Both trials found no significant increase in time
to delivery or in birth weight and no decrease in RDS or
neonatal hospital stay. These studies did not use antibio-
tics or corticosteroids, however. Tocolytics have been
shown to prolong pregnancy by about 48 hours in patients
with intact membranes, but their efficacy with preterm
PROM is unclear. In a patient with preterm PROM and
contractions, IAI should be ruled out before consideration
of tocolytics. Tocolytics could be considered in the early
third trimester to maximize the impact of antenatal corti-
costeroids (48-hour delay) on neonatal morbidity and
mortality. Continuing tocolysis beyond the 48-hour win-
dow is contraindicated because of an increase in
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chorioamnionitis and endometritis [280]. Interested read-
ers are referred to a review of this subject [281].

Determination of Fetal Lung Maturity

Some clinicians determine the status of fetal pulmonary
maturity and proceed with delivery if the lungs are mature.
Amniotic fluid may be collected by amniocentesis or from
the posterior vagina. Either the presence of phosphatidyl-
glycerol or a lecithin/sphingomyelin ratio higher than 2 in
amniotic fluid has been reported to be a good predictor of
pulmonary maturity. In a series of patients with PROM
before 36 weeks, Brame and MacKenna determined
whether phosphatidylglycerol was present in the vaginal
pool and delivered patients when there was presence of
phosphatidylglycerol, spontaneous labor, or evidence of
sepsis [282]. Of 214 patients, 47 had phosphatidylglycerol
present initially and were delivered. Of the remaining 167,
36 (21%) were subsequently found to have phosphatidylgly-
cerol and were induced or delivered by cesarean section.
Evidence of maternal infection developed in 8 (5%) and
spontaneous labor developed in 123 (74%) of the 167
patients. Phosphatidylglycerol in amniotic fluid from the
vagina reliably predicted fetal lung maturity; however, its
absence did not mean that RDS would develop. Of 131
patients who did not show phosphatidylglycerol in the vag-
inal pool in any sample, 82 (62%) were delivered of infants
who had no RDS. Lewis and colleagues also showed the
presence of a mature Amniostat-FLM (Hana Biologies,
Irvine, CA) in a vaginal pool sample from 18% of 201
patients, and none developed RDS.

Intentional Preterm Induction in Mid-Third
Trimester

Even with PROM, delivery of a premature infant simply
because the lungs show biochemical maturity may be ques-
tioned in view of other potential hazards of prematurity
and the potential difficulties of the induction. Two articles
have examined this controversial issue. With respect to the
new information regarding the association among preterm
PROM, chorioamnionitis, and subsequent development of
cerebral palsy, the use of intentional mid—third trimester
induction is receiving increased attention.

Mercer and colleagues compared expectant manage-
ment and immediate induction in 93 pregnancies compli-
cated by PROM between 32 and 36 weeks and 6 days,
when mature fetal lung profiles were documented. They
found significant prolongation of latent period and of
maternal hospitalization, increased neonatal length of stay,
and increased antimicrobial use in the expectant manage-
ment group despite no increase in documented neonatal
sepsis. These investigators concluded that in women with
preterm PROM at 32 through 36 weeks with a mature fetal
lung profile, immediate induction of labor reduces the dura-
tion of hospitalization in the mother and neonate [218,283].

Cox and Leveno similarly studied pregnancies compli-
cated by preterm PROM at 30 to 34 weeks of gestation.
Consenting patients were randomly assigned to one of
two groups: expectant management versus immediate
induction. Corticosteroids, tocolytics, and antibiotics
were not used in either group. Fetal lung profiles were
not determined. The investigators found a significant

difference in birth weight or frequency of IVH, necrotiz-
ing enterocolitis, neonatal sepsis, RDS, or perinatal death.
They concluded that there were no clinically significant
neonatal advantages to expectant management of rup-
tured membranes and decreased antepartum hospitaliza-
tion in women managed with immediate induction [284].

A more recent review evaluated 430 women with pre-
term PROM and evaluated maternal and neonatal out-
comes. They found that expectant management of
women at 34 weeks and beyond is of limited benefit
[285]. Based on all available data, we routinely proceed
with induction of labor at 34 weeks in patients with pre-
term PROM and no other indication for earlier delivery.

Fetal Surveillance

Because of concerns regarding cord compression and cord
prolapse and the development of intrauterine and fetal infec-
tion, daily fetal monitoring in the setting of preterm PROM
has been studied. Vintzileos and colleagues showed thatinfec-
tion developed when the nonstress test became nonreactive
78% of the time compared with only 14% when the nonstress
test remained reactive [286]. Biophysical profile score of 6 or
less also predicted perinatal infection [287]. As a result, we
recommend daily monitoring with nonstress tests. If the
nonstress test is nonreactive, further work-up with biophysi-
cal profile should be performed. Because there are currently
no large studies evaluating outpatient management of pre-
term PROM, we recommend hospitalization until delivery.

Conclusion

Despite availability of more recent data and sophisticated
meta-analyses, we believe the evidence supports the use of
expectant management in the absence of IAI and in the
absence of documented fetal lung maturity in the third tri-
mester until 34 completed weeks. If expectant management
is chosen, corticosteroids to enhance fetal organ maturation
should be given until 32 weeks. In addition, broad-spectrum
antibiotics consisting of ampicillin and erythromycin should
be administered for 7 days. Bacterial vaginosis, if present,
should also be treated. Tocolytics generally should be
avoided. Daily fetal surveillance is also recommended.
Appropriate prophylaxis for GBS in this high-risk group is
strongly encouraged during labor. From a cost-effectiveness
standpoint, Grable and others looked at preterm PROM
between 32 and 36 weeks. Using their decision analysis
based on 1996 cost data, they weighed the costs of maternal
hospitalization, latency, infection, and minor and major
neonatal morbidity versus that of immediate induction.
These investigators found that it is most effective to delay
delivery by 1 week between 32 and 34 weeks and to induce
at presentation at or after 35 weeks [288,289].

RECURRENCE OF PRETERM PREMATURE
RUPTURE OF MEMBRANES

Recurrence of preterm PROM in a subsequent pregnancy
after an index pregnancy complicated by preterm PROM
has been estimated to be 13.5% to 44%. In Lee and collea-
gues’ population-based case-control study, OR for recur-
rent preterm PROM was 20.6 and for recurrent preterm
birth was 3.6. The estimated gestational age of index
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preterm PROM is poorly predictive, however, of
subsequent timing of recurrent events. The other two stud-
ies had higher recurrence of risks, but probably included
transferred patients, so that the study populations consti-
tuted a more select group [196,290-292].

PREVENTION OF PRETERM PREMATURE
RUPTURE OF MEMBRANES

Because preterm PROM often is accompanied by maternal
and neonatal adverse events, prevention of preterm PROM
is desirable. Prediction of preterm PROM was evaluated in
a large prospective trial, the Preterm Prediction Study
[292], sponsored by the NICHD Maternal-Fetal Medicine
Units Network. Prior preterm birth and preterm birth sec-
ondary to preterm PROM were associated with subsequent
preterm birth. In nulliparas, preterm PROM is associated
with medical complications, work in pregnancy, symptom-
atic contractions, bacterial vaginosis, and low body mass
index. In nulliparas and multiparas, a cervix found to be
shorter than 25 mm by endovaginal ultrasound examination
was associated with preterm PROM. A positive fetal fibro-
nectin also was predictive of preterm PROM in nulliparas
(16.7%) and multiparas (25%). Multiparas with a prior his-
tory of preterm birth, a short cervix, and a positive fetal fibro-
nectin had a 31-fold higher risk of PROM and delivery before
35 weeks compared with women without these risk factors
(25% versus 0.8%; P = .001) [190]. Progesterone therapy
seems to be effective in reducing the risk of recurrent preterm
birth secondary to PROM or preterm labor [293-295].

SPECIAL SITUATIONS

Cerclage and Preterm Premature Rupture
of Membranes

Classic obstetric dogma has suggested immediate removal
of the cervical cerclage stitch when preterm PROM occurs.
Risks associated with the retained stitch include maternal
infection from bacterial proliferation emanating from the
foreign body and cervical lacerations consequent to pro-
gression of labor despite the retained stitch. Small retro-
spective studies have shown conflicting results. At present,
there are not enough data in the literature to recommend
removal or retention of the suture. If there is no evidence
of IAI or preterm labor in very premature gestations, one
could consider leaving the stitch in during corticosteroid
administratdon while there is uterine quiescence [296-300].

Preterm Premature Rupture of Membranes
and Herpes Simplex Virus

In a retrospective review from 1986-1996 of 29 patients
with preterm PROM and a history of recurrent genital her-
pes, there were no cases of neonatal herpes. The 95% CI
suggests, however, that the risk of vertical transmission
could be 10%. The mean estimated gestational age at mem-
brane rupture was 27.7 weeks. Mean estimated gestational
age at development of maternal herpetic lesion was 28.7
weeks. With continued expectant management, mean esti-
mated gestational age at delivery was 30.6 weeks in the study
group. Of the 29 patients, 13 (45%) were delivered by cesar-
ean section. Additionally, although delivery was performed

for obstetric indication only, 8 of 13 patients undergoing
cesarean section had active lesions as the only or a secondary
indication for cesarean section. In this study, risk of neona-
tal death from complications of prematurity was 10%. Risk
of major neonatal morbidity was 41%. The risks of major
morbidity and mortality would have been considerably
higher had there been iatrogenic delivery at the time of
development of the herpetic lesion.

It seems prudent when there is a history of recurrent
herpes simplex virus infection to continue expectant man-
agement in a significantly preterm gestation. In the setting
of primary herpes (or nonprimary first episode), with the
higher viral loads that entails, early delivery may prevent
vertical transmission, but this has not been specifically
studied. Only eight of the patents in this study received
acyclovir treatment. Use of acyclovir for symptomatic out-
breaks would theoretically reduce the risk of transmission
and decrease the number of cesarean sections performed
for presence of active lesions at the time of delivery [301].
Additionally, Scott and associates showed a decreased
cesarean section rate in term patients with a history of
recurrent herpes simplex virus infection [302].

Human Immunodeficiency Virus and
Preterm Premature Rupture of Membranes

There are no specific data regarding the subset of patients
with preterm PROM who are seropositive for HIV. With
highly active antiretroviral therapy (HAART) and a low
viral load, expectant management of preterm PROM after
clinical exclusion of IAI might be considered because the
complications of prematurity with gestational age of less
than 32 weeks, and certainly less than 28 weeks, are signifi-
cant. With continued HAART, the risk of vertical transmis-
sion should remain low. The physician should discuss and
document potential risks and benefits with the mother
regarding the possibility of vertical transmission or neonatal
morbidity and mortality. Intravenous infusion of zidovu-
dine should be initiated at admission because latency can
be unpredictably short in many patients with preterm
PROM [303]. After a period of observation and no evidence
of spontaneous preterm labor, intravenous zidovudine may
be discontinued and oral HAART continued.

TREATMENT OF TERM PREMATURE RUPTURE
OF MEMBRANES

Approximately 8% of pregnant women at term experience
PROM, although contractions begin spontaneously within
24 hours of membrane rupture in 80% to 90% of patients
[211]. After more than 24 hours elapses following mem-
brane rupture at term, the incidence of neonatal infection
is approximately 1%, but this risk increases to 3% to 5%
when clinical chorioamnionitis is diagnosed [304]. For
many years, the practice in most institutions had been to
induce labor in term patients within approximately 12
hours of PROM, primarily because of concerns about
development of chorioamnionitis and neonatal infectious
complications. More recently, three studies have shown
that in most patients, expectant management can be safely
applied. The designs of these three reports were different.

Kappy and associates reported a retrospective review in a
private population [202]. Duff and colleagues performed a
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randomized study of indigent patients with unfavorable cer-
vix characteristics (<2 cm dilated, <80% effaced) and with
no complications of pregnancy (e.g., toxemia, diabetes, pre-
vious cesarean section, malpresentation, meconium-stained
fluid) [305]. In the patients assigned to the induction group,
initiation of induction generally was 12 hours after rupture
of membranes. The excess cesarean deliveries in the induc-
tion group were for failed induction. In the induction
group, there was a higher probability of IAI In the study
by Conway and colleagues, all patients were observed until
the morning after admission [306]. Induction of labor was
then undertaken if the patient was not in labor.

Wagner and coworkers provided another variant by com-
paring early induction (at 6 hours after preterm PROM)
with late induction (at 24 hours after PROM) [307]. In their
population at a Kaiser Permanente hospital, the results
favored early induction by shortening maternal hospital stay
and decreasing neonatal sepsis evaluations. More recent
work also has evaluated use of oral and vaginal prostaglan-
din preparations (prostaglandins E; and E,) to ripen the
cervix or induce labor after PROM at term. These prepara-
tions seem to be effective in shortening labor without
increasing maternal or neonatal infection [308-310].

Hannah and colleagues evaluated four management
schemes in women with PROM at term: (1) immediate
induction with oxytocin, (2) immediate induction with vag-
inal prostaglandin E,, (3) expectant management for up to
4 days followed by oxytocin induction, and (4) expectant
management followed by prostaglandin E, induction.
Although no differences in cesarean section rates or fre-
quency of neonatal sepsis were found, an increase in chor-
ioamnionitis was noted in the expectant management
groups, and all deaths not caused by congenital anomalies
occurred in the expectant management group. Patient sat-
isfaction was higher in the immediate induction group. A
secondary analysis showed five variables as independent
predictors of neonatal sepsis: clinical chorioamnionitis
(OR 5.89), presence of GBS (OR 3.08), seven to eight vag-
inal examinations (OR 2.37), duration of ruptured mem-
branes 24 to 48 hours (OR 1.97), greater than 48 hours
from membrane rupture to active labor (OR 2.25), and
maternal antibiotics before delivery (OR 1.63) [311].

