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Preface

The preterm parturition syndrome is one of the major obstetrical complications of our time.
This syndrome is either spontaneous or indicated, and its prevalence in the USA rose up to
12% of all deliveries. The Institute of Medicine estimated that in 2005 the annual cost of pre-
maturity reached 26.2 billion US dollars.

Preterm labor and delivery has a short and long term effect on the health of the fetus, neo-
nate, child and adult. Preterm neonates are more likely to die within the first year of life and
have a higher rate of long term complications including cerebral palsy and autism. Thus,
understanding the mechanisms leading to preterm parturition may assist the clinician to tai-
lor the desired treatment that is suitable to the mechanisms leading to prematurity in a spe-
cific patient. In the first section of this book we present an update on the association of
periodontal disease, maternal stress, and activation of the hemostatic system and preterm
parturition. These chapters convey the most updated evidence in each field regarding its
contribution to preterm delivery and carry within them the information for further research
in these fields. The closing chapter of this section describes the placental pathology associat-
ed with preterm birth. Although the results of the histopathological examination of the pla-
centa are often disregarded, it is an important tool in the understanding of the mechanisms
leading to preterm delivery. Moreover, since preterm parturition, spontaneous as well as
indicated, is a recurrent disease, the results of the placental examination may assist the clini-
cian in preventing the reoccurrence of prematurity in subsequent pregnancies.

The second section of the book deals with short and long term effect of prematurity. Accu-
mulating evidence suggests that the processes leading to preterm birth have an impact on
the complications of prematurity. Indeed, chronic maternal infectious morbidity predispose
to preterm delivery. Moreover, fetuses who were exposed in-utero to chronic infection or
inflammation are at increased risk to develop severe sequel of prematurity including intra-
ventricular hemorrhage, bronchopulmonary dysplasia and necrotizing enterocolitis. This as-
sociation is eloquently described in the chapter dealing with the connection between
inflammation and necrotizing enterocolitis. The second chapter in this section deals with the
long term developmental outcome of children following late preterm birth. This is one of the
most important topics in modern obstetrics. The rising percentage of preterm deliveries in
the past decades is derived mainly from the increase in the rate of late preterm birth. In fact
the rate of early preterm birth before 32 weeks of gestation is almost constant. In contrast,
there is a sharp increase in late preterm deliveries. The major force that drives the rate of late
preterm birth upward is indicated in, some may call it, iatrogenic preterm deliveries. This
medical intervention is associated with increased neonatal survival rate and some reduction
in maternal morbidity especially due to preeclampsia, obstetrical hemorrhage as placenta
previa, and infection associated with preterm PROM. Yet this benefit does not go without a
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price, indeed, children born between 32-36 weeks of gestation have a higher rate of develop-
mental and school problems than their peers who were born at term. This last chapter brings
forward another aspect that is usually overlooked in obstetrical research and that is the long
term outcome of perinatal complication.

This book is the second in the InTech series regarding preterm birth and like its predecessor
deals with maternal and neonatal aspects of this obstetrical syndrome. Moreover, in this
open access series we are able to bring the most update information regarding preterm par-
turition to the entire medical and scientific community.

Offer Erez

Soroka University Medical Center
Ben Gurion University of the Negev
Beer Sheva, Israel



Section 1

Mechanisms of Preterm Parturition







Chapter 1

Interrelation Between
Periodontal Disease and Preterm Birth

Fernando Oliveira Costa,
Alcione Maria Soares Dutra Oliveira and
Luis Otavio Miranda Cota

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54977

1. Introduction

Periodontal diseases are chronic infectious diseases that results in the inflammation of the
specialized tissues that both surround and support the teeth. It can lead to a progressive loss
of connective tissue attachment and alveolar bone. This tissue destruction is characterized by
the formation of periodontal pockets that act as reservoirs for bacterial colonization of the
dento-gingival environment [1-2]. It is a multi-factorial disease, affecting individuals at
different levels of extent and severity. Current concepts on etiology support bacterial infection
as the primary cause of periodontal diseases. Periodontal inflammation is initiated and
sustained by the presence of dental biofilm, but the host immune defense mechanisms play an
important role in the pathogenesis [1,3].

According to the Armitage [3], periodontal diseases can be divided in 2 major categories: a)
gingivitis — non-destructive and reversible gingival inflammation related to a non-specific
bacterial challenge; and b) periodontitis — destructive inflammation of teeth supporting tissues
(periodontal ligament, cementum, and alveolar bone) related to some specific periodontal
pathogens [4].

Although bacterial dental biofilms are necessary for disease development, they are not
sufficient to produce the disease. A susceptible host is required, and the host response, through
release of a broad spectrum of proinflammatory mediators, is responsible for much of the
periodontal tissue destruction observed in the disease. Different models of the pathogenesis
of periodontal diseases have been proposed [5] pointing to the involvement of cellular and
molecular mechanisms of the host and an important participation of neutrophils, cytokines
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and inflammatory mediators. Therefore, as a chronic inflammatory infectious disease, it can
be considered a long-term low-grade systemic stimulus that can affect different parts of the
body, a "systemic exposure" potentially harmful to some individuals. Indeed, the association
of oral infections and systemic events were present in remote medical records [6]. Mechanisms
linking focal oral infections and secondary systemic events can be described as following: a)
metastatic infection - result of the dissemination of infection from the oral cavity through
bacteremia; b) metastatic injury — result of the dissemination of bacterial products from oral
infections; and c) metastatic inflammation — result of the dissemination of inflammatory
mediators and immune complexes [7].

There is emerging evidence that periodontal disease is associated with an increased risk of
cardiovascular disease [8,9], poor metabolic control of diabetes mellitus [10], and adverse
pregnancy outcomes such as preeclampsia [11,12,13] low birth weight [13,14] and preterm
birth [14,15] The existence of a relationship between periodontal disease and some systemic
conditions or events and can improve care and attention to systemic health, either as a
preventive or therapeutic strategy. Therefore, further clarification about the risk association
between periodontal disease and pregnancy complications can bring new opportunities and
strategies for the prevention of these complications.

2. Problem statement

The aim this chapter is to explore the putative association between periodontal disease and
preterm birth, the underlying mechanisms of this association, as well as the current scientific
evidence from different study designs such as cross-sectional, case-control, longitudinal, and
intervention studies. In this manner, the text will be divided in sections that will describe the
changes that occur in periodontal status of women during pregnancy, the risk factors associ-
ated with periodontal disease and preterm birth, the biological plausibility of periodontal
infection inducing preterm birth, the surrogate microbiological, immunological and biochem-
ical markers for periodontal status and preterm birth, and data from animal and human
studies, as well as a critical analysis of the current scientific evidence, the influence study
findings on the current practice of Periodontology and Obstetrics and the implications for
future research.

3. Review of literature

3.1. Periodontal diseases

3.1.1. Conceptual aspects

The periodontium, also called attachemnt apparatus, is formed by the supporting tissues of
the teeth. It comprises the gingiva, the periodontal ligament, the cementum, and the alveolar
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bone. The main function of the periodontium is to insert the teeth in the jaws and maintain the
integrity of the masticatory mucosal surface of the oral cavity [1].

The term periodontal disease is a generic term used to identify an infectious inflammatory
process affecting the tissues around the teeth. Periodontal disease initially starts as gingivitis,
which is characterized by inflammation of the gingival marginal portion, a reversible and non-
destructive gingival inflammation related to a non-specific bacterial challenge. Edema,
erythema, and bleeding are clinical signs of gingivitis. When persistent, it can progress to
periodontitis, which are destructive inflammatory changes that affect the supporting tissues
of the teeth, leading to loss of periodontal ligament, cementum and and alveolar bone [16,17].

This tissue destruction is characterized by the formation of periodontal pockets that act as
reservoirs for bacterial colonization of the dento-gingival environment [18,19]. Current
evidence [20,21] demonstrated a specific group of gram negative anaerobic bacteria including
Aggregatibacter Actinomycetemcomitans, Tannerella forsythia, Campylobacter rectus, Fusobacterium
nucleatum, Prevotella intermedia, Porphyromonas gingivalis as the main microorganisms involved
in periodontitis process. Hence, periodontitis is considered a specific inflammatory process.