A more recent study investigated how the interval of
membrane rupture and delivery affects the risk of neonatal
sepsis and whether duration of labor (defined as the inter-
val between onset of regular contractions and delivery)
influences the risk [312]. The investigators showed that
the risk of neonatal sepsis increased independently and
nearly linearly with duration of membrane rupture up to
36 hours, with an OR of 1.29 for each 6-hour increase in
membrane rupture duration. The risk also increased with
increasing birth weight, increasing gestational age, primi-
parity, and male infant gender. Duration of labor was not
an independent risk factor for neonatal sepsis.

We endorse immediate induction with oxytocin in women
with PROM at term if the condition of the cervix is favorable
and the patient is willing. If the condition of the cervix is
unfavorable, induction with appropriate doses of prostaglan-
dins may be used before use of oxytocin. Intrapartum antibi-
otic prophylaxis against GBS should be used according to
the 2002 CDC guidelines [264], which emphasize universal
screening of all gravidas at 35 to 37 weeks. All seropositive
women should receive intravenous antibiotics in labor.

Changes in the 2002 recommendations over the previous
guidelines also include antibiotic guidelines for patients with
high-risk and low-risk penicillin allergy and checking sensi-
tivities owing to emerging antibiotic resistance, particularly
resistance of erythromycin and clindamycin to GBS.
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The human fetus and neonate are unduly susceptible to
infection with a wide variety of microbes, many of which
are not pathogenic in more mature individuals. This sus-
ceptibility results from limitations of innate and adaptive
(antigen-specific) immunity and their interactions. This
chapter focuses on the ontogeny of the immune system
in the fetus, neonate, and young infant and the relation-
ship between limitations in immune function and suscep-
tibility to specific types of infection.

The immune system includes innate protective
mechanisms against pathogens provided by the skin,
respiratory and gastrointestinal epithelia, and other
mucosa; humoral factors such as cytokines (Tables 4-1
and 4-2) and complement components (Fig. 4-1); and
innate and adaptive immune mechanisms mediated by
hematopoietic cells, including mononuclear phagocytes,

TABLE 4-1
Receptor-Mediated Signal Transduction Pathways

Postnatal Specific Antibody Responses 154
Maternally Derived IgG Antibody 156
Immunoglobulin Synthesis by the Fetus and Neonate 157
Summary 158
Host Defense against Specific Classes of Neonatal
Pathogens 159
Extracellular Microbial Pathogens: Group B Streptococci 159
Viruses: Herpes Simplex Virus 162
Nonviral Intracellular Pathogens: Toxoplasma gondii 169

granulocytes, dendritic cells (DCs), and lymphocytes.
Certain nonhematopoietic cells, such as follicular DCs
and thymic epithelial cells, also play important roles in
adaptive immunity.

Innate immunity, in contrast to adaptive immunity to
be discussed later, does not require prior exposure to be
immediately effective and is equally efficient on primary
and subsequent encounter with a microbe, but does not
provide long-lasting protection against reinfection. Innate
defenses consist of fixed epithelial barriers and resident
tissue macrophages, which act immediately or within the
first minutes to hours of encounter with a microbe. These
“frontline” defenses are sufficient for protection from
most microbes in the environment, which do not produce
disease in healthy individuals. If the microbial insult is too
great, or the organism is able to evade these initial

Major Human Cytokines and Tumor Necrosis Factor (TNF) Family Ligands: Structure, Cognate Receptors, and

Proximal Signal

Cytokine Cognate Receptor Transduction
Family Members Structure Family Pathways
IL-1 1L-1e, IL-1B, IL-18 (IL-1y), IL-1 B-trefoil, monomers; processed IL-1 receptor TIRAK, JNK
receptor antagonist and secreted
Hematopoietin  IL-2 through IL-7, IL-9 through IL-13,  Four o-helical; monomers except ~ Hematopoietin JAK tyrosine
1L-15, IL-17, IL-19, IL-29, CSFs, for IL-5 and IFNs (homodimers)  receptors kinases/STAT, Src
oncostatin-M, IENs (o, B, v, and others); and IL-12, I1.-23, and 11.-27 and Syk tyrosine
class IT subfamily consists of IL-10, IL-19, (heterodimers); secreted kinases
1L-20, IL-22, 11.-24, IL-26, IFN’s
TNF ligand TNF-o, lymphotoxin-o, lymphotoxin-B,  B-jellyroll, homotrimers; type I TNF receptor family TRAFs and proteins
CD27L, CD30L, CD40L, OX40L, membrane proteins and secreted mediating apoptosis
TRAIL, others
TGF-B TGEF-B1, TGF-B2, TGF-B3, bone Cysteine knot; processed and TGF-B receptors Smad proteins
morphogenetic proteins secreted type 1 and type 2
heterodimers (intrinsic
serine threonine
kinases)
Chemokines Three-stranded fB-sheet; all but Seven membrane- G protein—mediated
fractalkine are secreted spanning domains
CXC ligand CXCL1-14, CXCL16 CXCRI through
subfamily CXCR6
CC ligand CCL1-5, CCL7, CCLS8, CCL11, CCL13 CCRI1 through CCR10
subfamily through CCL28
C ligand XCL1 (lymphotactin), XCL2 (SCM-1) XCR1
subfamily
CX3C ligand CX3CL (fractalkine) CX3CR1
subfamily

CSF, colony-stimulating factors; IFN, interferon; IL, interleukin; IRAK, IL-1 receptor—associated serine/threonine kinase; INK, c-Fun N-terminal kinase; STAT, signal transducer and activator
of transcription; TGE, transforming growth factor; TRAFs, TNF-o. receptor—associated factors; TRAIL, TNF-related apoptosis—inducing ligand.
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Immunoregulatory Effects of Select Cytokines, Chemokines, and Tumor Necrosis Factor (TNF) Ligand Family Proteins

Cytokine Principal Cell Source Major Biologic Effects
IL-1o, IL-1B  Many cell types; M¢ are a major source  Fever, inflammatory response, cofactor in T- and B-cell growth
1L-2 T cells T-cell > B-cell growth, increased cytotoxicity by T and NK cells, increased cytokine
production and sensitivity to apoptosis by T cells, growth and survival of regulatory T cells
IL-3 T cells Growth of early hematopoietic precursors (also known as multi-CSF)
1L-4 T cells, mast cells, basophils, Required for IgE synthesis; enhances B-cell growth and MHC class II expression;
eosinophils promotes T-cell growth and Tyy2 differentiation, mast cell growth factor; enhances
endothelial VCAM-1 expression
IL-5 T cells, NK cells, mast cells, basophils,  Eosinophil growth, differentiation, and survival
eosinophils
IL-6 M, fibroblasts, T cells Hepatic acute-phase protein synthesis, fever, T- and B-cell growth and differentiation
IL-7 Stromal cells of bone marrow and thymus ~ Essential thymocyte growth factor
1L-8 Mo, endothelial cells, fibroblasts, Chemotaxis and activation of neutrophils
(CXCLS) epithelial cells, T cells
IL-9 T cells, mast cells T-cell and mast cell growth factor
IL-10 Mo, T, cells, B cells, NK cells, Inhibits cytokine production by T cells and mononuclear cell inflammatory function;
keratinocytes, eosinophils promotes B-cell growth and isotype switching, NK-cell cytotoxicity
IL-11 Marrow stromal cells, fibroblasts Hematopoietic precursor growth, acute-phase reactants by hepatocytes
TNF-o Mo, T cells, and NK cells Fever and inflammatory response effects similar to IL-1, shock, hemorrhagic necrosis of

CDA40 ligand
(CD154)

Fas ligand
Flt-3 ligand

G-CSF
GM-CSF

CCL3
(MIP-1c)

CCL5
(RANTES)

TGF-B

T cells, lower amounts by B cells and
DCs

Activated T cells, NK cells retina,
testicular epithelium
Bone marrow stromal cells

Mé, fibroblasts, epithelial cells
Mo, endothelial cells, T cells

Mo, T cells
Mo, T cells, fibroblasts, epithelial cells

M¢, T cells, fibroblasts, epithelial
cells, others

tumors, and increased VCAM-1 expression on endothelium; induces catabolic state

B-cell growth factor; promotes isotype switching, promotes IL-12 production by
dendritic cells, activates M

Induces apoptosis of cells expressing Fas, including effector B and T cells

Potent DC growth factor; promotes growth of myeloid and lymphoid progenitor cells
in conjunction with other cytokines

Growth of granulocyte precursors

Growth of granulocyte-M¢ precursors and dendritic cells, enhances granulocyte-Md
function and B-cell antibody production

Mo chemoattractant; T-cell activator

M¢ and memory T-cell chemoattractant; enhances T-cell activation; blocks HIV
coreceptor

Inhibits M¢ activation; inhibits Tyl T-cell responses

CSF, colony-stimulating factor; DC, dendritic cell; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HIV, human immunodeficiency virus;
1L, interleukin; M, mononuclear phagocytes; MHC, major histocompatibility complex; NK, natural killer; TGF, transforming growth factor; VCAM-1, vascular cell adbesion molecule-1.

Classic Pathway

Alternative Pathway

C1  Ag-Ab Complex
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FIGURE 4-1 Complement activation. Classic MBLectin _ / \
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defenses, these cells release mediators that incite an
inflammatory response, through which soluble and cellu-
lar defenses are recruited and help to limit or eradicate
the infection over the next hours to days and to initiate
the antigen-specific immune response that follows.

EPITHELIAL BARRIERS

Epithelia form a crucial physical and chemical barrier
against infection. Tight junctions between epithelial cells
prevent direct entry of microbes into deeper tissues, and
physical injury that disrupts epithelial integrity can
greatly increase the risk for infection. In addition to
providing a physical barrier, mechanical and chemical fac-
tors and colonization by commensal microbes contribute
to the protective functions of the skin and of the mucosal
epithelia of the gastrointestinal and respiratory tract.

ANTIMICROBIAL PEPTIDES

A general feature of epithelial defenses is the production
of one or more antimicrobial peptides, which include
the a-defensins, B-defensins and the cathelicidin LL-37.
Defensins and cathelicidin have direct antimicrobial activ-
ity against gram-positive and gram-negative bacteria and
some fungi, viruses, and protozoa [1-4]. Some of these
antimicrobial peptides also exhibit proinflammatory and
immunomodulatory activities.

There are six known human o-defensins: human neu-
trophil proteins (HNP) 1 through 4 and human defensins
(HD) 5 and 6. HNP1 through HNP4 are expressed in
leukocytes (white blood cells). HD5 and HD6 are pro-
duced and secreted by Paneth cells, located at the base
of crypts in the small intestine. HD5 has antimicrobial
activity against gram-positive and gram-negative bacteria
and Cundida albicans. There are at least six human
B-defensins (hBD), but only four (hBD-1 through
hBD-4) have been well characterized. hBD-1 is constitu-
tively expressed by skin keratinocytes, whereas exposure
to bacteria or proinflammatory cytokines, including
tumor necrosis factor (TINF)-o and interleukin (IL)-1
(see Tables 4-1 and 4-2), induces expression of hBD-2
and hBD-3 in keratinocytes and hBD-4 in lung epithelial
cells. hBD-1 and hBD-2 are active against gram-negative
bacteria and streptococci, but are less active against Staph-
ylococcus aureus, whereas hBD-3 is broadly active against
gram-positive and gram-negative bacteria and Candida
species. The cathelicidin LL-37 is expressed in leuko-
cytes, and its expression is induced by microbes and
proinflammatory cytokines in epithelial cells of the skin,
gut, and respiratory tract; LL-37 is active against gram-
positive and gram-negative bacteria, but less active against
S. aureus than hBD-3 [5].

SKIN

The barrier function of the skin is mediated primarily by
its outermost layer, the stratum corneum, which consists
of keratinocytes and the lipid-rich matrix that surrounds
them [6]. These lipids, particularly ceramides, inhibit
microbial growth, as does the low pH environment they
help to create. The lipid content and acidic pH of the skin

are established postnatally reaching maturity by 2 to
4 weeks in term neonates, but at a later age in premature
neonates. Epithelial integrity and the antimicrobial bar-
rier this provides are easily disrupted at this age. The skin
of neonates is also coated by a water, protein, and lipid-
rich material, the vernix caseosa. The skin is rapidly colo-
nized by environmental bacteria after birth, creating a
normal flora of commensal bacteria that help to prevent
colonization by pathogens. This flora normally consists
of coagulase-negative staphylococci, micrococci, and
other species [7]. Contemporary genomics-based analyses
of the flora of adult skin indicate that these and related
gram-positive species represent only approximately 25%
of the normal flora, with corynebacteria and other Acti-
nobacteria predominating [8], but such approaches have
not been applied to study the ontogeny of neonatal skin
colonization.

Antimicrobial peptides are expressed by neonatal kera-
tinocytes and present in the vernix caseosa. As in adults,
the stratum corneum of skin from normal term neonates
contains hBD-1 [9]. Neonatal skin also contains hBD-2
and LL-37 [9,10], which are absent or present only in
very low amounts in the skin of normal adults. The
mechanisms underlying the apparent constitutive produc-
tion of hBD-2 and LL-37 by neonatal keratinocytes are
unknown, but their presence may help to provide an
immediate barrier against bacterial invasion during the
initial exposure of the neonate to environmental
microbes. The expression of LL-37 by the stratum cor-
neum does not seem to be further upregulated in neonates
with erythema toxicum, but this antimicrobial peptide is
expressed by neutrophils, eosinophils, and DCs that are
found in the dermis in this condition, which is thought
to be triggered by colonizing bacteria. Vernix caseosa
may augment skin defenses. Although the presence of
LL-37 in vernix caseosa is controversial, being detected
by one group, but not by another, both groups showed
it to contain HNP1 through HNP3 and additional anti-
bacterial proteins, including lysozyme [11,12].

GASTROINTESTINAL TRACT

The proximal gastrointestinal epithelium of the mouth
and esophagus consists of a squamous epithelium,
whereas the stomach, small intestine, and colon have a
columnar epithelium with microvilli, which, along with
intestinal peristalsis, help to maintain the longitudinal
movement of fluid. The acidic pH of the stomach acts
as a chemical barrier in adults. Gastric acidification is
not yet fully developed in neonates, but digestion of milk
lipids by gastric lipases may compensate in part by gener-
ating free fatty acids [13]. The gastrointestinal tract is
coated with a mucin-rich glycocalyx, which forms a vis-
cous coating that helps to protect the epithelium and to
which commensal intestinal bacteria bind [14]. The com-
position of the intestinal glycocalyx in neonates differs
from adults and may contribute to differences in com-
mensal flora.

The application of high-throughput, comprehensive,
culture-independent molecular approaches to assess
microbial diversity has shown that the commensal intesti-
nal flora of humans is a highly diverse ecologic system
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consisting of approximately 10'* microorganisms, repre-
senting the most abundant and diverse microbial commu-
nity in the human body and exceeding the numbers and
genetic content of human cells in an individual [8]. In
adults, colonic and stool flora are dominated by gram-
negative anaerobic bacteria (Bacteroides) and two phyla of
gram-positive bacteria (Actinobacteria, Firmicutes), and
aerobic gram-negative bacteria (e.g., Escherichia coli) are
present in much lower abundance. The composition of
stool flora in the first year of life is highly dynamic. Based
on a longitudinal study of 14 term infants from whom
serial samples were collected from birth to 1 year of age,
the flora of individual infants differs substantially from
one infant to another in the first months of life, initially
most closely resembling the maternal fecal, vaginal, or
breast milk flora [15]. This interindividual variability typ-
ically diminishes over time and by 1 year of age converges
on a pattern similar to that found in adults. By contrast to
older findings, which were based on culture-based meth-
ods, the flora of breast-fed infants was not dominated by
bifidobacteria, which were rare in the first months after
birth and thereafter represent only a small fraction of
the total flora.

Although these findings are limited to a few healthy
infants, they suggest that earlier views regarding normal
stool and colonic flora and perhaps flora in other portions
of the intestinal tract require revision. Future studies
applying such approaches to compare systematically the
flora of breast-fed infants versus formula-fed infants,
infants delivered by different routes, infants born pre-
maturely, and infants residing in the hospital versus the
home should help us to understand better how such fac-
tors affect the intestinal flora and, perhaps, risk for necro-
tizing enterocolitis and other inflammatory, infectious, or
allergic diseases in neonates and infants.

The dynamic interaction between host and microbe in
the gut has an important impact on nutrition, intestinal
homeostasis, and development of innate and adaptive
immunity [14]. Such immunity restricts these microbes
to the gut and primes the immune system to respond
properly to dangerous microbes, while dampening the
response to the normal flora, harmless environmental
antigens, and self-antigens to prevent self-injury. Certain
intestinal epithelial cells play special roles in intestinal
immunity: Goblet cells produce mucus, Paneth cells
(located at the base of small intestinal crypts) secrete
antimicrobial factors, and M cells deliver by transcytosis
a sample of the distal small intestinal microbiota to
antigen-presenting DCs located beneath the epithelium;
some DCs (the nature and function of which are discussed
later) also directly sample the intestinal lumen of the
distal small intestine.

The intestinal epithelium can directly recognize and
respond to microbes using a limited set of invariant cell
surface, endosomal, and cytosolic innate immune pattern
recognition receptors, including toll-like receptors (TLRs)
and others described later (see “Cytokine Production
Induced by Engagement of Toll-like Receptors and Other
Innate Immune Pattern Recognition Receptors”). How
commensals prime innate and adaptive immunity in the
gut without inducing deleterious inflammation, and how
potentially dangerous pathogens are discriminated from

harmless commensals are areas of active investigation. This
discrimination is made in part by the location of commen-
sals versus pathogens. Intestinal epithelial cells normally
express little or no TLRs on their luminal surface—where
they are in contact with commensals. Conversely, patho-
gens that invade through or between epithelial cells can
be recognized by endosomal TLRs, cytosolic innate
immune recognition receptors, and TLRs located on the
basolateral surface of epithelial cells. Certain commensal
bacteria inhibit signaling and inflammatory mediator pro-
duction downstream of these receptors [14,16] or induce
anti-inflammatory cytokine production [17], actively sup-
pressing gut inflammation.

Adaptation of the intestinal epithelium to avoid unwar-
ranted inflammatory responses to the normal flora is devel-
opmentally regulated or environmentally regulated, or
both. Human 20- to 24-week fetal small intestinal organ
cultures produced much more of the proinflammatory
cytokine IL-8 (see Tables 4-1 and 4-2) when exposed to
bacterial lipopolysaccharide (LPS) or IL-1 than similar cul-
tures from infants or adults [18]. Studies in neonatal mice
suggest that a general dampening of inflammatory signal-
ing in intestinal epithelium occurs in response to postnatal
colonization with commensal bacteria [19], but develop-
mental differences may also be a factor. If so, and if this
is also true in humans, such differences may contribute to
aberrant intestinal inflammation in preterm neonates with
necrotizing enterocolitis [20].

Intestinal epithelial cells produce and secrete defensins
and other antimicrobial factors. Epithelial cells of the
esophagus, stomach, and colon constitutively produce
hBD-1 and the cathelicidin LL-37 and produce hBD-2,
hBD-3, and hBD-4 in response to infection and inflamma-
tory stimuli [21]. Intrinsic host defense of the small intestine
is provided by Paneth cells, which constitutively produce
HDS5 and lysozyme [3]. The abundance of HDS5 in the neo-
natal small intestine correlates with the abundance of
Paneth cells—present but much less abundant in the fetus
at mid-gestation than at term, which is much less abundant
than in adults. These data suggest that intrinsic small intes-
tinal defenses may be compromised in human neonates,
particularly when preterm. A study in mice suggests another
possibility, however. The intestinal epithelium of neonatal
mice expresses abundant amounts of cathelicidin, which is
lost by 14 days of postnatal age, by which time Paneth cells
expressing murine defensins reach adult numbers [22]. It is
unknown whether a similar “switch” in intestinal antimicro-
bial defenses occurs in humans.

RESPIRATORY TRACT

The respiratory tract is second only to the gut in epithe-
lial surface area. The upper airways and larger airways
of the lung are lined by pseudostratified ciliated epithelial
cells, with smaller numbers of mucin-producing goblet
cells, whereas the alveoli are lined by nonciliated type 1
pneumocytes and by smaller numbers of surfactant-
producing type II pneumocytes. Airway surface liquid
and mucociliary clearance mechanisms provide an impor-
tant first line of defense. Airway surface liquid contains
numerous antimicrobial factors, including lysozyme, secre-
tory leukoprotease inhibitor, defensins and cathelicidin
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LL-37, and surfactant apoproteins A and D (SP-A, SP-D)
[23]. Collectively, these factors likely account for the lack
of microbes in the lower respiratory tract of normal
individuals.

Lung parenchymal cells express a diverse set of TLRs
and other innate immune receptors. Lower airway epithe-
lial cells express and respond to ligands for TLR2, TLR4,
and TLRS [23-25]. The subcellular localization of these
TLRs; the expression and localization of other TLRs;
and the relative contribution of TLR-mediated microbial
recognition by airway epithelial cells, other lung paren-
chymal cells, and lung macrophages are incompletely
understood and areas of active investigation. Although,
to our knowledge, there are no data carefully comparing
TLR expression and function in the airways of the human
fetus and neonate versus human adults, data from neona-
tal sheep (and rodents) indicate development differences.
TLR2 and TLR4 are expressed in the lungs of fetal sheep
in the latter part of gestation—messenger RNA (mRNA)
abundance increases from 20% of adult values at the
beginning of the third trimester to 50% at term [26].
TLR4 mRNA was present in the airway epithelium and
parenchyma, whereas TLR2 expression was found pri-
marily in inflammatory cells after intra-amniotic adminis-
tration of LPS, which resulted in increased expression of
TLR2 and TLR4. TLR3 expression was approximately
50% of adult values and unchanged in response to LPS.
Similar developmental differences have been observed in
mice [27].

Airway epithelial cells express hBD-1 constitutively and
hBD-2, hBD-3, and LL-37 in response to microbial sti-
muli and inflammatory cytokines, including IL-1 [23].
Lung explants from term, but not preterm, fetuses
expressed hBD-2 and smaller amounts of hBD-I,
although the amounts even at term seemed to be less than
at older ages, but did not contain hBD-3 mRNA [28]. By
contrast, LL-37 mRNA was present and seemed not to
vary at these ages. Consistent with these findings, tracheal
aspirates from mechanically ventilated term, but not pre-
term, neonates contained hBD-2, whereas lower amounts
of LL-37 were found in similar amounts in aspirates from
preterm neonates. Another study found no difference in
the abundance of hBD-1, hBD-2, and LL-37 in aspirates
from ventilated neonates ranging in age from 22 to
40 weeks.

SP-A and SP-D are produced by type II pneumocytes
and by Clara cells, which are progenitors of ciliated
epithelial cells located at the bronchoalveolar juncton.
SP-A and SP-D are members of the collectin family.
Collectins bind to carbohydrates, including mannose, glu-
cose, and fucose, found on the surface of gram-positive
and gram-negative bacteria, yeasts, and some viruses,
including respiratory syncytial virus (RSV) [23,29]. When
bound, collectins can result in aggregation of microbes,
which may inhibit their growth or facilitate their mechani-
cal removal, or can opsonize microbes (i.e., facilitate their
ingestion by phagocytic cells). Mice lacking SP-A have
impaired lung clearance of group B streptococci (GBS),
Haemophilus influenzae, Pseudomonas aeruginosa, and RSV
[30,31]. Mice lacking SP-D also exhibit impaired clearance
of RSV [31] and P. aeruginosa [30], and although they clear
GBS normally, lung inflaimmation in response to this

infection is more intense (reviewed by Grubor and col-
leagues [23] and Haagsman and colleagues [29]. SP-A
and SP-D are detectable in human fetal lungs by 20 weeks
of gestation [32], and amounts apparently increase with
increasing fetal maturity and in response to antenatal
steroid administration [33,34].

SUMMARY

The skin of neonates, particularly preterm neonates, is
more readily disrupted and lacks the protection provided
by an acidic pH until approximately 1 month of postnatal
age. Counterbalancing these factors is the constitutive
production in neonates of a broader array of antimicrobial
peptides by the skin epithelium and the presence of such
peptides in the vernix caseosa. The lack of an acidic pH
in the stomach may facilitate the establishment of the
protective commensal flora, which at birth varies substan-
tially from infant to infant, converging by 1 year of age to
resemble adult flora. The lack of gastric acidity and
diminished numbers of antimicrobial peptide-producing
Paneth cells in the small intestine of preterm and, to a
lesser degree, term neonates may increase their risk for
enterocolitis and invasion by pathogens; these deficits
may be counterbalanced by more robust production of
antimicrobial peptides by other intestinal epithelial cells,
but as yet this has been shown only in animal models.
Innate defenses of the respiratory epithelium—TLRs,
antimicrobial peptides, and SP-A and SP-D—are matur-
ing in the last trimester. Consequently, these defenses
may be compromised in preterm infants. Reduced num-
bers of resident alveolar macrophages may impair lung
innate defenses further in preterm infants (see “Mono-
nuclear Phagocytes”).

COMPLEMENT AND OTHER HUMORAL
MEDIATORS OF INNATE IMMUNITY

COLLECTINS AND PENTRAXINS

C-reactive protein (CRP) and mannose-binding lectin
(MBL) are soluble proteins that can bind to structures
found on the surface of microbes and infected or damaged
host cells and facilitate their clearance by phagocytes.
Both are produced by the liver. Their concentrations in
the blood increase in response to infection and tissue
injury as part of the acute-phase response, allowing them
to contribute to early host defense to infection and the
clearance of damaged cells.

CRP is a member of the pentraxin family of proteins
[35], which binds to phosphocholine and other lipids
and carbohydrates on the surface of certain gram-positive
bacteria, particularly Streptococcus pneumoniae, fungi, and
apoptotic host cells. It does not cross the placenta. Term
and preterm neonates can produce CRP as well as adults
[36]. Values of CRP in cord blood from term infants are
low, increasing to concentrations found in adult blood
in the first days of life, paralleling a postnatal increase in
serum IL-6 and microbial colonization [37].

MBL (similar to SP-A and SP-D described earlier) is a
member of the collectin family and binds to carbohy-
drates, including mannose, glucose, and fucose, on the
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surface of bacteria, yeasts, and some viruses [38]. When
bound, MBL activates complement and enhances phago-
cytosis by neutrophils and macrophages. Engagement of
MBL is impeded by capsular polysaccharides of most
virulent bacterial pathogens. The gene encoding MBL
is highly polymorphic, and as a result concentrations of
MBL in healthy adults vary widely (undetectable to
approximately 10 pg/mlL), with approximately 40% of
Europeans having low MBL and approximately 5% hav-
ing little or no MBL in the blood [39,40]. MBL-deficient
individuals beyond the neonatal period who are otherwise
immunocompetent have a slightly higher rate of respira-
tory tract infections between 6 and 17 months of age,
but are not otherwise predisposed to infection.

MBL abundance in neonates is affected by three inter-
acting variables: MBL genotype, gestational age, and
postnatal age. In neonates with wild-type MBL genotype,
MBL concentrations are 50% to 75% of those in adults
and reach adult values by 7 to 10 days of age in term neo-
nates and 20 weeks of age in preterm neonates [41,42].
Concentrations are more than fivefold lower and these
increases are less evident in neonates with variant MBL
genotypes. Preterm neonates with low concentrations of
MBL found in those with variant genotypes seem to be
at greater risk for sepsis or pneumonia [40,42,43].
Although the rigor of the criteria by which sepsis was
defined and the seriousness of the causative agent varied
in these studies, it seems that neonates with values less
than 0.4 pg/mL are at greater risk compared with neo-
nates of similar gestational age or birth weight [43].