It was demonstrated that bacterial species exist in 5 major complexes in subgingival plaque.
The 1rst complex, determined to be the red complex, consists of the tightly related group of
Tannerella forsythia, Porphyromonas gingivalis and Treponema denticola. This complex was related
strikingly to clinical measures of periodontal disease, particularly pocket depth and bleeding
on probing. The 2nd complex, determined to be the orange compleXx, consists of a tightly related
group including Fusobacterium nucleatum, Prevotella intermedia, Eubacterium nodatum, Campylo-
bacter rectus and Parvimonas micra. The 3rd complex consists of Streptococcus sanguis, S. oralis,
S. mitis, S. gordonii and S. intermedius. The 4th complex was comprises especially by Eikenella
corrodens and Aggregatibacter actinomycetemcomitans serotype a. The 5th complex consists of
Veillonella parvula and Actinomyces odontolyticus.

Virulence factors of most periodontal pathogens mainly involve enzymes with potential to
evade or interfere with host defenses and to disintegrate periodontal tissues. The main
periodontal bacteria and respective virulence factors and pathogenic mechanisms are pre-
sented in Table 1.

Periodontitis is a multi-factorial disease, affecting individuals at different levels of extent and
severity. Current concepts on etiology support bacterial infection as the primary cause of
periodontal diseases. Periodontal inflammation is initiated and sustained by the presence of
dental biofilm, but the host immune defense mechanisms play an important role in the
pathogenesis. For disease development, they are not sufficient to produce the disease. A
susceptible host is required, and the host response, through release of a broad spectrum of
proinflammatory mediators, is responsible for much of the periodontal tissue destruction
observed in the disease. Different models of the pathogenesis of periodontal diseases have
been proposed [23] pointing to the involvement of cellular and molecular mechanisms of the
host and an important participation of neutrophils, cytokines and inflammatory mediators
such as interleukin-1 3 (IL-), interleukin-8 (IL-8), tumor necrosis factor-a (TNF-at), prosta-
glandin E-2 (PGE-2). Therefore, the inflammatory and immune responses basically modulate
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homeostasis in the dento-gingival region between changes in bacterial aggression or in host
defense mechanisms. This balance may favor the onset or progress of priodontitis. Thus, factors
or conditions modifying homeostasis of the host can also modify the extent and course of
periodontitis, as well as the response to therapy [5].

Periodontal Pathogens Virulence factors and pathogenic mechanisms

leukotoxin, apoptosis induction, cytolethal distending
) ) ) toxin, chaperonin 60, lipopolysaccharide, bone
Aggregatibacter actinomycetemcomitans L . X . . X .
resorption induction, vesicles, fimbriae, actinobacillin,

collagenase, immunosuppressive factors

fimbriae, hemagglutinins, vesicles, Ig and complement

o proteases, lipopolysaccharide, capsule, antiphagocytic

Porphyromonas gingivalis ) ) )
products, proteinases, hemolysins and other hydrolytic

activities

proteolytic enzymes, trypsin-like enzymes,
Tannerella forsythia neuraminidase, leucin-rich surface protein, adhesin,

bone resorption induction

) ) hemagglutination and adherence activity, bone loss
Prevotella intermedia _ )
induction

Fusobacterium nucleatum invasion of epithelial cell, apoptosis activity

Leukotoxin, stimulation of gingival fibroblasts to

Campylobacter rectus
produce IL-6 and IL-8

Table 1. Periodontal Pathogens: Virulence factors and pathogenic mechanisms

Current knowledge regarding the multifactorial etiology of periodontal disease puts the
individual as a fundamental component. Based on this view, the role of various diseases and
systemic conditions in periodontal diseases has been well recognized. Similarly, periodontal
conditions seem to be able to modify the physiological balance of various organs and systems
of the host. Because it is a chronic inflammatory infectious disease, periodotitis can be
considered a systemic stimulus of low grade and long duration, a "systemic exposure"
potentially harmful to some individuals [23].

Regarding the epidemiological aspects, periodontal disease is undoubtedly one of the
major health problems regarding prevalence of oral conditions in populations. Studies
[3,4] reported prevalence of gingivitis and clinical signs of inflammation around 80% in
children and adolescents. Gingivitis is, therefore, the form of periodontal disease most
commonly found. Periodontitis is presented as different clinical forms: chronic periodon-
titis, aggressive periodontitis, and periodontitis as a manifestation of systemic diseases.
Chronic periodontitis usually has a course of slow progression, while aggressive perio-
dontitis presents a rapid rate of progression [3]. The study on tea growers in Sri Lanka
and demonstrated that 5 to 20% of individuals were affected by rapidly progressive pe-
riodontitis [24]. However, the chronic form of the disease is more prevalent and occur-
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red in most adults. Studies among adults in the United States foud prevalence rates of
periodontitis ranging from 44% to 64% [4,17].

A number of epidemiological studies conducted during the 70's and 80’s showed that perio-
dontitis may be associated with risk factors that predispose and modulate the development of
periodontal changes. Evidence from longitudinal studies established genetics, smoking, and
certain systemic diseases such as diabetes mellitus, as important risk factors associated with
periodontitis [4,17,25].

3.1.2. Changes in periodontal status of women during pregnancy

An increase in the incidence of gingivitis and an exaggerated gingival response to dental
biofilm among pregnant women has been extensively reported on in previous literature
suggesting that hormonal changes can have varied manifestations in periodontal tissues.
Several investigations have been developed to assess the different stages of women's lifes and
their relationship with gingival health [26-30].

High plasma levels of estrogen and progesterone during pregnancy can influence periodontal
tissues through different mechanisms, such as interference in the subgingival microflora
composition [27], the modulation of the maternal immune response, and the stimulation of the
production of pro-inflammatory mediators [31].

Lopatin et al. [32] observed an increase in the occurrence of gingivitis during gestation with
no alteration in the amount of plaque present as well as in the proportion of anaerobic and
aerobic species in the subgingival flora. It has been established that pregnant women have a
tendency to develop clear signs of inflammation in the presence of relatively little plaque [33].
In addition, another study [34] observed changes in periodontal clinical parameters, such as
bleeding on probing (BOP) and probing depth (PD), and reported an increase in clinical
attachment loss (CAL) among pregnant women during gestation.

Studies [35,36] showed that high concentrations of female sex hormones stimulate the
production of prostaglandin E2 and may exacerbate the inflammatory response of periodontal
tissues. Raber-Durlacher et al. [37] reported a decrease in neutrophil chemotaxis, a depression
of cell-mediated immunity and phagocytosis, as well as a reduced response of T-cells,
associated with increased levels of ovarian hormones, especially progesterone. Lapp et al. [38]
mentioned that high levels of progesterone during pregnancy alter the gingival protective
response to bacterial challenge due to decreased production of IL-6.

Current evidence from several intervention studies that implemented procedures of scaling
and root palning, as well as control of dental biofilm, during the second trimester of pregnancy
showed an improvement in maternal periodontal condition with significant improvement in
clinical parameters such as gingival bleeding and probing depth, as well as a worse periodontal
status among untreated women during pregnancy. These results suggested a substantial
benefit in periodontal status, which can have some impact in reducing potential sources of
inflammatory mediators [14,39-43].

7
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In this context, the results of intervention studies reinforce the need for oral health care
programs direct towards pregnant women, as a way of maintaining homeostasis of periodontal
tissues and controlling of periodontal inflammation.

4. Association between oral infections and systemic conditions

Since the most remote medical scriptures, oral infections have been reported as a cause of
systemic diseases. There are documentary reports on this subject in ancient civilizations, in the
middle ages, and in modern times. During the twentieth century, four key concepts of
pathogenicity were stablished: psychosomatization, autoimmunity, autoinfection, and focal
infection.