COMPLEMENT

The complement system is composed of serum proteins
that can be activated sequentially through one of three
pathways—the classic, MBL, and alternative pathways—
each of which leads to the generation of activated C3,
C3 and CS5 convertases, and the membrane attack com-
plex (see Fig. 4-1) [44].

Classic and Mannan-Binding
Lectin Pathways

Activation of the classic pathway is initiated when anti-
bodies capable of engaging Clq to their Fc portion
(IgM, IgG1, IgG2, and IgG3 in humans) form a complex
with microbial (or other) antigens. The formation of
complexes alters the conformation of IgM and juxtaposes
two IgG molecules, which creates an appropriate binding
site for C1q. This is followed by the sequential binding of
Clr and Cls to Clq. Cls can cleave C4 followed by C2,
and the larger fragments of these bind covalently to the
surface of the microbe or particle, forming the classic
pathway C3 convertase (C2aC4b). C3 convertase cleaves
C3, liberating C3b, which binds to the microbe or parti-
cle, and C3a, which is released into the fluid phase.

This pathway can also be activated before the develop-
ment of antibody by CRP. When CRP binds to the sur-
face of a microbe, its conformation is altered such that it
can bind Clq and activate the classic pathway [45]. Simi-
larly, when MBL engages the surface of a microbe, its
confirmation is altered, creating a binding site for MASP1

and MASP2, which are the functional equivalents of Clr
and Cls. MASP2 cleaves C4 and C2 leading to the forma-

tion of the C3 convertase.

Alternative Pathway

The alternative pathway is activated constitutively by the
continuous low-level hydrolysis of C3 in solution, creat-
ing a binding site for factor B. This complex is cleaved
by factor D, generating C3b and Bb. If C3b and Bb bind
to a microorganism, they form a more efficient system,
which binds and activates additional C3 molecules,
depositing C3b on the microbe and liberating C3a into
the fluid phase. This interaction is facilitated by factor P
(properdin) and inhibited by alternative pathway factors
H and I. The classic pathway, by creating particle-bound
C3b, also can activate the alternative pathway, amplifying
complement activation. This amplification step may be
particularly important in the presence of small amounts
of antibody. Bacteria vary in their capacity to activate
the alternative pathway, which is determined by their
ability to bind C3b and to protect the complex of C3b
and Bb from the inhibitory effects of factors H and I.
Sialic acid, a component of many bacterial polysaccharide
capsules, including those of GBS and E. /i K1, favors
factor H binding. Many bacterial pathogens are protected
from the alternative pathway by their capsules. Antibody
is needed for efficient opsonization of such organisms.

Terminal Components, Membrane Attack
Complex, and Biologic Consequences
of Complement Activation

Binding of C3b on the microbial surface facilitates micro-
bial killing or removal, through the interaction of C3b with
CR1 receptors on phagocytes. C3b also is cleaved to C3bi,
which binds to the CR3 receptor (Mac-1, Cd11b-CD18)
and CR4 receptor (CD11¢c-CD18). C3bi receptors are
B, integrins, which are present on neutrophils, macro-
phages, and certain other cell types and play a role in leu-
kocyte adhesion. Along with IgG antibody, which binds to
Fcy receptors on phagocytes, C3b and C3bi promote
phagocytosis and killing of bacteria and fungi.

Bound C3b and C4b and C2a or bound C3b and Bb form
CS5 convertases, which cleave C5. The smaller fragment,
C5a, is released into solution. The larger fragment, C5b,
triggers the recruitment of the terminal components, C6
to C9, which together form the membrane attack complex.
This complex is assembled in lipid-containing cell mem-
branes, which include the outer membrane of gram-
negative bacteria and the plasma membrane of infected host
cells. When assembled in the membrane, this complex can
lyse the cell. This lysis seems to be a central defense mecha-
nism against meningococci and systemic gonococcal infec-
tion. Certain gram-negative organisms have mechanisms
to impede complement-mediated lysis, and gram-positive
bacteria are intrinsically resistant to complement-mediated
lysis because they do not have an outer membrane. As a
result, in contrast to the important role of complement-
mediated opsonization, complement-mediated lysis may
play a limited role in defense against common neonatal
bacterial pathogens.
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The soluble fragments of C5, C5a, and, to a more lim-
ited degree, C3a and C4a cause vasodilation and increase
vascular permeability. C5a also is a potent chemotactic
factor for phagocytes. In addition to these roles for com-
plement in innate immunity, complement facilitates
B-cell responses to T cell-dependent antigens, as dis-
cussed in the section on B cells and immunoglobulin.

Complement in the Fetus and Neonate

Complement components are synthesized by hepatocytes
and, for some components, by macrophages. Little, if
any, maternal complement is transferred to the fetus. Fetal
synthesis of complement components can be detected in
tissues at 6 to 14 weeks of gestation, depending on the
specific complement component and tissue examined [46].

Table 4-3 summarizes published reports on classic path-
way complement activity (CHs¢) and alternative pathway
complement activity (APsp) and individual complement
components in neonates. Substantial interindividual varia-
bility is seen, and in many term neonates, values of individ-
ual complement components or of CHsy or APso are
within the adult range. Alternative pathway activity and
components are more consistently decreased than classic
pathway activity and components. The most marked defic-
iency is in the terminal complement component C9, which

TABLE 4-3 Summary of Published Complement Levels
in Neonates

Mean % of Adult Levels

Complement Term Preterm
Component Neonate Neonate
CHs 56-90 (5)* 45-71 (4)
APs 49-65 (4) 40-55 (3)
Clq 61-90 (4) 27-58 (3)
C4 60-100 (5) 42-91 4)
C2 76-100 (3) 67-96 (2)
C3 60-100 (5) 39-78 4)
C5 73-75 (2) 67 (1)

Cé6 47-56 (2) 36 (1)

C7 67-92 (2) 72 (1)

C8 20-36 (2) 29 (1)

C9 <20-52 (3) <20-41 (2)
B 35-64 (4) 36-50 4)
P 33-71 (6) 16-65 (3)
H 61 (1) —

C3bi 55 (1) —

*Number of studies.
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of the compl system after 28 weeks’ gestation. Acta

correlates with poor killing of gram-negative bacteria by
serum from neonates. The C9 deficiency in neonatal serum
seems to be a more important factor in the inefficient kill-
ing of E. coli K1 than the deficiency in antgen-specific IgG
antibodies [47]. Preterm infants show a greater and more
consistent decrease in classic and alternative pathway com-
plement activity and components [48]. Mature infants who
are small for gestational age have values similar to those for
healthy term infants [49]. The concentration of most com-
plement proteins increases postnatally and reaches adult
values by 6 to 18 months of age [50].

Opsonization is the process whereby soluble factors
present in serum or other body fluids bind to the surface
of microbes (or other particles) and enhance their phago-
cytosis and killing. Some organisms are effective activa-
tors of the alternative pathway, whereas others require
antibody to activate complement. Depending on the
organism, opsonic activity reflects antibody, MBL, CRP,
classic or alternative complement pathway activity, or
combinations of these, and the efficiency with which neo-
natal sera opsonize organisms is quite variable. Although
opsonization of S. aureus was normal in neonatal sera in
all studies [51-53], opsonization of GBS [52,54], S. pneu-
moniae [53], E. coli [52,55], and other gram-negative rods
[52,55] was decreased against some strains and in some
studies, but not in others.

Neonatal sera generally are less able to opsonize organ-
isms in the absence of antibody. This difference is compat-
ible with deficits in the function of the alternative and
MBL pathways [56-58] and with the moderate reduction
in alternative pathway components. This difference is not
due to a reduced ability of neonatal sera to initiate comple-
ment activation through the alternative pathway [59].
Neonatal sera also are less able to opsonize some strains
of GBS in a classic pathway—dependent but antibody-
independent manner [54,60]. The deficit in antibody-
independent opsonization is accentuated in sera from
premature neonates and may be impaired further by the
depletion of complement components in septic neonates.

Sera from term neonates generate less chemotactic
activity than adult sera. This diminished activity reflects
a defect in complement activation, rather than lack of
antibody [61-63]. These observations notwithstanding,
preterm and term neonates do generate substantial
amounts of activated complement products in response
to infection in vivo [64].

SUMMARY

Compared with adults, neonates have moderately dimin-
ished alternative complement pathway activity, slightly
diminished classic complement pathway activity, and
decreased abundance of some terminal complement com-
ponents. Neonates with much reduced concentrations of
MBL resulting from genetic variation and prematurity
seem to be at greater risk for sepsis or pneumonia. Consis-
tent with these findings, neonatal sera are less effective
than adult sera in opsonization when concentrations of
specific antibody are limiting and in the generation of
complement-derived chemotactic activity; these differences
are greater in preterm than in term neonates. These defic-
iencies, in concert with phagocyte deficits described
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subsequently, may contribute to delayed inflammatory
responses and impaired bacterial clearance in neonates.

PHAGOCYTES
HEMATOPOIESIS

Phagocytes and all leukocytes of the immune system are
derived from self-renewing, pluripotent hematopoietic
stem cells (HSCs), which have the capacity for indefinite
self-renewal (Fig. 4-2). Most circulating HSCs in cord
blood and adult bone marrow are identified by their
CD34"CD45"CD133"CD143* surface phenotype com-
bined with a lack of expression of CD38 and markers found
on specific lineages of mature leukocytes (e.g., they lack
CD3, a T-cell marker, and are CD34 positive and lineage
marker negative [CD34"Lin"]) [65,66]. HSCs are generated
during ontogeny from embryonic para-aortic tissue, fetal
liver, and bone marrow [67]. The yolk sac, which is extraem-
bryonic, is a major site of production of primitive erythro-
cytes and some primitive mononuclear phagocytes starting
at about the third week of embryonic development. HSCs
that give rise to erythrocyte and all nonerythroid hemato-
poietic cell lineages appear in the fetal liver after 4 weeks of
gestation and in the bone marrow by 11 weeks of gestation

[67]. Liver-mediated hematopoiesis ceases by 20 weeks of
gestation [67], with the bone marrow becoming the sole site
of hematopoiesis thereafter. All major lineages of hemato-
poietic cells that are part of the immune system are present
in the human by the beginning of the second trimester.

HSCs can subsequently differentiate into common
lymphoid progenitors or common myeloid-erythroid pro-
genitors (see Fig. 4-2). Common lymphoid progenitors
give rise to T, B, and natural killer (NK) lymphocytes
(discussed in later sections). Common myeloid-erythroid
progenitors give rise to the megakaryocyte, erythroid,
and myeloid lineages. Myeloid and lymphoid cells repre-
sent the two largely distinct but functionally interrelated
immune cell lineages, with one cell type—DCs—seeming
to provide a developmental and functional bridge between
these lineages (see “Dendritic Cells—the Link between
Innate and Adaptive Immunity”).

PHAGOCYTE PRODUCTION BY THE
BONE MARROW

Phagocytes are derived from a common precursor myeloid
stem cell, which often is referred to as the colony-forming
unit—granulocyte-monocyte (CFU-GM) (see Fig. 4-2).
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The formation of myeloid stem cells from pluripotent
HSCs and further differentiation of the myeloid precursor
into mature granulocytes and monocytes are governed by
bone marrow stromal cells and soluble colony-stimulating
factors (CSFs) and other cytokines (see Table 4-2)
[68,69]. Factors that act primarily on early HSCs include
stem cell factor (also known as steel factor or c-Kit ligand)
and Flt-3 ligand. The response to these factors is
enhanced by granulocyte colony-stimulating factor
(G-CSF) and thrombopoietin, hematopoietic growth fac-
tors originally identified by their ability to enhance the
production of neutrophils (G-CSF) and platelets (throm-
bopoietin). IL-3 and IL-11 augment the effects of these
factors on CFU-GM. Other factors act later and are
more specific for given myeloid lineages. granulocyte-
macrophage colony-stimulating factor (GM-CSF) acts to
increase the production of neutrophils, eosinophils, and
monocytes; G-CSF acts to increase neutrophil produc-
tion; macrophage colony-stimulating factor (M-CSF) acts
to increase monocyte production; and IL-5 enhances
eosinophil production.

The precise role of these mediators in normal steady-
state hematopoiesis is becoming clearer, primarily as a
result of studies in mice with targeted disruptions of the
relevant genes. Genetic defects in the production of bio-
logically active stem cell factor or its receptor c-Kit lead
to mast cell deficiency and severe anemia, with less severe
defects in granulocytopoiesis and in formation of mega-
karyocytes [70]. Deficiency for Flt-3 ligand and c-Kit
has a more severe phenotype than for either alone, indi-
cating partial redundancy in their function. Deficient pro-
duction of M-CSF is associated with some diminution in
macrophage numbers and a marked deficiency in matura-
tion of osteoclasts (presumably from monocyte precur-
sors), which results in a form of osteopetrosis [71]. Mice
and humans with mutations in the G-CSF receptor
are neutropenic (although they do not completely lack
neutrophils) and have fewer multilineage hematopoietic
progenitor cells [68]. By contrast, GM-CSF receptor
deficiency does not cause neutropenia, but instead causes
pulmonary alveolar proteinosis in humans and mice [72].
IL-5 deficiency results in an inability to increase the num-
bers of eosinophils in response to parasites or allergens.
Hematopoietic growth factors apparently play complex
and, in some cases, partially overlapping roles in normal
steady-state production of myeloid cells.

In response to an infectious or inflammatory stimulus,
the production of G-CSF and GM-CSF and certain other
of these growth factors is increased, resulting in increased
production and release of granulocytes and monocytes.
Similarly, when given exogenously, these factors enhance
production and function of the indicated cell lineages [69].