The theory of focal infection, enacted during the nineteenth and early twentieth centuries,
stated that foccus of infection were responsible for the initiation and progression of a wide
variety of inflammatory diseases. In Dentistry, a large number of extractions were a result of
the popularity of this theory. From the second half of century XX, this type of therapy begins
to decline in the face of new scientific evidence, revealing that teeth infections could be treated
and maintained without necessarily becoming focal points of infection. Recently, advances in
several areas of the sciences have provided a more realistic and appropriate analysis of the
importance of focal infection in the oral cavity for the rest of the body [5,6]. The literature has
suggested three mechanisms linking focal oral infections and systemic side effects: a) meta-
static infection - resulted from the spread of oral infection through bacteremia; b) metastatic
injury - resulted from the spread of bacterial products from oral infections; c) metastatic
inflammation - resulted from the spread of inflammatory products and immune complexes
from oral infections.

According to Gendron et al. [19] focal oral infections can be defined as infections that occur in
different regions of the human body caused by microorganisms colonizing the oral cavity or
its products. Although this concept is highly controversial, it has gained attention by the
scientific community in recent years. This is mainly due to: a) improvements in culture and
identification techniques that can reveal oral microorganisms systemically disseminated (3),
making the oral cavity as an important reservoir of bacterial species; b) epidemiological
evidence showing associations between oral and systemic conditions [43].

Periodontal disease can affect the susceptibility of the host, according to Page [21], in three
ways: (a) shared risk factors: factors that put individuals at risk for PD may also put individuals
at risk for systemic diseases (examples of risk factors and indicators include: smoking, stress,
age, ethinicity, and gender); (b) subgingival biofilms: represent an enormous and continuing
bacterial load that demands a constant response of the host, as well as a reservoir of bacteria
with ready access to the periodontal tissues and the blood circulation; (c) periodontal sites as
a reservoir of inflammation: the periodontium acting as a constant source of proinflammatory
cytokines, which can reach the circulation and induce or perpetuate systemic effects.

Evidence of a strong association between periodontitis and systemic diseases brought to light
the term periodontal medicine, first suggested by Offenbacher et al. [22], to define the field of
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periodontics studying these relationships. Because it is a chronic inflammatory disease, PD
may be considered a systemic stimulus of low intensity and long duration which represents a
potentially deleterious systemic exposure. Consequently, some studies have shown that the
DP seem to put the host at greater risk for cardiovascular diseases, stroke, diabetes mellitus,
lung infections, as well as adverse pregnancy outcomes such as preterm birth (PTB), low birth
weight (LBW), intrauterine growth restriction (IUGR) and preeclampsia (PEC) [8-10,15].
Furthermore, Paquette et al. [44] emphasized the importance of periodontal medicine studies
on interventional strategies for risk reduction and prevention of systemic diseases.

Based on biological plausibility, it is believed that periodontitis can contribute to adverse
pregnancy outcomes throught bacteremia, where toxins and/or ther products derived from
maternal periodontitis can reach the bloodstream and cause injury to the placenta / fetal unit.
Furthermore, maternal immune response to periodontal infection activates the release of
inflammatory mediators, growth factors, and other potent cytokines that can induce the
occurrence of PTB (Figure 1).

Biological plausibility
- Translocation of periodontal pathogens
- Effects of endotoxins (LPS)
- Effect of inflammatory mediators (IL-1, IL-6, TNFa, and PGE2)

Placental

Inflammation | Hp vascular
alterations

A4 I

Complement Low perfusion
activation of nutrients
PMNs
IL-8 TNF alfa
. Premature rupture
Uterine contractions ; of membranes
I ‘ Prostanoides oresenm bith

4

| Proteases ‘

Figure 1. Biological plausibility: association between maternal periodontitis and preterm birth (see attachment).
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PTB and LBW represent a major public health problem, ranking among the leading causes of
infant mortality. In addition to a great increase in the chance of death during perinatal period,
it can result in severe disabilitating disorders, such as neurological problems, lung and
respiratory problems, blindness, as well as anomalies and complications due to neonatal
intensive care. Preeclampsia, which affects around 10% of pregnant women remains among
the most important disorders in obstetrics. It can lead to deterioration of various organs and
systems, as well as maternal and fetal death [11,13]. Among pregnancy complications related
to periodontitis, intrauterine growth restrictioin (IUGR) can be defined as a decrease in fetal
growth observed in at least two medical evaluations at different times which can indicates
uterine problems. There are several risk factors associated with the PTB, LBW, and IUGR,
including maternal and fetal factors. Special attention should be given to the occurrence of
these events in previous gestations. The detection and subsequent study of the relationship
between periodontitis and various systemic diseases can improve health care, either as a
preventive or interventional therapy. Therefore, further clarification about the risk association
between periodontitis and adverse pregnancy outcomes can bring new opportunities and
strategies for the prevention of these complications.

Some studies failed to demonstrate significant associations between maternal periodontal
infections and adverser pregnancy outcomes, while others showed significant associations
with a very wide variation in reported risk estimates. Thus, throughout this chapter, these
issues will be critically discussed. A review on the main topic for adverse pregnancy outcomes
will be presented considering conceptual aspects, epidemiology, risk factors, and major studies
with different methodological designs.

5. Preterm birth and low birth weight

5.1. Conceptual aspects

Since March 1935, after a meeting in Chicago — USA, the American Academy of Pediatrics
defined as preterm infants all newborn infants weighing 2,500 grams (g) or less [45]. Some time
later, however, it became apparent that there were differences between gestational age and
birth weight due IUGR. Because of this, in 1961, the World Health Organization (WHO) [46]
defined gestational age as a criterion of prematurity. Preterm infants were then defined as all
newborn infants with less than 37 completed weeks of gestation, distinguishing PTB from
LBW. Although related, weight and gestational age can be exchange, as well as fetal maturity
can be advanced or delayed, independently of both. Hence, based on gestational age, there is
a classification based on the percentile curve for birth weight: a) AGA - appropriate for
gestational age; b) SGA - small for gestational age (below the 10th percentile), and c) LGA -
large for gestational age (above the 90th percentile). Subsequently, the WHO [47]defined the
following categories: (a) LBW: less than 2,500 g; (b) very LBW: less than 1,500 g; (c) extreme
LBW: less than 1,000 g (d) PTB: less than 37 weeks gestation, (e) extreme PTB: less than 32
weeks gestation; (f) post-term: more than 41 weeks gestation. Since LBW may be a result of
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both PTB as IURG, according to Williams et al. [48], it is important to distinguish these two
causes when evaluating LBW.

5.2. Epidemiological aspects

PTB is one of the most severe perinatal problems, persisting as a major cause of perinatal
morbidity and mortality. PTB and LBW infants represent a major challenge to public health,
as well as a social and economic problem, accounting for almost 50% of severe neurological
diseases in short and long periods [13,48,49]

The incidence of PTB reported in the literature is varied because it is a multifactorial
problem that is influenced by the geographic and socioeconomic factors, racial character-
istics, age, and quality of prenatal care offered to pregnant women. According to these
authors, PTB occurs in approximately 8-10% of pregnancies in developed countries while
in Latin America it may reach 43%. In all populational groups, although a consequence
of complexes interactions, birth weight is the most important determinant of the chances
of a newborn to survive, grow, and develop healthily [48,50]. Unfortunately, PTB and
LBW rates are also high elsewhere: Europe — 4 to 12%, Asia — 15%, Australia — 6%; Afri-
ca — 10 to 12%, North America — 7%. Although great advances in prenatal care have oc-
curred, the prevalence of PTB has remained relatively constant over the past 40 years.
The inability of health programs to reduce the incidence of PTB is probably due to the
fact that the most relevant risk factors have not been well established.

An etiologic classification for PTB was proposed [50], and provided an overview of the
key factors for prematurity: a) obstetric causes: primiparity (first birth) in both young
and old mothers, small interval during gestations, grand multiparity, previous PTBs, still-
birth previous, multiple gestations, hypertensive disorders of pregnancy, hemolytic dis-
eases, polyhydramnios, low insertion of the placenta, chorioamnionitis, congenital
anomalies, male fetal sex, isthmic insufficiency; b) gynecological causes: uterine malfor-
mations, uterine adhesions, leiomyomas of the uterus, pregnancy with intrauterine devi-
ces; c) extra gynecological causes: socioeconomic and cultural status, malnutrition and
anemia, unfavorable profession / occupation, black ethinicity, early maternal age, short
maternal stature, low maternal weight, small volume of the maternal heart, smoking, al-
cohol consumption, hypertensive states, diabetes mellitus, collagen diseases, maternal
heart disease, asymptomatic bacteriuria, and urinary tract infection. Considering risk fac-
tors, according to Robinson et al. [51], smoking seems to be the main risk factor in devel-
oped countries, while poor nutrition and infections seem to be the main risk factors in
developing countries.

According to Willians et al. [48], although risk classification systems have been unsuccessful
in identifying pregnancies at risk for PTB, some characteristics may be more useful in predict-
ing risk and refer to maternal age, previous PTBs, early cervical dilation, infection of the
amniotic fluid, and fetal fibronectin level. One of the best single risk factors in predicting PTB
in multiparous women is the previous history of PTB, which can rise up the risk to three times.

11
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However, according to these authors, more than 50% of PTBs are idiopathics. In the studies
presented in the next sections, the reported risk estimates presented in the literature for each
of these factors will be presented [52].

5.3. Maternal infections and preterm birth and low birth weight

Offenbacher et al. [23] and Gibbs et al. [53], reviewing subclinical infections and PTB,
presented the potential biological mechanisms involved in the occurrence of PTB. The
authors showed that the translocation of bacterial products and tissue inflammation,
with large amounts of cytokines and other inflammatory mediators present in the placen-
ta, are the causal agents capable of inducing changes in fetal development, uterine con-
tractions, and miscarriage. Such mediators, especially, prostaglandin E2 (PGE-2) and
interleukin 13 (IL-18) would be locally produced or transported to the placenta throught
the bloodstream. The authors listed the following evidence of the involvement of PGE-2
in labor: (a) the administration of prostaglandins in animal models results in abortion or
labor; (2) administration of prostaglandin inhibitors delays the onset of labor delivery
and can inhibit PTB; (c) term labor is associated with high concentrations of prostaglan-
dins in the amniotic fluid and maternal serum; (d) concentrations of arachidonic acid, a
precursor of prostaglandins, in the amniotic fluid increase during labor; (e) intra-amniot-
ic administration of arachidonic acid in animal models results in labor.

The presence of vaginal infection, even without clinical signs, was associated with the
occurrence of PTB, a significant reduction in the frequency of idiopathic PTBs after antibiotic
therapy in pregnant women with asymptomatic bacterial vaginosis associated with microor-
ganisms such as Neisseria gonorrhoeae, Trichomonas vaginalis and Mycoplasma hominis [54]. For
Goldenberg [55], genitourinary tract infection is one of the most important factors related to
maternal exposure involved in PTB. For this author, this type of infection at any time during
pregnancy has the ability to promote the upward migration of bacteria and inflammatory
products from the vagina into the coriodecidual space.

Thus, maternal infections may lead to a systemic inflammatory response resulting in inflam-
mation of the fetal-placental unit, including the uterus, chorioamniotic membranes, placenta,
and amniotic fluid. This inflammatory stimulus induces a state of activity of uterine smooth
muscle by increasing contractility, cervical dilatation, and triggering labor. Infections and
inflammation may also induce damage in the placenta, leading to reduced fetal perfusion,
IUGR, and fetal distress.

6. Periodontitis as a risk factor for preterm birth and low birth weight

The current concept of pathogenesis of periodonitiss ponts to the involvement of cellular
and molecular mechanisms of the host and an important participation of neutrophils, cy-
tokines, and inflammatory mediators such as interleukin-1 3 (IL-f), interleukin-8 (IL-8),
tumor necrosis factor-a (TNF-a), prostaglandin E-2 (PGE-2) In this manner, periodontitis
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results in an increase of proinflammatory molecules that can directly or indirectly lead to
uterine contractions and cervical dilatation [23]. The presence of untreated periodontitis
appears to increase the risk of spontaneous PTBs. However, according to Armitage [56],
it is still necessary to determine: a) if periodontal infections increase the risk of adverse
pregnancy outcomes in all populational groups accros the world; b) if an cause-effect as-
sociation can be observed; c) determine the best criterion to characterize maternal "expo-
sure” to periodontal infections. Most studies that evaluated periodontitis as a risk factor
for PTB and / or LBW was based on the specific analysis of periodontal clinical parame-
ters. Some studies that combined microbiological and / or immunological factors evaluat-
ed the effects of periodontal treatment during gestation on pregnancy outcomes. It
should be emphasized that these studies mostly pointed PD as a risk factor for adverse
pregnancy outcomes although with varied risk estimates, as previously mentioned.

The first study [23] on the association between periodontitis and adverse pregnancy outcomes
was indicated that maternal periodontitis represents a clinically significant risk factor for PTB
and LBW. These authors conducted a case-control study with 124 women in the U.S.A. All
variables of interest regarding pregnancy, medical history, and characterization of the patients
were collected from medical records. Periodontal status was assessed in the postpartum period
throught manual periodontal probing with record of probing depth (PD), clinical attachment
level (CAL), and bleeding on probing (BOP). The maternal periodontal status was character-
ized by mean CAL and the extension of periodontitis by the percentage of sites with CAL >
2mm, > 3mm, > 4mm. Cases of PTB and LBW presented worse periodontal status when
compared to controls with adequate gestational age and birth weight. Authors demonstrated
a high adjusted odds ratio (OR) of 7.9 [95% confidence interval (CI) 1.95 to 28.8] for PTB and
LBW in multiparous women and 7.5 (95% CI 1.52 to 41.4) for PTB and LBW in primiparous
women. In this study, DP was determined to be an independent risk factor for adverse
pregnancy outcomes.

Davenport et al. [57], conducted another case-control study with 800 women from 16 to 44
years from multiethnic groups in London. Women with multiple gestations were excluded
from the study. Maternal periodontal status was established by the CPITN (Community
Periodontal Index of Treatment Needs) index and general data of interest were collected from
medical records. There were no differences between cases and controls in relation to age. A
preliminary analysis of data showed a prevalence of CPITN level 4 of 49% in the population,
and none of the participants presented CPITN level 0. Authors suggested an association
between maternal periodontitis and PTB with an OR greater than 3.0.

Some observational studies found no association between periodontitis and adverse pregnan-
cy outcomes. Davenport et al. [57] evaluated a sample of 236 cases and 507 randonly selected
controls, in London. Periodontal examination was conducted with manual probe, and PD,
CAL, BOP, and CPITN were recorded. The average age between the case (26.7 years) and
control (26.9 years) groups was similar. The factors most strongly associated with PTB and
LBW were: hypertension during pregnancy (OR = 3.23, 95% CI 2.05 to 5.10), previous LBW
(OR=2.53,95% CI 1, 68 to 3.80), smoking (OR =2.15, 95% CI 1.20 to 3.88). The results showed
a tendency that higher maternal education levels were associated with a decreased risk of PTB
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and LBW (OR = 0.82, 95% CI 0.65 to 1.02). In relation to maternal periodontal status, authors
observed that the risk for PTB and LBW decreased with an increase in PD (OR = 0.83, 95% CI
0.68 to 1.00). After adjusting for important factors such as maternal age, ethnicity, educational
level, smoking, alcoholism, infections, and hypertension during pregnancy, the risk decreased
even more (adjusted OR=0.78, 95% CI 0.64 to 0, 99). Thus, authors do not believe that strategies
to improve maternal periodontal health can be used to optimize pregnancy outcomes.

In Brazil, one study [58] compared three case groups with a control group (n =393) composed
by women who did presented PTB and LBW. Groups with adverse pregnancy outcomes were:
LBW (n=96), PTB (n=110); PTLBW (n=63). Clinical periodontal parameters and risk variables
were collected for the entire sample. Periodontitis was more severe in control women than in
the case group. The extent of periodontitis did not increase the risk for PTB and LBW according
to 15 different measurements of periodontitis. Mean PD and CAL > 3mm were also lower in
women in the control group.