NEUTROPHILS
PRODUCTION

Polymorphonuclear leukocytes or granulocytes, including
neutrophils, eosinophils, and basophils, are derived from
CFU-GM. Neutrophils are the principal cells of interest
in relation to defense against pyogenic pathogens. The
first identifiable committed neutrophil precursor is the

myeloblast, which sequentially matures into myelocytes,
metamyelocytes, bands, and mature neutrophils. Myelo-
cytes and more mature neutrophilic granulocytes cannot
replicate and constitute the postmitotic neutrophil stor-
age pool [73]. The postmitotic neutrophil storage pool
is an important reserve because these cells can be rapidly
released into the circulation in response to inflammation.
Mature neutrophils enter the circulation, where they
remain for approximately 8 to 10 hours and are distributed
equally and dynamically between circulating cells and cells
adherent to the vascular endothelium. After leaving the cir-
culation, neutrophils do not recirculate and die after
approximately 24 hours. Release of neutrophils from the
marrow may be enhanced in part by cytokines, including
IL-1, IL-17 and TNF-o, in response to infection or
inflammation [74,75].

Neutrophil precursors are detected at the end of the
first trimester, appearing later than macrophage precur-
sors [76]. Mature neutrophils are first detected by 14 to
16 weeks of gestation, but at mid-gestation the numbers
of postmitotic neutrophils in the fetal liver and bone mar-
row remain markedly lower than in term newborns and
adults [77]. By term, the numbers of circulating neutro-
phil precursors are 10-fold to 20-fold higher in the fetus
and neonate than in the adult, and neonatal bone marrow
also contains an abundance of neutrophil precursors
[78,79]. The rate of proliferation of neutrophil precursors
in the human neonate seems to be near maximal [78,80],
however, suggesting that the capacity to increase numbers
in response to infection may be limited.

At birth, neutrophil counts are lower in preterm than in
term neonates and in neonates born by cesarean section
without labor. Within hours of birth, the numbers of
circulating neutrophils increase sharply [81-83]. The
number of neutrophils normally peaks shortly thereafter,
whereas the fraction of neutrophils that are immature
(bands and less mature forms) remains constant at about
15%. Peak counts occur at approximately 8 hours in neo-
nates greater than 28 weeks’ gestation and at approxi-
mately 24 hours in neonates less than 28 weeks’
gestation, then decline to a stable level by approximately
72 hours in neonates without complications. Thereafter,
the lower limit of normal for term and preterm neonates
is approximately 2500/uL. and 1000/uL; the upper limit
of normal is approximately 7000/puL for term and preterm
neonates under most conditions, but may be higher
(approximately 13,000/pL) for neonates living at higher
altitudes, as observed in neonates living at approximately
1500 m elevation in Utah [83].

Values may be influenced by numerous additional fac-
tors. Most important is the response to sepsis. Septic
infants may have normal or increased neutrophil counts.
Sepsis and other perinatal complications, including
maternal hypertension, periventricular hemorrhage, and
severe asphyxia, can cause neutropenia, however, and
severe or fatal sepsis often is associated with persistent
neutropenia, particularly in preterm neonates [78,84,85].
Neutropenia may be associated with increased margin-
ation of circulating neutrophils, which occurs early in
response to infection [73]. Neutropenia that is sustained
often reflects depletion of the neonate’s limited postmito-
tic neutrophil storage pool. Septic neutropenic neonates
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in whom the neutrophil storage pool is depleted are more
likely to die than neonates with normal neutrophil storage
pools [85]. Leukemoid reactions also are observed at a
frequency of approximately 1% in term neonates in the
absence of an identifiable cause. Such reactions appar-
ently reflect increased neutrophil production [86].

Circulating G-CSF levels in healthy infants are highest
in the first hours after birth, and levels in premature neo-
nates are generally higher than levels in term neonates
[87-89]. Levels decline rapidly in the neonatal period
and more slowly thereafter. One study reported a direct
correlation between circulating levels of G-CSF and the
blood absolute neutrophil count, although this finding
has not been confirmed in other studies [87,88]. Plasma
G-CSF levels tend to be elevated in neonates with infec-
tion [89], although some studies have found considerable
overlap with the levels of neonates without infection
[90]. Although the cause of neutropenia in these neonates
was not described, these observations raise the possibility
that deficient G-CSF production might be a contributory
factor to neutropenia in some neonates. Mononuclear
cells and monocytes from mid-gestation fetuses and pre-
mature neonates generally produce less G-CSF and
GM-CSF after stimulation in vitro than comparable adult
cell types, whereas cells from term neonates produce
amounts that are similar to or modestly less than amounts
produced by cells of adults [91-95].

MIGRATION TO SITES OF INFECTION
OR INJURY

After release from the bone marrow into the blood, neu-
trophils circulate until they are called on to enter infected
or injured tissues. Neutrophils adhere selectively to endo-
thelium in such tissues, but not in normal tissues. The
adhesion and subsequent migration of neutrophils
through blood vessels into tissues and to the site of infec-
tion results from a multistep process, which is governed
by the pattern of expression on their surface of adhesion
molecules and receptors for chemotactic factors and by
the local patterns and gradients of adhesion molecule
and chemotactic factors in the tissues.

The adhesion molecules involved in neutrophil migra-
tion from the blood into tissues include selectins, integrins,
and the molecules to which they adhere (Table 4-4) [96].
The selectins are named by the cell types in which
they are primarily expressed: L-selectin by leukocytes,
E-selectin by endothelial cells, and P-selectin by platelets
and endothelial cells. L-selectin is constitutively expressed
on leukocytes and seems to bind to tissue-specific or
inflammation-specific, carbohydrate-containing ligands
on endothelial cells. E-selectin and P-selectin are
expressed on activated, not resting, endothelial cells or
platelets. E-selectin and P-selectin bind to sialylated glyco-
proteins on the surface of leukocytes, including P-selectin

TABLE 4-4 Selected Pairs of Surface Molecules Involved in T Cell-Antigen-Presenting Cell (APC) Interactions

Corresponding

T Cell Surface Ligands on
Molecule T Cell Distribution APCs APC Distribution
CD2 Most T cells; higher on memory cells, LFA-3 (CD58), Leukocytes
lower on adult naive and neonatal T cells CD59
CD4 Subset of af T cells with predominantly MHC class 1T Dendritic cells, M¢, B cells, others (see text)
helper activity B chain
CD5 All T cells CD72 B cells, M¢
CDS8 Subset of af T cells with predominantly MHC glass I heavy ~ Ubiquitous
cytotoxic activity chain
LFA-1 All T cells; higher on memory cells, lower ICAM-1 (CD54) Leukocytes ICAM-3 > ICAM-1, ICAM-2) and
(CD11a/CD18) on adult naive and neonatal T cells endothelium (ICAM-1, ICAM-2); most ICAM-1
expression requires activation
ICAM-2 (CD102)
ICAM-3 (CD50)
CD28 Most CD4* T cells, subset of CD8" CD80 (B7-1) Dendritic cells, M, activated B cells
T cells
CD86 (B7-2)
1COS Effector and memory T cells; not on B7RP-1 (B7h) B cells, M@, dendritic cells, endothelial cells
resting naive cells
VLA-4 All T cells; higher on memory cells, lower ~VCAM-1 (CD106)  Activated or inflamed endothelium (increased by TNEF,
(CD49d/CD29) on adult naive and neonatal T cells 1L-1, 1L-4)
ICAM-1 (CD54) All T cells; higher on memory cells, lower  LFA-1 Leukocytes
on adult virgin and neonatal T cells (CD11a/CD18)
CTLA-4 (CD152) Activated T cells CD80 Dendritic cells, M¢, activated B cells, activated T cells
CD86
CD40 ligand Activated CD4" T cells; lower on neonatal ~ CD40 Dendritic cells, M¢, B cells, thymic epithelial cells
(CD154) CD4" T cells
PD-1 Activated CD4* and CD8* T cells PD-L1, PD-L.2 Dendritic cells, M¢, B cells, regulatory T cells

CTLA-4, cytotoxic T-lymphocyte antigen-4; ICAM, intercellular adbesion molecule; ICOS, inducible costimulator; IL, interleukin; LFA, leukocyte function antigen; M, mononuclear phagocytes;

MHC, major histocompatibility complex; PD, progr

d death [molecule]; VCAM, vascular cell adbesion molecule; VLA-4, very late antigen-4.
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glycoprotein ligand-1. L-selectin binds to glycoproteins
and glycolipids, which are expressed on vascular endothe-
lial cells in specific tissues. The integrins are a large family
of heterodimeric proteins composed of an o and a B chain.
B, integrins LFA-1 (CD11a through CD18) and Mac-1
(CD11b through CD18) play a crucial role in neutrophil
function because neutrophils do not express other integ-
rins in substantial amounts. B, integrins are constitutively
expressed on neutrophils, but their abundance and avidity
for their endothelial ligands are increased after activation
of neutrophils in response to chemotactic factors. Their
endothelial ligands include intercellular adhesion mole-
cule ICAM)-1 and ICAM-2. Both are constitutively
expressed on endothelium, but ICAM-1 expression is
increased markedly by exposure to inflammatory media-
tors, including IL-1, TNF-o, and LPS.

Chemotactic factors may be derived directly from bac-
terial components, such as n-formylated-Met-Leu-Phe
(fMLP) peptide; from activated complement, including
C5a; and from host cell lipids, including leukotriene By
(L'TBy4) [97]. In addition, a large family of chemotactic
cytokines (chemokines) are synthesized by macrophages
and many other cell types (see Tables 4-1 and 4-2). Che-
mokines constitute a cytokine superfamily with more than
50 members known at present, most of which are secreted
and of relatively low molecular weight [98]. Chemokines
attract various leukocyte populations, which bear the
appropriate G protein-linked chemokine receptors. They
can be divided into four families according to their pat-
tern of amino-terminal cysteine residues: CC, CXC, C,
and CX3C (X represents a noncysteine amino acid
between the cysteines).

A nomenclature for the chemokines and their receptors
has been adopted, in which the family is first denoted
(e.g., CC), followed by L for ligand (the chemokine itself)
and a number or followed by R (for receptor) and a num-
ber. Functionally, chemokines also can be defined by their
principal function—in homeostatic or inflammatory cell
migration—and by the subsets of cells on which they
act. Neutrophils are attracted by the subset of CXC che-
mokines that contain a glutamine-leucine-arginine motif,
including the prototypic neutrophil chemokine CXLCS,
also known as IL-8.

These adhesion molecules and chemotactic factors act
in a coordinated fashion to allow neutrophil recruitment.
In response to injury or inflammatory cytokines, E-
selectin and P-selectin are expressed on the endothelium
of capillaries or postcapillary venules. Neutrophils in the
blood adhere to these selectins in a low-avidity fashion,
allowing them to roll along the vessel walls. This step is
transient and reversible, unless a second, high-avidity
interaction is triggered. At the time of the low-avidity
binding, if neutrophils also encounter chemotactic factors
released from the tissues or from the endothelium itself,
they rapidly upregulate the avidity and abundance of
LFA-1 and Mac-1 on the neutrophil cell surface. This
process results in high-avidity binding of neutrophils to
endothelial cells, which, in the presence of a gradient of
chemotactic factors from the tissue to the blood vessel,
induces neutrophils to migrate across the endothelium
and into the tissues. Neutrophils must undergo consider-
able deformation to allow diapedesis through the

endothelium. Migration through the tissues also is likely
to be facilitated by the reversible adhesion and de-
adhesion between ligands on the neutrophil surface,
including the integrins, and components of the extracellu-
lar matrix, such as fibronectin and collagen.

The profound importance of integrin-mediated and
selectin-mediated leukocyte adhesion is illustrated by the
genetic leukocyte adhesion deficiency syndromes [99].
Deficiency of the common B, integrin chain results in
inability of leukocytes to exit the bloodstream and reach
sites of infection and injury in the tissues. Affected
patients are profoundly susceptible to infections with
pathogenic and nonpathogenic bacteria and may present
in early infancy with delayed separation of the umbilical
cord, omphalitis, and severe bacterial infection without
pus formation. A related syndrome—leukocyte adhesion
deficiency syndrome type II—is due to a defect in synthe-
sis of the carbohydrate selectin ligands.

MIGRATION OF NEONATAL NEUTROPHILS

The ability of neonatal neutrophils to migrate from the
blood into sites of infection and inflammation is reduced
or delayed, and the transition from a neutrophilic to
mononuclear cell inflammatory response is delayed [76].
"This diminished delivery of neutrophils may result in part
from defects in adhesion and chemotaxis.

Adhesion of neonatal neutrophils under resting condi-
tions is normal or at most modestly impaired, whereas
adhesion of activated cells is deficient [100,101]. Adhesion
and rolling of neonatal neutrophils to activated endothe-
lium under conditions of flow similar to those found in
capillaries or postcapillary venules is variable, but on aver-
age approximately 50% of that observed with adult neu-
trophils [102,103]. This decreased adhesion seems to
reflect, at least in part, decreased abundance and shedding
of L-selectin and decreased binding of neonatal neutro-
phils to P-selectin [102,103]. Resting neonatal and adult
neutrophils have similar amounts of Mac-1 and LFA-1
on their plasma membrane, but neonatal neutrophils have
a reduced ability to upregulate expression of these integ-
rins after exposure to chemotactic agents [102-104].
Reduced integrin upregulation is associated with a paral-
lel decrease in adhesion to activated endothelium or
ICAM-1 [105]. Two studies have concluded, however,
that expression of Mac-1 and LFA-1 is not reduced on
neonatal neutrophils, and that diminished expression
observed in other studies may be an artifact of the meth-
ods used to purify neutrophils [106,107]. Nonetheless, the
preponderance of data suggests that a deficit in adhesion
underlies in part the diminished ability of neonatal neu-
trophils to migrate through endothelium into tissues,
and these defects are greater in preterm neonates
[102,105].