Lunardelli et al. [59] also conducted a cross-sectional study with 449 women in Brazil, 91.3%
were older than 19 years of age and 8.7% were 19 year old or less. The criteria used to define
the presence of periodontitis was one or more sites with PD = 3.5 and 4 mm or more sites with
PS =3.5 mm. The controlled variables were age, diabetes, heart disease, socioeconomic status,
medical history, genitourinary infection, antenatal care, drugs, smoking, body mass index, and
ethnicity. Results showed an OR =2.7 (95% CI 0.7 to 9.7) for PTB, OR =2.0 (95% CI 0.8 to 4.8)
for LBW, and OR = 1.5 (95% IC 0.5 to 4.4) for PTLBW, suggesting no association between
periodontitis and PPT.

Using a different design, a study [60 was conducted in Sri Lanka. Of the total 227 women in
the study sample, 66 were diagnosed with periodontitis and 161 were periodontally healthy.
The controlled variables were: age, smoking, diabetes, alcohol, socioeconomic status, race,
hypertension, previous periodontal treatment, and antenatal care. It was observed an OR=1.9
(95% CI 0.7 to 4.5) fot PTB and LBW. Authors concluded that the DP was not a significant risk
factor for PTB and LBW.

7. Different study designs: association between maternal periodontitis and
preterm birth

7.1. Animal studies

Periodontitis induced by subcutaneous injections of periodontopathogens in an animal model
(pregnant hamsters) lead to an increase in inflammatory mediators levels such as prostaglandin
E, (PGE,) and tumoral necrosis factor-a (TNF-a) in the amniotic fluid. Authors found that
lipopolissacaryde (LPS) from Porphyromonas gingivalis caused a significant reduction in the
weight of the pups, fetal death, and malformations in association with increased levels of TNF
and PGE-2. Periodontitis induced by cotton ligature around the upper second molars of adult
rats did not promote changes during pregnancy thath resulted in LBW [59].



Interrelation Between Periodontal Disease and Preterm Birth
http://dx.doi.org/10.5772/54977

In the study of Yeo et al. [61], animals in the test group were subcutaneously injected, in the
lumbodorsal region, with Campylobacter rectus, a pathogen strongly associated with periodon-
titis. The results showed that infected females presented a greater number of IUGR when
compared to females in the control group.

Offenbacher et al. [62] showed that infection induced by Campylobacter rectus lead to
structural placental abnormalities and signs of inflammation in the brain, with a 2.8 fold
increase in expression of IFN-Y in fetal brain. Birth weight was not affected by exposure
to Campylobacter rectus, but mortality was 3.9 times higher after a week. However, it was
highlighted that the threat of exposure to maternal oral infection during pregnancy can
not be limited to the duration of pregnancy, but can also affect perinatal neurological de-
velopment and growth.

7.2. Prospective studies

Preliminary results of a prospective study [63], comprising a group of 1313 women in
the U.S.A, showed an adjusted OR of 4.18 (95% CI 1.41 to 12.42) for women with severe
or generalized periodontitis and an adjusted OR of 2.83 (95% CI 1.79 to 4.47) for women
with mild to moderate periodontits in relation to PTB and LBW. Two main points were
reinforced by the authors: a) periodontitis was present before PTB; b) women with more
severe periodontitis had a higher risk for PTB, after adjusting for other known risk fac-
tors (smoking, parity, maternal age, and race). Moreover, Romero et al. [64] based on a
different parameter, the Russell’s Periodontal Index, also observed a decrease in average
weight and gestational age of newborns with the increased in the level of periodontitis
among 69 Venezuelan women aged between 18 and 35 years. A study [35] monitoring
1224 pregnant women in North Carolina — U.S.A., from the 26th week until delivery and
observed an increase in the number of women with four or more sites with CAL > 2mm
and CAL > 3 mm throughout the study and stated that the progressive increase in CAL
may be an indication that the activity of periodontitis during pregnancy increases.

Mokeem et al. [65] assessed the prevalence of maternal periodontitis and its association
with PTB and LBW in a sample comprising 90 women (30 cases and 60 controls) from
singleton pregnancies of Saudi Arabia. The periodontal examination was performed in
the postpartum and PD, BOP, and CPITN were recorded. The mean maternal age, socio-
economic status, educational level, history of infection, placental abnormalities, previous
pregnancies, prenatal care, type of delivery, and sex of the newborns were similar be-
tween case and control groups. Factors associated with PTB and LBW were previous
PTB (OR = 4.5, 95% CI 1.44 to 13.99) and previous LBW (OR = 3.76, 95% CI 1.31 to 10,
76). In relation to periodontal status, authors observed in the case group: a) higher mean
PD (OR = 12.87, 95% CI 2.27 to 72.95); b) a higher percentage of bleeding sites (OR =
1.05, 95% CI 1.01 to 1.09); c) greater number of sites with calculus (OR = 3.30, 95% CI
1.37 to 8.92); d) higher mean CPITN (OR = 4.21, 95% CI 1.98 to 8.92). Furthermore, it
was observed an increased in the prevalence of altered PD in the group of women with
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newborns of lower weight and lower gestational age, suggesting a strong risk association
between maternal periodontitis and these adverse pregnancy outcomes. In 2005, a cross-
sectional study [60] in a Brazilian sample of 152 women divided into three groups: perio-
dontally healthy, gingivitis, and periodontitis. Although there was no statistically
significant difference in PTB rates between groups, there was difference between birth
weight of newborns among healthy women when compared to women with periodonti-
tis over 25 years of age. Therefore, authors concluded that women with periodontitis
were more likely to have LBW infants when compared to women with gingivitis and
healthy. Siqueira et al. [15] performed a case-control study in Belo Horizonte city, Brazil.
The control group consisted of 1042 mothers of term infants and appropriate weight,
while the PTB group was composed of 238 mothers of newborns whose gestational age
was less than 37 weeks, the LBW group was composed of 235 mothers of newborns
weighing less than 2500 g, and the IUGR group was composed of 77 women who had
infants with fetal growth restriction. Periodontitis was defined as the presence of at least
four teeth with one or more sites with PD = 4mm and CAL = 3mm. Statistical analysis
showed an OR of 1.77 (95% CI 1.12 to 2.59) for PTB, OR of 1.67 (95% CI 1.11 to 2.51) for
LBW, and OR of 2.06 (95% CI 07 to 4.19) for IUGR. The interaction between periodonti-
tis and adverse pregnancy outcomes presented an OR of 5.94 for PTB, OR of 9.12 for
LBW, and OR of 18.90 for IUGR. Authors concluded that maternal periodontal disease
was associated with increased risk for these three adverse pregnancy outcomes.

Additionally, a study conducted in Spain [66] to determine the association between pe-
riodontitis and the incidence of PTB, LBW and preterm low birth weight (PTL/BW)
among 1096 women. The incidence of PT and LBW was 6.6% and 6.0%, respectively. The
incidence of the combined events (PTLBW) was lower (3.3%). PTB was associated with
maternal age, systemic disease, prenatal care, complications of pregnancy, delivery type,
the presence of untreated caries, and periodontitis (OR = 1.77, 95% CI 1.08 to 2.88). LBW
was associated with smoking habits, ethnicity, systemic diseases, previous LBW, compli-
cations of pregnancy, and delivery type. PTLBW was associated with maternal age, pre-
natal care, systemic diseases, previous LBW, complications of pregnancy, and type of
delivery. Authors pointed the need for further studies since a modest association be-
tween periodontitis and PTB was stablished. These considerations also been reported by
Agueda et al. [67]. However, another case-control study was conducted in Jordan [68],
comprising 148 women who had PTLBW and 438 women with term delivery without
vaginal complications, and it was concluded that both the extent and severity of PD was
associated with a greater chance of PTLBW.

In 2010, Guimaraes et al. [69] conducted another cross-sectional study in Belo Horizonte,
Brazil, to evaluate the association between maternal periodontitis and PTB, but also con-
sidered extreme PTB. The author’s evaluated 1686 women aged 14-46 years and used
two different definitions for maternal periodontitis. The fisr definition considered the
presence of four or more teeth with one or more sites with PD > 4mm and CAL > 3mm.
The second definition considered the presence of at least one site with PD and CAL >
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4mm. Of the 1686 women examined in the sample, 479 were excluded based on the fol-
lowing criteria: multiple gestations, congenital anomalies, pregnancy from in vitro fertili-
zation, prematurity due to interruption of pregnancy by preeclampsia, heart disease,
neuropathy, and placental, uterine or cervical defects. Thus, the control group (G1) was
composed by 1046 women with adequate gestation period (> 37 weeks), and the PTB
group was composed by 146 women with gestation period between 32 and 36 weeks
(G2). Another group, composed by 15 women with gestation period < 32 weeks, was de-
termined to be extreme preterm birth (G3). The results showed that periodontitis was as-
sociated with a low number of weeks of gestation with OR of 1.83 (95% CI 1.28 to 2.62)
and OR of 2.37 (95% CI 1.62 to 3.46) for PTB and extreme preterm birth, respectively.

As previously noted, there were several criteria to define the presence, severity, and extent of
periodontitis. The influence of these different definitions on odds ratio (OR) estimates for
adverse pregnancy outcomes was very well established in the study by Manau et al. [70], who
analyzed 14 definitions of PD and 50 continuous measurements of periodontitis based on 23
previously published scientific articles. The prevalence of periodontitis ranged from 3.2 to
65.9% and OR estimates ranged from 0.62 to 4.46.

7.3. Microbiological and immunological studies

There are also some studies that also monitored microbiological and immunological parame-
ters, or both. In general, most of these studies supported the main clinical findings previously
presented. Offenbacher et al. [71] showed biochemical and microbiological evidence that
periodontal status of mothers who gave birth to PTLBW infants were significantly worse than
mothers of newborns at term and adequate birth weight. The maternal inflammatory response
was shown to be an important effector mechanism of the PTB, and maternal periodontitis was
an infectious challenge sufficient to result in preterm labor. A complete periodontal examina-
tion was conducted in 40 pregnant women and PD, CAL and BOP. The percentage of sites
with NIC > 4mm was used as indicator of extension of periodontitis. Samples of gingival
crevicular fluid were collected and concentrations of PGE-2 and IL-1 were evaluated by the
immunoenzymatic method. Samples of subgingival biofilm were analyzed by DNA probe for
identification of periodontal pathogens. The results showed that the case group (25 women)
had periodontitis extension index of 42.7% and control group (15 women) had periodontitis
extension index of 39.5%. Crevicular levels of IL-13 were increased in the case group, but
without statistical significance when compared to the control group. Mothers of LBW and PTB
infants showed a two times higher increase of crevicular PGE-2, when compared to controls.
Primiparous mothers with higher concentrations of PGE-2 produced the smallest and most
premature newborns. Therefore, the authors suggested an inverse relationship between
crevicular PGE-2 and gestational age and birth weight, as well as a positive association between
these indicators with IUGR. Microbiological analysis showed higher levels of Tannerella
forsythia, Porphyromonas gingivalis, Treponema denticola and Aggregatibacter actinomycetencomi-
tans in the case group.

In a prospective study [72] of 812 women, was tested the hypothesis that systemic dissemina-
tion of periodontal pathogens, which could translocate to the fetal-placental unit, are capable
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of inducing a response of the mother and the fetus leading to PTB. Authors identified
Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola, Campylobacter rectus,
Fusobacterium nucleatum, Micromonas micra, Prevotella nigrescens, and Prevotella intermedia in
samples of maternal dental plaque and determined serum levels of maternal IgG and fetal
levels of IgM to these same pathogens. The results demonstrated: a) a 2.9 times higher
prevalence of IgM seropositivity for one or more pathogens among PTB and LBW newborns
compared with term newborns; b) the absence of maternal IgG against Porphyromonas gingi-
valis, Tannerella forsythia, and Treponema denticola was associated with a high rate of prematurity
(OR = 2.2); c) the highest rate of prematurity was associated with low maternal levels of IgG
and high levels of fetal IgM. Authors concluded that a direct involvement of the fetus with
maternal periodontal microorganisms, as measured by fetal IgM response, provided biological
evidence for the association between periodontitis and adverse pregnancy outcomes. They
also stressed that maternal immune response appears to protect the fetus from exposure to
pathogens and the absence of this protection is associated with systemic dissemination of oral
microorganisms, resulting in prematurity.

Dasanayake et al. [73] demonstrated an inverse relationship between levels of maternal
immunoglobulin G (IgG) against Porphyromonas gingivalis during pregnancy and birth weight,
in which the increase of one unit of IgG resulted in a decrease of 5.07g in weight. The authors
concluded that maternal serum levels of immunoglobulins against periodontal pathogens
during pregnancy can significantly predict LBW. Moreover, elevations in serum level of IL-8
and IL1-p appear to result in premature uterine contractions. Hasegawa et al. [74] evaluated
the association of plaque index, gingival index, CAL, PD, and BOP with risk and occurrence
of PTB, as well as its association with maternal serum levels of IL-6, IL-8, IL-1{3, and tumor
necrosis factor-ot (TNF-a) in a sample of 88 women. Forty women presented threatened PTB
and 18 had PTB. The results showed worse clinical condition with higher levels of IL-8 and
IL-1p among women with PPT when compared to those without adverse pregnancy outcomes.
Konopka et al. [75] evaluated the association between maternal periodontitis, plasma and
gingival crevicular fluid levels of PGE-2 and IL-1§3 and PTB and LBW in a sample of 128 Polish
women. Sample was divided in: a) study group - 84 women (39.2% primigravidae), aged 17-41
years, who had PTB and LBW; b) control group - 44 women (47.7% primigravidae), aged 16-38
years, who gave birth to newborns at term and adequate weight. The periodontal examination
was performed by manual probing and assessment of PGE-2 and IL-1§3 levels in gingival
crevicular fluid and plasma by ELISA. The results demonstrated that PTB and LBW were
associated with primiparity among women aged over 28 years (OR = 4.0), and with severe or
generalized maternal periodontitis (OR = 3.9). In case group, it was also observed gingival
crevicular levels of PGE-2 and IL-13 significantly higher.

A recent study [76] was conducted to investigate the presence of Fusobacterium nucleatum in
chorionic tissues of pregnant women and the effects of this microorganism in chorio-derived
human cells. Fusobacterium nucleatum was detected in all samples of oral and chorionic tissues
of high-risk pregnant women, and it was absent in low-risk pregnant women. It was suggested
that Fusobacterium nucleatum induces IL-6 and corticotrophin production.
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Therefore, some studies reported that the presence of periodontalpathogenic bacteria
such as Porphyromonas gingivalis, Fusobacterium nucleatum in the amniotic fluid, placenta,
and membranes of pregnant women were associated with adverse pregnancy outcomes,
including preterm labor and premature rupture of membranes. Findings from the studies
by Offenbacher et al. [71] ; Leon et al,[77] and Gauthier et al., [78] demonstrated the
presence of bacteria from dental biofilm in the amniotic fluid and a direct involvment
between these bacteria and the fetus. They provided biological evidence of the associa-
tion between periodontitis and na increased risk for PTB, since amniotic infection is one
of the main risk factors for preterm labor [55].

7.4. Intervention studies

Several of the authors previously presented, who conducted cross-sectional and case-con-
trol studies, suggested the need for confirming their findings by intervention studies.
Some of these studies will be discussed below. Again, despite of some divergences
among them, most of these studies support some degree of association between maternal
PD and adverse pregnancy outcomes since periodontal therapy in pregnant women ap-
pears to reduce the risk for PTB and LBW.