In nearly all studies in which neutrophil migration has
been examined in vitro, chemotaxis of neonatal neutro-
phils was less than that of adult neutrophils. Some studies
have found that chemotaxis remains less than that of adult
cells until 1 to 2 years of age, whereas others have sug-
gested more rapid maturation [61,108]. The response of
neonatal neutrophils to various chemotactic factors, such
as fMLP, LTB,, and neutrophil-specific chemokines
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including IL-8, is reduced [109-111]. Chemotactic factor
binding and dose response patterns of neonatal neutro-
phils seem to be similar to adult neutrophils, whereas
downstream processes, including expression of Rac2,
increases in free intracellular calcium concentration
([Ca’*];) and inositol phospholipid generation, and
change in cell membrane potential, are impaired [112-
114]. An additional factor may be the reduced deform-
ability of neonatal neutrophils, which may limit their
ability to enter the tissues after binding to the vascular
endothelium [101,115]. Decreased generation of chemo-
tactic factors in neonatal serum [61,116] may compound
the intrinsic chemotactic deficits of neonatal neutrophils.
The generation of other chemotactic agents, such as
L'TB4, by neonatal neutrophils seems to be normal, how-
ever [117]. It has also been hypothesized that the rela-
tively greater production by neonatal phagocytes and
DCs of the cytokine IL-6 (see later), which impedes neu-
trophil migration into tissues, may dampen neutrophil
recruitment [118], but this notion has not been tested.

PHAGOCYTOSIS

Having reached the site of infection, neutrophils must
bind, phagocytose, and kill the pathogen [119]. Opsoniza-
tion greatly facilitates this process. Neutrophils express
on their surface receptors for multiple opsonins, includ-
ing receptors for the Fc portion of the IgG molecule
(Fcy receptorsy—FcyRI (CD64), FeyRII (CD32), and
FcyRIII (CD16) [120]. Neutrophils also express receptors
for activated complement components C3b and C3bi
[121], which are bound by CR1, CR3 (CD11b-CD18)
and CR4 (CD11¢-CD18). Opsonized bacteria bind and
cross-link Fcy and C3b-C3bi receptors. This cross-
linkage transmits a signal for ingestion and for the activa-
tion of the cell’s microbicidal mechanisms.

Under optimal in vitro conditions, neutrophils from
healthy neonates bind and ingest gram-positive and
gram-negative bacteria as well as or only slightly less
efficiently than adult neutrophils [115,122,123]. The con-
centrations of opsonins are reduced in serum from neo-
nates, in particular preterm neonates, however, and
when concentrations of opsonins are limited [51], neutro-
phils from neonates ingest bacteria less efficiently than
neutrophils from adults. Consistent with this finding,
phagocytosis of bacteria by neutrophils from preterm,
but not term, neonates is reduced compared with adult
neutrophils when assayed in whole blood [124-126].
Why neonatal neutrophils have impaired phagocytosis
when concentrations of opsonins are limiting is incom-
pletely understood. Basal expression of receptors for
opsonized bacteria is not greatly different. Neutrophils
from neonates, particularly preterm neonates, express
greater amounts of the high-affinitcy FeyRI, lesser
amounts of FcyRIII, and similar or slightly reduced
amounts of FcyRII at birth compared with adults; values
in preterm neonates approach values of term neonates
by 1 month of age [127]. Expression of complement
receptors on neutrophils from term neonates and adults
is similar, but reduced expression of CR3 on neutrophils
from preterm neonates has been reported in some studies
[107,127]. Neutrophils from preterm neonates also are

less able to upregulate CR3 in response to LPS and che-
motactic factors [128-130]. Lower expression of proteins
involved in the engulfment process, including Rac2 as
noted earlier, may also contribute to impaired phagocyto-
sis when concentrations of opsonins are limited.

KILLING

After ingestion, neutrophils kill ingested microbes
through oxygen-dependent and oxygen-independent
mechanisms. Oxygen-dependent microbicidal mechan-
isms are of central importance, as illustrated by the severe
compromise in defenses against a wide range of pyogenic
pathogens (with the exception of catalase-negative bacte-
ria) observed in children with a genetic defect in this sys-
tem [131]. Children with this disorder have a defect in
one of several proteins that constitute the phagocyte oxi-
dase, which is activated during receptor-mediated phago-
cytosis. The assembly of the oxidase in the plasma
membrane results in the generation and delivery of reac-
tive oxygen metabolites, including superoxide anion,
hydrogen peroxide, and hydroxyl radicals. These oxygen
radicals along with the granule protein myeloperoxidase
are discharged into the phagocytic vacuole, where they
collaborate in killing ingested microbes. In addition to
this oxygen-dependent pathway, neutrophils contain
other granule proteins with potent microbicidal activity,
including the defensins HNP1 through HNP4, the cathe-
licidin LL-37, elastase, cathepsin G, and bactericidal
permeability-increasing protein, a protein that binds
selectively to and helps to kill gram-negative bacteria
[1,132-134].

Oxygen-dependent and oxygen-independent microbici-
dal mechanisms of neonatal and adult neutrophils do not
differ greatly [115,123]. Generation of superoxide anion
and hydrogen peroxide by neutrophils from term neo-
nates is generally similar to or greater than that by adult
cells in response to soluble stimuli [135,136]. Although a
modest reduction in the generation of reactive oxygen
metabolites by neutrophils from preterm compared with
term neonates was seen in response to some strains of
coagulase-negative staphylococci, this was not observed
with other strains or with a strain of GBS and is of uncer-
tain significance [137]. By contrast, LPS primes adult
neutrophils for increased production of reactive oxygen
metabolites, but priming is much reduced with neonatal
neutrophils, which could limit their efficacy in response to
infection in vivo [130,138]. Studies of oxygen-independent
microbicidal mechanisms of neonatal neutrophils are less
complete. Compared with adult neutrophils, neonatal
neutrophils contain and release reduced amounts of bacteri-
cidal permeability-increasing protein (approximately two-
fold to threefold) and lactoferrin (approximately twofold),
but contain or release comparable amounts of myeloperox-
idase, defensins, and lysozyme [115,123,139,140].

Consistent with these findings, killing of ingested
gram-positive and gram-negative bacteria and Candida
organisms by neutrophils from neonates and adults is
generally similar [115,123]. Variable and usually mildly
decreased bactericidal activity has been noted, however,
against P. aeruginosa [141], S. aureus [142], and certain
strains of GBS [143-145]. Deficits in killing of engulfed
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microbes by neonatal neutrophils are more apparent at
high ratios of bacteria to neutrophils [146], as is killing
by neutrophils from sick or stressed neonates (i.e., neo-
nates born prematurely or who have sepsis, respiratory
impairment, hyperbilirubinemia, premature rupture of
membranes, or hypoglycemia) [147,148]. Whether killing
by neonatal than adult neutrophils is more severely com-
promised by comparable illnesses is uncertain, however.

NEUTROPHIL CLEARANCE AND RESOLUTION
OF NEUTROPHILIC INFLAMMATION

Neutrophils undergo apoptosis 1 to 2 days after egress
from the bone marrow and are efficiently cleared by tissue
macrophages without producing inflammation or injury.
In the context of infection or sterile inflammation, their
survival is prolonged by colony-stimulating factors and
other inflammatory mediators, allowing them to aid in
microbial clearance, while augmenting or perpetuating
tissue injury. Studies from several groups have shown that
spontaneous and anti-Fas—induced apoptosis of isolated
neonatal neutrophils is reduced when these cells are
cultured in vitro [76,149-151], although this was not
observed in one study in which neutrophil survival in
whole blood for a shorter time was assessed [152]. The
greater survival of neonatal than adult neutrophils was
associated with reduced expression of the apoptosis-
inducing Fas receptor and proapoptotic members of the
Bcl-2 family, but whether these differences account for
the greater survival is uncertain [149]. The increased sur-
vival of neonatal neutrophils has led some authorities to
speculate that this may help to compensate for the neo-
nate’s limited neutrophil storage pool in protection
against infection, but also contributes to persistent unto-
ward inflammation and tissue injury [76].

EFFECTS OF IMMUNOMODULATORS

After systemic treatment with G-CSF and GM-CSF, the
number of neutrophils increases in neonates, as does
expression of CR3 on these cells [80]. The increased
numbers likely reflect increased production and survival
[149,151]. GM-CSF and interferon (IFN)-y enhance the
chemotactic response of neonatal neutrophils [80,153],
although at high concentrations GM-CSF inhibits chemo-
taxis, while augmenting oxygen radical production [154].
The methylxanthine pentoxifylline exhibits a biphasic
enhancement of chemotaxis by neonatal neutrophils
[115]. Of potential concern, indomethacin, which is used
clinically to facilitate ductal closure in premature neonates,
impairs chemotaxis of cells from term and preterm
neonates [155].

SUMMARY

The most critical deficiency in phagocyte defenses in the
term and particularly preterm neonate is the limited abil-
ity to accelerate neutrophil production in response to
infection. This age-specific limitation seems to result in
large part from a limited neutrophil storage pool and per-
haps a more limited ability to increase neutrophil produc-
tion in response to infection. Impaired migration of

neutrophils into tissues is likely also to be a factor,
whereas phagocytosis and killing do not seem to be
greatly impaired. Persistent inflammation and tissue
injury may result from impaired clearance of infection
and protracted neutrophilic inflammation after the infec-
tion is cleared.

EOSINOPHILS

In adults and older children, eosinophils represent a small
percentage of the circulating granulocytes. In the healthy
fetus and neonate, eosinophils commonly represent a
larger percentage (10% to 20%) of total granulocytes
than in adults [156,157]. Numbers of eosinophils increase
postnatally, peaking at 3 to 4 weeks of postnatal life.
A relative increase in the abundance of eosinophils in
inflammatory exudates of various causes is also seen in
neonates, paralleling their greater numbers in the circula-
tion [103]. Eosinophil-rich inflammatory exudates do not
suggest the presence of allergic disease or helminth infec-
tion as strongly as they do in older individuals. The
degree of eosinophilia is greater yet in preterm neonates
and in neonates with Rh disease, total parenteral nutri-
tion, and transfusions [158]. This physiologic neonatal
eosinophilia is not associated with increased amounts of
circulating IgE [159]. The basis for the eosinophilic ten-
dency of the neonate is unknown. By contrast to the
diminished migration of neonatal neutrophils, neonatal
eosinophils exhibit greater spontaneous and chemotactic
factor-induced migration than adult eosinophils [157].
Their greater numbers and ability to migrate may con-
tribute to the relatively greater abundance of eosinophils
in neonatal inflammatory infiltrates, including those seen
in physiologic conditions such as erythema toxicum (see
“Epithelial Barriers”).

MONONUCLEAR PHAGOCYTES

PRODUCTION AND DIFFERENTIATION
OF MONQOCYTES AND RESIDENT
TISSUE MACROPHAGES

Together, monocytes and tissue macrophages are referred
to as mononuclear phagocytes. Blood monocytes are
derived from bone marrow precursors (monoblasts and
promonocytes). Under steady-state conditions, mono-
cytes are released from the bone marrow within 24 hours
and circulate in the blood for 1 to 3 days before moving to
the tissues [160], where they differentiate into tissue
macrophages or conventional DCs (cDCs). All monocytes
express CD14, which serves as a coreceptor for recogni-
tion of LPS by TLR4/MD-2. CD14 is commonly used
as a lineage marker for these cells because they are the
only cell type that expresses it in high amounts. Mono-
cytes also express the human leukocyte antigen (HLA)
HLA-DR and can present antigens to CD4 T cells,
although the amounts expressed and efficiency of antigen
presentation are less than by DCs. Monocytes are hetero-
geneous. A small subset (approximately 10% in adults) of
monocytes expresses CD16 (FcyRIII). This monocyte
subset expresses more of the surface major histocompati-

bility complex (MHC) class II molecule HLA-DR (MHC



94 SECTION | General Information

molecules and their functions are discussed subsequently
in “Antigen Presentation by Classic Major Histocompati-
bility Complex Molecules”), produces greater amounts of
proinflammatory cytokines, and more readily differenti-
ates into DCs after entry into tissues than the CDI16-
negative subset [161].

Macrophages are resident in tissues throughout the
body, where they have multiple functions, including the
clearance of dead host cells, phagocytosis and killing
of microbes, secretion of inflaimmatory mediators, and
presentation of antigen to T cells. The functions of
macrophages are readily modulated by cytokines, and
macrophages can fuse to form multinucleated giant cells.
The estimated life span of macrophages in the tissues is
4 to 12 weeks, and they are capable of limited replication
in situ [162,163].

Macrophages are detectable by 4 weeks of fetal life in
the yolk sac and are found shortly thereafter in the liver
and then in the bone marrow [164]. The capacity of the
fetus and the neonate to produce monocytes is at least
as great as that of adults [165]. The numbers of mono-
cytes per volume of blood in neonates are equal to or
greater than the numbers in adults [166]. Neonatal blood
monocytes express approximately 50% as much HLA-DR
as adult monocytes, and a larger fraction of neonatal
monocytes lack detectable HLA-DR [161]. A similar frac-
tion of neonatal, infant, and adult monocytes are CD16",
so the diminished expression of HLA-DR cannot be
attributed to the absence of this subset.

The numbers of tissue macrophages in human neonates
are less well characterized. Limited data in humans, which
are consistent with data in various animal species, suggest
that the lung contains few macrophages untl shortly
before term [167]. Postnatally, the numbers of lung
macrophages increase to adult levels by 24 to 48 hours
in healthy monkeys [168]. A similar increase occurs in
humans, although the data are less complete and by
necessity derived from individuals with clinical problems
necessitating tracheobronchial lavage [169]. The blood
of premature neonates contains increased numbers of
pitted erythrocytes or erythrocytes containing Howell-
Jolly bodies [170], suggesting that the ability of splenic
and liver macrophages to clear these effete cells, and
perhaps microbial cells, may be reduced in the fetus and
premature infant.