Lopez et al. [79] selected 400 women of low socioeconomic status, between the 9 th and 21 th
weeks of gestation, aged 18-35 years, in the program of antenatal care in Chile. The criteria
used to define the presence of periodontitis were four or more teeth with one or more sites
with PD > 4mm and CAL > 3mm, at the same site. After periodontal examination, participants
were randomly divided in two groups: G1-composed by women who received plaque control,
scaling and root planing and periodontal maintenance monthly before 28 weeks gestation; and
G2 — composed by women who received periodontal treatment only after delivery. Data
analysis was performed in a final sample of 351 mothers who gave birth to live infants, 14 PTB
(3.98%) and 8 LBW (2.27%). The G1 group, composed by 163 women, showed 2 PTB (1.10%),
1 LBW (0.55%), and 3 PTLBW (1.63%). The G2, composed by 188 women, showed 12 PTB
(6.38%), 7 LBW (3.72%), and 19 PTLBW (10.11%). As in the previous study, the incidence of
PTB and LBW was lower in the treated group (1.84%) when compared to the untreated group
(10.11%) (OR =5.49, 95% CI 1.65 to 18, 22). Periodontitis was the most strong factor associated
with PTB and LBW (OR =4.70, 95% CI 1.29 to 17.73) although other factors were also associated
with these adverse pregnancy outcomes [previous PTB (OR =3.98, 95% CI 1.11 to 14.21), less
than six prenatal visits (OR = 3.70, 95% CI 1.46 to 9.38), and low maternal weight gain during
pregnancy (OR = 3.42, 95% CI 1.16 to 10.03)]. The authors also evaluated whether maternal
periodontal health maintenance after the 28th week of gestation reduce the risk for PTB and
LBW in a sample of 639 women. The criteria used to define the presence of periodontitis were
four or more teeth with one or more sites with PD >4mm and CAL > 3mm, at the same site.
All patients who did not meet the criteria for periodontitis definition or presented BOP in more
than 25% of sites were diagnosed with gingivitis or mild periodontitis. A group of 406 women
with gingivitis / mild periodontitis received treatment before 28 weeks of gestation. In this
manner, they finished the gestational period periodontally healthy and were determined to
be the control group - G1. Another group, composed by 233 women diagnosed with perio-
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dontitis received treatment after the gestational period, and was determined to be the case
group - G2. Authors observed 2.5% of PTB and LBW in G1 and 8.6% in G2. Regarding the
association between maternal periodontitis and PTB, authors reported a relative risk (RR) of
3.5 (95% CI 1.3 to 9.2). Maternal periodontitis was the only risk factor significantly associated
with LBW, with RR of 3.5% (95% CI 1.06 to 11.4). In the multivariate analysis, the risk factors
associated with PTB were: previous PTB (adjusted RR = 4.8), less than six prenatal visits
(adjusted RR = 4.7), low maternal weight gain during pregnancy (adjusted RR = 2.6), and
maternal periodontitis (adjusted RR = 3.5). Regarding LBW, the risk factors were: previous
PTB (adjusted RR = 7.5), less than six prenatal visits (adjusted RR =7.5), and maternal perio-
dontitis (adjusted RR = 3.6). Authors concluded that maternal periodontitis is a independent
risk factor for the PTB and / or LBW.

Evidence from a pilot clinical trial [80], conducted in 366 predominantly african-American
pregnant women, showed a PTLBW rate of 8.9% for the group undergoing dental prophylaxis
with placebo, 12.5% for women who received scaling and root planing associated with
metronidazole, and 4.1% for the women submitted to scaling and root planing with placebo.
The OR favoring scalling and root planing with placebo compared to dental prophylaxis with
placebo was 0.45 (95% CI 0.2-1.3, p = 0.12). Women in the control group had a rate of 12.7%.

Another intervention study [41] demonstrated that women with untreated periodontitis had
a higher risk of PTLBW than pregnant women who were enrolled in a program of plaque
control, scaling and root planing, and daily mouthwash with chlorhexidine 0.12% during
pregnancy (OR 2.76, 95% CI 1.29-5.88, p = 0.0085).

The results from a pilot intervention study with 67 American women showed that periodontal
intervention resulted in significant reduction in incidence of PTLBW (OR = 0.26, 95% CI
0.08-0.85, p=0.026). Pregnancy without periodontal treatment was associated with a significant
increase in PD, plaque index, and levels of interleukin-6 and interleukin-1f in gingival
crevicular fluid [81].

A study [82] evaluated a sample of 450 pregnant women in a prenatal care program in Brazil.
Women with risk factors such as systemic alterations (ischemic heart disease, hypertension,
tuberculosis, diabetes, cancer, anemia, seizures, psychopathology, urinary tract infection,
sexually transmitted diseases, asthma, and human immunodeficiency virus), as well as
alcohol, tobacco and other drugs users were excluded from the study. Data related to age,
socioeconomic level, race, marital status, number of previous pregnancies, and previous PTB
were also evaluated. Initially, the sample was divided in two groups: G1 — with 122 healthy
women, and G2 — with 328 women with periodontitis. In G2, 266 women underwent perio-
dontal treatment, but 62 abandoned the study. After delivery, gestational age and birth weight
of all infants were recorded and analyzed. The G2 untreated subgroup (n=62) showed a higher
incidence of PTB and LBW (79%). Educational level, previous PTB and maternal PD were
significantly associated with current PTB. In this study, maternal PD was also associated with
PPT and BNP.

Periodontal treatment was performed on 200 pregnant Indian women diagnosed with
periodontitis [83]. The mean gestational age was 33.8 + 2.8 and 32.7 + 2.8 in the treatment and
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control groups, respectively (p <0.006). The mean birth weight was 331.2 + 2.565.3 in the
treatment group and 2.459.6 + 380.7 in the control group (p <0.006). Authors concluded that
periodontal treatment can reduce the risk for PTB in women with periodontitis. Similarly,
Radnai et al. [84] concluded that periodontal treatment performed before the 35th week of
gestation seems to have a beneficial effect on birth weight and gestational age.

Some intervention studies found no association between periodontitis and adverse preg-
nancy outcomes. Mitchell-Lewis et al. [39], in a study in the U.S.A, could not associate
oral prophylaxis during maternal prenatal care with a reduction in the occurrence of PTB
and LBW. A group of 74 pregnant women (G1) received oral prophylaxis during preg-
nancy, and a group of 90 patients (G2) received no prenatal periodontal care. The preva-
lence of PTB and LBW was of 16.5% (27 cases) in the sample with no difference in
periodontal status between women with PTB and LBW infants and those who gave birth
to newborns at term and adequate weight.

Negative results for the association between DP and PTB and LBW were also found in the
intervention study conducted by Michalowicz et al. [42]. Randomly selected women received
periodontal treatment before 21 weeks of gestation (n = 413) or after delivery (n =410). Birth
outcomes were available for 812 women and periodontal follow-up data for 722, including 75
whose pregnancies ended in less than 37 weeks. Progression of periodontitis was defined as
CAL > 3mm. The distribution of gestational age at labor and mean birth weight (3,295 g versus
3,184 g, p =0.11) did not differ significantly between women with and without progression of
periodontitis. Gestational age and birth weight were not associated with changes in the
percentage of sites with BOP when compared to study entry.

Oliveira et al. [14] also failed to demonstrate the beneficial effects of periodontal treatment
during the second trimester of pregnancy on adverse pregnancy outcomes. In the study, 246
eligible women were randomly divided in two groups: intervention group (122 women with
periodontitis undergoing non-surgical periodontal treatment during pregnancy) and controls
(124 women without periodontitis with no periodontal treatment during pregnancy). The
study used univariate analysis and RR estimates for 225 women. There was no significant
difference between groups for the occurrence of PTB, LBW, and PTLBW. RR estimates for PTB,
LBW, and PTLBW in the intervention group were 0.915 (95% CI 0.561 to 1.493), 0.735 (95% CI
0.459 to 1.179), and 0.927 (95% CI 0.601 to 1.431), respectively.