MIGRATION TO SITES OF INFECTION AND
DELAYED HYPERSENSITIVITY RESPONSES

Similar to neutrophils, mononuclear phagocytes express
the adhesion molecules L-selectin and B, integrins. These
cells also express substantial amounts of the a4 integrin
(VLA-4), allowing them, in contrast to neutrophils, to
adhere efficiently to endothelium expressing vascular cell
adhesion molecule (VCAM)-1, the ligand for VLA-4
[171]. Interaction of VLLA-4 with VCAM-1 allows mono-
cytes to enter tissues in states in which there is little or no
neutrophilic inflammation. As in neutrophils, monocyte
chemotaxis, integrin avidity, and strength of vascular
adhesion are regulated by chemotactic factors, including
fMLP, C5a, L'TB,4, and chemokines. Chemokines that
are chemotactic for neutrophils are not generally

chemotactic for monocytes, and vice versa. Monocytes
respond to a range of CC chemokines, such as CCL2
(MCP-1) [98].

The acute inflammatory response is characterized by an
initial infiltration of neutrophils that is followed within
6 to 12 hours by the influx of mononuclear phagocytes
[160]. The orchestration of this sequential influx of leuko-
cytes seems to be governed by the temporal order in
which specific inflammatory cytokines, chemokines, and
endothelial adhesins are expressed, with some data sug-
gesting an important role for IL-6 in this transition
[172]. Some inflammatory responses, including delayed-
type hypersensitivity (DTH) reactions induced by the
injection of antigens (e.g., purified protein derivative
[PPD]) to which the individual is immune (i.e., has devel-
oped an antigen-specific T-cell response), are character-
ized by the influx of mononuclear phagocytes and
lymphocytes with very minimal or no initial neutrophilic
phase [173].

The influx of monocytes into sites of inflammation,
including DTH responses, is delayed and attenuated in
neonates compared with adults [174-176]. This is true
even when antigen-specific T-cell responses are evident
in vitro, suggesting that decreased migration of mono-
cytes and lymphocytes into the tissues is responsible for
the poor response in neonates. Whether this delay results
from impaired chemotaxis of neonatal monocytes or
impaired generation of chemotactic factors or both is
unresolved [61,62,108,177].

ANTIMICROBIAL PROPERTIES OF
MONOCYTES AND MACROPHAGES

Although neutrophils ingest and kill pyogenic bacteria
more efficiently, resident macrophages are the initial line
of phagocyte defense against microbial invasion in the tis-
sues. When the microbial insult is modest, these cells are
sufficient. If not, they produce cytokines and other
inflammatory mediators to direct the recruitment of cir-
culating neutrophils and monocytes from the blood.
Monocytes and macrophages express receptors that bind
to microbes, including FcyRI, FcyRII, and FcyRIII that
bind IgG-coated microbes[120]; FcaR that binds IgA-
coated microbes[178]; and CR1 and CR3 receptors that
bind microbes coated with C3b and C3bi [179]. Microbes
bound through these receptors are efficiently engulfed by
macrophages and when ingested can be killed by microbi-
cidal mechanisms, including many of the mechanisms also
employed by neutrophils and discussed in the preceding
section. Mononuclear phagocytes generate reactive oxy-
gen metabolites, but in lesser amounts than neutrophils.
Circulating monocytes, but not tissue macrophages, con-
tain myeloperoxidase, which facilitates the microbicidal
activity of hydrogen peroxide. The expression of microbi-
cidal granule proteins differs in mononuclear phagocytes
and neutrophils; for example, human mononuclear pha-
gocytes express B-defensins, but not a-defensins [180].
The microbicidal activity of resident tissue macro-
phages is relatively modest. This limited activity may be
important in allowing macrophages to remove dead or
damaged host cells and small numbers of microbes with-
out excessively damaging host tissues. In response to
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infection, macrophage microbicidal and proinflammatory
functions are enhanced in a process referred to as macro-
phage activation [123,181]. Macrophage activation results
from the integration of signals from TLRs and other
innate immune pattern recognition receptors (discussed
later) and receptors for activated complement compo-
nents, immune complexes, cytokines, and ligands pro-
duced by other immune cells, including IFN-y, CD40
ligand, TNF-o and GM-CSF [181,182].

The increased antimicrobial activity of activated
macrophages results in part from increased expression of
FcyRI, enhanced phagocytic activity, and increased pro-
duction of reactive oxygen metabolites. Other antimicro-
bial mechanisms induced by activation of these cells
include the catabolism of tryptophan by indoleamine
2,3-dioxygenase, scavenging of iron, and production of
nitric oxide and its metabolites by inducible nitric oxide
synthase. The last is a major mechanism by which acti-
vated murine macrophages inhibit or kill various intra-
cellular pathogens. The role of nitric oxide in the
antimicrobial activity of human macrophages is contro-
versial, however. Activated mononuclear phagocytes also
secrete numerous noncytokine products that are poten-
tially important in host defense mechanisms. These
include complement components, fibronectin, and
lysozyme.

Activation of macrophages plays a crucial role in
defense against infection with intracellular bacterial and
protozoan pathogens that replicate within phagocytic
vacuoles. Support for this notion comes from studies in
humans and mice with genetic deficiencies that impair
the activation of macrophages by IFN-y. Humans with
genetic defects involving IL-12, which induces IFN-y
production by NK and T cells; the IL-12 receptor; the
IFN-y receptor; or the transcription factor STAT-1,
which is activated via the IFN-y receptor, experience
excessive infections with mycobacteria and Salmonella
[39]. Deficiency of TNF-a or its receptors in mice and
treatment of humans with antagonists of TNF-a also
impair antimycobacterial defenses [183,184]. Patients
with the X-linked hyper-IgM syndrome, which is due to
a defect in CD40 ligand, are predisposed to disease
caused by Preumocystis jiroveci and  Cryptosporidium
parvum, in addition to the problems they experience from
defects in antibody production (see section on T-cell help
for antibody production) [185]. These findings are consis-
tent with the notion that IFN-y-mediated, TNF-o—
mediated, and CD40 ligand—mediated macrophage
activation is important in host defense against these
pathogens, and that these molecules activate macro-
phages, at least in part, in a nonredundant manner.

By contrast to this canonical pathway of macrophage
activation, macrophages exposed to cytokines produced
by T helper type 2 (I'n2) cells, which are induced by
infection with parasitic helminths, are activated in an
alternative manner [181]. These alternatively activated
macrophages dampen acute inflammation, impede the
generation of reactive nitrogen products, attenuate proin-
flammatory T-cell responses, and foster fibrosis through
the production of arginase and other mediators. Although
best characterized in mice, this alternative pathway is
likely to be relevant in humans as well.

ANTIMICROBIAL ACTIVITY AND
ACTIVATION OF NEONATAL
MONOCYTES AND MACROPHAGES

Monocytes from human neonates and adults ingest and
kill S. aureus, E. coliy and GBS with similar efficiency
[143,177,186-188]. Consistent with these findings, the
production of microbicidal oxygen metabolites by neona-
tal and adult monocytes is similar [187,189-192]. Neona-
tal and adult monocytes, monocyte-derived macrophages,
and fetal macrophages are comparable in their ability to
prevent herpes simplex virus (HSV) from replicating
within them [193,194]. Although neonatal monocytes
may be slightly less capable of killing HSV-infected cells
than adult monocytes in the absence of antibody, they
are equivalent in the presence of antibody [195,196].

The ability of neonatal and adult monocyte-derived
macrophages (monocytes cultured in vitro) to phagocy-
tose GBS, other bacteria, and Candida through receptors
for mannose and fucose, IgG, and complement compo-
nents is similar. Despite comparable phagocytosis, neona-
tal monocyte-derived macrophages kill Candida and GBS
less efficiently. GM-CSF, but not IFN-y, activates neona-
tal monocyte-derived macrophages to produce superoxide
anion and to kill these organisms, whereas both of these
cytokines activate adult macrophages [197-199]. The lack
of response to IFN-y by neonatal macrophages was asso-
ciated with normal binding to its receptor, but decreased
activation of STAT-1 [197]. Macrophages obtained from
aspirated bronchial fluid of neonates were found to be less
effective at killing the yeast form of C. albicans than
bronchoalveolar macrophages from adults [200]. To our
knowledge, this result has not been reproduced, and the
decreased effectiveness could reflect differences in the
source of cells. Nonetheless, similar studies with alveolar
macrophages from newborn and particularly premature
newborn monkeys, rabbits, and rats also have shown
reduced phagocytic or microbicidal activity [201-206].
In contrast to these reports of decreased antimicrobial
activity and failure of macrophage activation by IFN-y,
blood monocytes and IFN-y-treated monocyte-derived
and placental macrophages from neonates kill and restrict
the growth of Toxoplasma gondii as effectively as cells from
adults [207,208].

MONONUCLEAR PHAGOCYTES PRODUCE
CYTOKINES AND OTHER MEDIATORS THAT
REGULATE INFLAMMATION AND IMMUNITY

Monocytes and macrophages produce cytokines, chemo-
kines, colony-stimulating factors, and other mediators in
response to ligand binding by TLRs and other pattern
recognition receptors expressed by these cells (described
in the next section), by cytokines produced by other cell
types, by activated complement components and other
mediators, and by engagement of CD40 on their surface
by CD40 ligand expressed on activated helper T cells
[181,182]. These include the cytokines IL-1, TNF-q,
IL-6, and o and B IFNs (type I IFNs), which induce the
production of prostaglandin E,, which induces fever
[209,210], accounting for the antipyretic effect of drugs
that inhibit prostaglandin synthesis. Fever may have a
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beneficial role in host resistance to infection by inhibiting
the growth of certain microorganisms and by enhancing
host immune responses [211]. TNF-a, IL-1, IL-6, and
type I IFNs also act on the liver to induce the acute-phase
response, which is associated with decreased albumin syn-
thesis and increased synthesis of certain complement
components, fibrinogen, CRP, and MBL. G-CSF, GM-
CSF, and M-CSF enhance the production of their respec-
tive target cell populations, increasing the numbers of
phagocytes available.

At sites of infection or injury, TNF-o and IL-1 increase
endothelial cell expression of adhesion molecules,
including E-selectin, P-selectin, ICAM-1, and VCAM-1,
increase endothelial cell procoagulant activity; and enhance
neutrophil adhesiveness by upregulating B, integrin expres-
sion [96]. IL-6 may help to terminate neutrophil recruit-
ment into tissues and to facilitate a switch from an
inflammatory infiltrate rich in neutrophils to one dominated
by monocytes and lymphocytes [172]. IL-8 and other related
CXC chemokines that share with IL-8 an N-terminal glu-
leu-arg motif enhance the avidity of neutrophil B, integrins
for ICAM-1 and attract neutrophils into the inflammatory-
infectious focus; CC chemokines play a similar role in
attracting mononuclear phagocytes and lymphocytes. These
and additional factors contribute to edema, redness, and
leukocyte infiltration, which characterize inflammation.

In addition to secreting cytokines that regulate the acute
inflammatory response and play a crucial role in host
defense to extracellular bacterial and fungal pathogens,
monocytes and macrophages (and DCs—see later) produce
cytokines that mediate and regulate defense against intra-
cellular viral, bacterial, and protozoan pathogens. Type 1
IFNs directly inhibit viral replication in host cells
[212,213], as do IFN-y and TNF-a [214]. IL-12, IL-23,
and IL-27 are members of a family of heterodimeric cyto-
kines that help to regulate T-cell and NK-cell differentia-
tion and funcdon [215]. IL-12 is composed of 11.-12/23
p40 and p35, IL-23 is composed of 11.-12/23 p40 and
p19, and IL-27 is composed of EBI-3 and p28 [215,216].
IL-12, in concert with IL-15 and IL-18 [217,218],
enhances NK-cell lytic function and production of IFN-y
and facilitates the development of CD4 T helper type 1
(Ty11) and CDS effector T cells, which are discussed more
fully in “Differentiation of Activated Naive T Cells into
Effector and Memory Cells,” and which play a crucial role
in control of infection with intracellular bacterial, proto-
zoal, and viral pathogens. IFN-y activates macrophages,
allowing them to control infection with intracellular patho-
gens, and enhances their capacity to produce IL-12 and
TNF-a, which amplify IFN-y production by NK cells
and cause T cells to differentiate into IFN-y—producing
Tyl cells [219,220]. 11-27 also facilitates IFN-y produc-
tion, while inducing the expression of IL-10, which dam-
pens inflaimmatory and Tyl responses to limit tissue
injury. By contrast, IL-23 favors IL-17-producing Ty17
T-cell responses, in which IL-17 promotes neutrophil pro-
duction, acute inflammation, and defense of extracellular
pathogens.

The production of cytokines by mononuclear phago-
cytes normally is restricted temporally and anatomically
to cells in contact with microbial products, antigen-
stimulated T cells, or other agonists. When produced in

excess, these cytokines are injurious [221,222]. When
excess production of proinflammatory cytokines occurs
systemically, septic shock and disseminated intravascular
coagulation may ensue, underscoring the importance of
closely regulated and anatomically restricted production
of proinflammatory mediators.

Tight control of inflammation normally is achieved by
a combination of positive and negative feedback regula-
tion. TNF-o, IL-1, and microbial products that induce
their production also cause macrophages to produce cyto-
kines that attenuate inflammation and dampen immunity,
including IL-10 [223] and IL-1 receptor antagonist [224].
Inflammation is also attenuated by the production of anti-
inflammatory lipid mediators, including lipoxins and
arrestins [225].

CYTOKINE PRODUCTION INDUCED BY
ENGAGEMENT OF TOLL-LIKE RECEPTORS
AND OTHER INNATE IMMUNE PATTERN
RECOGNITION RECEPTORS

Monocytes, macrophages, DCs, and other cells of the
innate immune system discriminate between microbes
and self [226], or things that are “dangerous” and “not dan-
gerous,” [227] through invariant innate immune pattern
recognition receptors. These receptors recognize microbial
structures (commonly referred to as pathogen-associated
molecular patterns) or molecular danger signals produced
by infected or injured host cells. Recognition is followed
by signals that activate the innate immune response.

Toll-like Receptors

TLRs are a family of structurally related proteins and are
the most extensively characterized set of innate immune
pattern recognition receptors. Ten different TLRs have
been defined in humans [228-230]. Their distinct ligand
specificities, subcellular localization, and patterns of expres-
sion by specific cell types are shown in Table 4-5 [231-234].

TLR4 forms a functional LPS receptor with MD-2, a
soluble protein required for surface expression of the
TLR4/MD-2 receptor complex [230,235]. This complex
also recognizes the fusion protein of RSV. CD14, which
is expressed abundantly on the surface of monocytes and
exists in a soluble form in the plasma, facilitates recogni-
tion by the TLR4/MD-2 complex and is essential for
recognition of smooth LPS present on pathogenic gram-
negative bacteria [236]. TLR4-deficient and MD-2-
deficient mice are hyporesponsive to LPS [237,238] and
susceptible to infection with Salmonella typhimurium and
E. coli [239-242]. TLR2, which forms a heterodimer with
TLRI1 or TLR6, recognizes bacterial lipopeptides, lipotei-
choic acid, and peptidoglycan, and this recognition is facili-
tated by CD14. TLR2 has a central role in the recognition
of gram-positive bacteria and contributes to recognition of
tungi, including Candida species [229,243,244]. TLRS
recognizes bacterial flagellin [245]. Consistent with their
role in recognition of microbial cell surface structures,
these TLRs are displayed on the cell surface.

By contrast, TLR3, TLR7, TLRS8, and TLRY recog-
nize nucleic acids: TLR3 binds double-stranded RNA,
TLR7 and TLRS bind single-stranded RNA, and TLR9
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TABLE 4-5 Human Toll-like Receptors (TLRs)

Site of
Interaction

Expression by

Signal Transduction/Effector Antigen-Presenting

TLR Microbial Ligands with Ligand Molecules Cells
TLR-1 See TLR-2 Cell surface MyD88-dependent induction Monocytes and B cells
of cytokines > cDCs
TLR-2 Bacterial peptidoglycan, lipoteichoic acid and Cell surface MyD88-dependent induction Monocytes and cDCs
lipopeptides; mycobacterial lipoarabinomannan, of cytokines > B cells
recognition of some ligands is mediated by
TLR2/TLR-1 or TLR2/TLR-6 heterodimers
TLR-3 Double-stranded RNA Endosome TRIF-dependent induction of cDCs
type I IFNs and cytokines
TLR-4  LPS, RSV Cell surface MyD88-dependent and Monocytes > cDCs
TRIF-dependent induction
of cytokines; TRIF-dependent
induction of type I IFNs
TLR-5 Flagellin Cell surface MyD88-induced cytokines Monocytes > cDCs
TLR-6 See TLR-2 Cell surface MyD88-dependent induction Monocytes and c¢DCs,
of cytokines B cells > pDCs
TLR-7 Single-stranded RINA, imidazoquinoline drugs Endosome MyD88-dependent induction pDCs and B cells >>
of type I IFNs and cytokines ¢DCs > monocytes
TLR-8 Single-stranded RINA, imidazoquinoline drugs Endosome MyD88-dependent induction Monocytes and cDCs
of type I IFNs and cytokines
TLR-9 Unmethylated CpG DNA Endosome MyD88-dependent induction pDCs and B cells
of cytokines and type I IFNs
TLR-10  Unknown Unknown Unknown B cells > ¢DCs and pDCs

cDCs, conventional dendritic cells; IFN, interferon; LPS, lipopolysaccharide; pDCs, plasmacytoid dendyitic cells; RSV, respiratory syncytial virus.

binds nonmethylated CpG-containing DNA. These
TLRs apparently function primarily in antiviral recogni-
tion and defense [231,246,247]. TLRY also contributes
to defense against bacteria and protozoans [248,249].
These TLRs preferentially recognize features of nucleic
acids that are more common in microbes than mammals,
but their specificity may be based on location as much
as nucleic sequence: TLR3, TLR7, TLRS, and TLR9
detect nucleic acids in a location where they should not
be found—acidified late endolysosomes. Individuals or
mice lacking TLR3, TLRY, or a protein (UNC93B)
required for proper localization of these TLRs to endo-
somes are unduly susceptible to infection with cytomega-
lovirus (CMV) and HSV [250,251].

A conserved cytoplasmic TIR (Toll/interleukin-receptor)
domain links TLRs to downstream signaling pathways by
interacting with adapter proteins, including MyD88 and
TRIF [252-254]. MyD88 is involved in signaling down-
stream of all TLRs with the exception of TLR3. TLR sig-
naling via MyD88 leads to the activation and translocation
of the transcription factor nuclear factor kB (NFkB) to the
nucleus and to the induction or activation by ERK/p38/
JNK mitogen-activated protein kinases of other transcrip-
tion factors, resulting in the production of the proinflamma-
tory cytokines TINF, IL-1, and IL-6.

In addition to these transcription factors, activation of
IRE3 or IRF7 or both is required for the induction of type
I IFNs, which are key mediators of antiviral innate immu-
nity. Activation of IRF3 and the production of type I IFNs
downstream of TLR4 depend on TRIF. TRIF is also
essential for the activation of IRF3 and for the production
of type I IFNs and other cytokines via TLR3. Conversely,

TLR7, TLRS, and TLR9 use the adapter MyD88 to acti-
vate IRF7 and to induce the production of type I IFNs and
other cytokines [255-258]. Consistent with their role in
detection of bacterial, but not viral, structures, TLR2 and
TLRS do not induce type I IFNs.

Similar to the production of type I IFNS, the production
of IL-12 and IL-27 (but not of the structurally related cyto-
kine IL-23) is dependent on IRF3 and IRF7. Consequently,
signals via TLR3, TLR4, and TLR7/8, but not via TLR2
and TLRS, can induce the production of these two cyto-
kines; by contrast, each of these TLRs except TLR3, which
signals exclusively via TRIF, can induce the production of
IL-23. IL-23 promotes the production of IL-17 and
IL-22, which contribute to host defenses to extracellular
bacterial and fungal pathogens, whereas IL-12 and IL-27
stimulate IFN-y production by NK cells and facilitate
defense against viruses and other intracellular pathogens.
Through the concerted regulation of IL-12, IL-27, and type
I IFNs, IRF3 and IRF7 link TLR recognition to host
defenses against intracellular pathogens. Production of the
anti-inflammatory and immunomodulatory cytokine IL-10
depends on STAT?3 activation in addition to NFxB and
mitogen-activated protein kinase activation [259].

Other Innate Immune Pattern

Recognition Receptors

Nucleotide binding domain—containing and leucine-rich
repeat—containing receptors (NLRs) are a family of 23
proteins (in humans) [260,261]. These include NODI,
NOD2, and NALP3, which recognize components of
bacterial peptidoglycan. NALP3 is also involved in
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responses to components of gram-positive bacteria,
including bacterial RNA and DNA [262]; products of
injured host cells such as uric acid; and noninfectious for-
eign substances, including asbestos and the widely used
adjuvant alum [263,264]. IPAF is involved in responses
to Salmonella. NOD1 and NOD2 can activate mitogen-
activated protein kinase and NF«B pathways and proin-
flammatory cytokines in synergy with TLRs [215]. By
contrast, NALP3 and IPAF activate a macromolecular
complex known as the inflammasome, leading to the acti-
vation of caspase 1, which is required for secretion of the
proinflammatory cytokines IL-1f and IL-18.

C-type lectin receptors are a family of proteins, which
include DC-SIGN, a receptor on DCs that is involved
in their interaction with human immunodeficiency virus
(HIV), and the macrophage mannose receptor, Dectin-1,
and Dectin-2, which are expressed by DCs and macro-
phages. Dectin-1 and Dectin-2 act together with TLR2
ligands present on fungi to induce the production of cyto-
kines, including TNF-a,, IL-6, and IL-10. The yeast form
induces IL-12 and IL-23, whereas the hyphal form
induces only IL-23 [265]. The mechanistic basis for these
differences is presumed to involve differential signaling
via Dectin-1 and Dectin-2 in combination with TLR2,
but this remains to be shown.

There are three members of the retinoic acid inducible
gene (RIG)-I-like receptor (RLR) family—RIG-I,
MDA-5, and LGP2 [247,266,267]. RLRs are present in
the cytoplasm of nearly all mammalian cells, where they
provide rapid, cell-intrinsic, antiviral surveillance. RIG-I is
important for host resistance to a wide variety of RNA
viruses, including influenza, parainfluenza, and hepatitis C
virus, whereas MDA-5 is important for resistance to picor-
naviruses. RIG-I and MDA-5 interact with a common sig-
naling adapter (MAVS or IPS-1), which, similar to TRIF
in the TLR3/4 pathway, induces the phosphorylation of
IRF3 to stimulate production of type I IFNs.

Decoding the Nature of the Threat through
Combinatorial Receptor Engagement

The differing molecular components of specific microbes
result in the engagement of different combinations of
innate immune recognition receptors. The innate immune
system uses combinatorial receptor recognition patterns to
decode the nature of the microbe and tailors the ensuing
early innate response and the subsequent antigen-specific
response to combat that specific type of infecdon. Extracel-
lular bacteria engage TLR2, TLR4, or TLRS on the cell
surface and activate NLRs, providing a molecular signature
of this type of pathogen. This leads to the production of
proinflammatory cytokines and IL-23 to recruit neutro-
phils and support the development of a Ty;17 type T-cell
response (see “Differentiation of Activated Naive T Cells
into Effector and Memory Cells”).

Fungal products engage TLR2 and Dectins, leading to
a similar response [254,265,268]. Conversely, virus recog-
nition via TLR3, TLR7, TLRS8, TLRY, and RLRs stimu-
lates the production of type I IFNs and IFN-induced
chemokines (e.g., CXCL10), which induce and recruit
CD8 and Tyl cells. Nonviral intracellular bacterial
pathogens also induce type I IFNs, which collaborate

with signals from cell surface TLRs and NLRs to induce
the production of IL-12 and IL-27, resulting in Tyl type
responses. The importance of these innate sensing
mechanisms is underscored by strategies that pathogenic
microbes have evolved to evade them and the mediators
they induce (for examples, see Yoneyama and Fujita
[267] and Haga and Bowie [269].

CYTOKINE PRODUCTION, TOLL-LIKE
RECEPTORS, AND REGULATION OF
INNATE IMMUNITY AND INFLAMMATION
BY NEONATAL MONOCYTES AND
MACROPHAGES

Much of the older literature suggested that neonatal
blood mononuclear cells (BMCs), consisting of mono-
cytes, DCs, B lymphocytes, T lymphocytes, and NK lym-
phocytes, and monocytes were less efficient in general in
the production of cytokines in response to LPS, other
(often impure) TLR ligands, or whole bacteria. More
recently, because of simplicity and a desire to minimize
manipulations that might activate or alter the functions
of these cells, many studies have been done with whole
blood to which TLR ligands are added directly ex vivo.
For the most part, findings from these studies are consis-
tent with the studies done using BMCs cultured in
medium containing serum or plasma. The studies shown
for whole blood and BMCs in Table 4-6 report cytokines
assayed in culture supernatants of whole blood or BMCs
that have been stimulated with TLR agonists. Responses
to TLR2 and TLR4 agonists are grouped for simplicity
and because in many of the studies done years ago the
LPS used was contaminated with TLR2 agonists. Because
of the more than 10-fold greater abundance of monocytes
compared with DCs in blood and BMCs, and the limited
production by lymphocytes of cytokines in response to
TLR agonists, monocytes are likely to be the predomi-
nant source for most of these cytokines. This is not true,
however, for stimuli that act via TLRs (e.g., TLR3 and
TLRY) or cytokines (e.g., type I IFNs) that monocytes
do not produce or produce poorly.

The preponderance of the currently available data does
not support the notion of a general inability of neonatal
monocytes and DCs to produce cytokines, but rather sug-
gests a difference in the nature of their response. There is
a clear, substantial, and with rare exception consistent
deficit in the production of cytokines involved in protec-
tion against intracellular pathogens, including type I
IFNs, IL-12, and IFN-y in response to TLR agonists
(see Table 4-6). Similarly, type I IFN production in
response to HSV [270] and parainfluenza virus is reduced
(271,272]. This reduced production likely reflects
impaired IL-12 and type I IFN production by neonatal
DCs, however, and impaired IL-12—induced and type 1
IFN-induced IFN-y production by NK cells. The pro-
duction by neonatal BMCs of IL-18, a cytokine that acts
in concert with IL-12 and type I IFNs to induce IFN-y
production by NK cells, is also modestly reduced
(approximately 65% of adult cells) [273]. In one study,
IL-12 production by adult and neonatal BMCs was simi-
lar when they were stimulated with whole gram-positive



TABLE 4-6 Toll-like Receptor (TLR)-Induced Cytokine Production by Neonatal versus Adult Cells*

Whole Blood Blood Mononuclear Monocytes cDCs/moDCs pDCs

TLR2/4 TLR3 TLR8 TLR2/4 TLR3 TLR8 TLR2/4 TLR8 TLR2/4 TLR3* TLR8 TLR7 TLR9

Proinflammatory, Ty17, Extracellular Pathogens

TNF-a < ~ ~ < < ~ < ~ < < ~ < <
IL-1 ~ > ~ ~ ~ <

IL-6 > > > < ~ > < ~ ~ < ~ ~

11.-23 < > < > < ~ >

IL-8 < ~ > ~ < ~

Type I, Ty1, Intracellular Pathogens

IL-12 << << << << << << << <<

IFN-o/f << < << < << << < << <<
IFN-y << << << << << <<

CXCL9/10 << <<

Anti-inflammatory, Inmunoregulatory

IL-10 > > < < < ~ ~ )

cDCs, conventional dendritic cells; moDCs, monocyte-derived dendritic cells; pDCs, plasmacytoid dendritic cells; TLR, Toll-like receptor.

*Results are for moDCs, flow cytometric detection of IL-1 in ¢DCs present in whole blood, or are inferred to be from cDCs because only they among blood cells express TLR3 in substantial amounts and
respond to stimulation with poly I:C.

"Production by cells from term neonates compared with adult cells.
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