7.5. Sistematic reviews and meta-analysis

Finally, it wil be presented evidence from some systematic reviews published on the sub-
ject. Madianos et al. [85] selected articles that met the following criteria: (a) assessment
of periodontal status by full-mouth evaluation or PD, CAL, and radiographic bone loss
evaluation; (b) assessment of birth weight based on weight measured immediately after
birth in the delivery room or medical intensive care unit; (c) assessment of gestational
age based on the date of last menstrual period or by early ultrasound. Failing to accom-
plish these assessments, gestational age should be made by the pediatrician through
physical examination. The selected studies showed OR estimates for the association be-
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tween maternal PD and PPT and LBW ranging from 4.4 to 7.9. However, authors con-
cluded that the evidence for this association were still limited.

After a selection of 660 studies by Scannapieco et al. [86], 12 studies met the inclusion criteria.
Authors concluded that it is unclear whether maternal PD is a causal factor for adverse
pregnancy outcomes. However, authors pointed that preliminary evidence shows that
periodontal interventions during pregnancy have a positive impact on pregnancy outcomes.

A meta-analysis developed by Khader and Ta'Ani [87] found that women with periodontal
disease had a risk adjusted for the PPT of 4.28 times greater than the risk for individuals with
periodontal health (95% CI 2.62-6.99, p <0.005). The adjusted odds ratio for LBW was 5.28 (95%
CI2.21-12.62, p <0.005), whereas the OR for PTLBW was adjusted to 2.30 (95% CI 1.21-4.38, p
<0.005). In another meta-analysis [88] the authors reported the RR from intervention studies
and found that oral prophylaxis and periodontal treatment could lead to a 57% reduction in
the incidence of PTLBW (RR 0.43, 95% CI 0.24-0.78) and a 50% reduction for PPT (RR 0.5, 95%
CI 0.20-1.30).

A systematic review was conducted by Vettore et al. [89] on periodontitis and adverse
pregnancy outcomes. Among the 964 studies that were first identified, 36 met the inclusion
criteria. Twenty-six studies found positive associations between periodontitis and adverse
pregnancy outcomes. There was heterogeneity between studies regarding the methods of
periodontitis measurement and pregnancy outcomes, which made the conduction of a meta-
analysis impossible. Most studies did not control for confounding variables, which makes their
conclusions questionable. Furthermore, methodological limitations did not allow conclusions
concerning the actual effect of periodontitis on pregnancy outcomes. A possible causal
relationship remains unknown. Analytical studies with greater methodological rigor, using
reliable measures to assess exposure and outcomes may be important in future research.
Polyzos et al. [90] presented the results of a meta-analysis that included randomized clinical
trials 7: OR = 0.55 (0.35-0.86) for PTB, 0.48 (0.23-1.00) for LBW, 0.73 (0.41-1.31) for miscarriage /
stillbirth. They concluded that the data from the meta-analysis provide evidence for the
treatment and enhance the current practice should be evaluated or at least cautious before
rejecting periodontal treatment during pregnancy. Meta-analysis by Chambrone et al. [91]
from the review of 11 randomized clinical trials identified relative risks of 0.88 (0.72-1.09) for
PTB, 0.78 (0.53-1.17) for LBW, and 0.52 (0.08-3.31) for PTLBW. Authors reported that perio-
dontal treatment during pregnancy did not decrease the risk of PTB and LBW. With the goal
to investigate whether scaling and root planing conducted in pregnant women with perio-
dontitis reduce the risk for PTB and LBW compared to placebo or no treatment before delivery.
Recent meta-analysis [91] analyzed data from 12 randomized clinical trials included in a meta-
analysis. The relative risk for PTB was of 0.81 (0.64-1.02). In the group of pregnant women at
high risk for PPT relative risk was 0.66 (0.54-0.80). The authors emphasized that there is
insufficient evidence to sustain that periodontal treatment during pregnancy reduces the risk
for PTB and LBW.

The main studies for the association between maternal periodontitis and PTB and / or LBW
are summarized in tables, 2, 3, 4, 5, 6 and 7 according to their methodological design.
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Study
Author / year design / Sample Statistical analysis Outcome / Main findings
location
LBW and PTB
124 women: OR=7.9(95% Cl 1.52-41.4)
Offenbacher Case-control o ) )
93 cases Logistic Regression (multiparous)
etal.® USA
31 controls OR=7.5(95% Cl 1.95-28.8)
(primiparous)
Davenportet  Case-control o LBW and PTB
800 women Descriptive
als? London OR"/>3
LBW and PTB
743 women: o
Davenportet  Case-control 236 Univariate and Crude OR=0.83 (95% Cl 0.68-1.00)
cases

al.”? London Multivariate analysis adjusted OR=0.78 (95% Cl
507 controls
0.63-0.96)
85 women PTB
. Case-control o . .
Radnai et al.”? H ) 41 cases Logistic regression Adjusted OR =5.46 (95% CI
ungria
9 44 controls 1.72-17.32)
OR=1.97 (1C0.4-9.2; p"/>0.05, ndo
significante)
Cross- . . .
. K . . Women ¢/ periodontite maior
Marinetal.®®  sectional 152 women Logistic regresion N , .
Brazi probabilidade de recém-nascidos
razi
com LBW do que com gengivites e
saudaveis
. Cross-
Lunardelli et ) o ) PTB
sectional 449 women Logistic regresion
al.eo . (OR=2.6,95% Cl 1.0-6.9)
Brazil
302 women: LBW
Case-control o ) )
Cruzetal®* Brazil 102 cases Logistic regresion Adjusted OR=2.15 (95% ClI
razi
200 controls 1.32-3.48)
154 women:
Case-control o . PTB
Moore et al.® 61 cases Univariate analysis o
Inglaterra No association.
93 controls
PTB
Adjusted OR=2.75 (95% CI 1.01 -
X 203 women:
Jarjouraetal.  Case-control o . 7.54)
83 cases Logistic regression

96

USA

120 controls

1gG serum levels and presence of
periodontopathogens similar
between cases and controls

Moliterno et

al2°

Case-control
Brazil

151 women:
76 cases
75 controls

Logistic regression

LBW
Adjulsted OR =3.48 (95% C
1.17-10.36)

23
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Study
Author / year design / Sample Statistical analysis Outcome / Main findings
location
. 81 women: PTB
Bosnjak etal.  Case-control o . ]
. 17 cases Logistic regression Adjusted OR=8.13(95% Cl 2.73 -
o7 Croatia
64 controls 45.9)
Adjusted OR =0.93 (95% C1 0.63 —
915 women: o o
) Case-control Conditional logistic 1.41) for LBW
Bassani et al.%® 304 cases

Brazil

611 controls

regression

Adjusted OR=0.92 (95% CI 0,54 —
1.57) for LBW an PTB

Siqueira et al.
15

Case-control
Brazil

1206 women
1042 controls
238 PTB
235 LBW

Logistic regresssion

Adjusted OR=1.77((5% Cl 1.12 -
2.59) for PTB

Adjusted OR=1.67 (95% Cl 1.11 -
2.51) for LBW

Vettore et al.®

Case-control
Brazil

LBW (n=96) PTB
(n=110) PTLBW
(n=63)

Controls (n=393)

Univariate and

multivariate analysis

Extent of periodontitis did not
increase the risk for PTB and LBW.
Mean probing depth and frequency
of sites with CAL =3 mm higher
among cases

Khader et al.%®

Case-control

148 cases

Univariate and

Extent and severity of periodontitis
associated with na increased risk for

Jordan 438 controls multivariate analysis
PTLBW
1686 women: Adjusted OR = 1.83 (95% Cl
Guimaraes et Brazil 1046 controls Ordinal logistic 1.28-2.62) for PTB
razi

al.®?

146 PTB
15 extrem PTB

regression

Adjusted OR =2.37 (95% ClI
1.62-3.46) for extreme PTB

Nabet et al.?®

Case-control
France

1108 cases
1044 controls

Logistic regression

PTB

Adjusted OR =2.46 (95% Cl
1.58-3.83) for PTB induced by
preeclampsia

Table 2. Cross-sectional and case control studies

Author / year

Main findings

Collins et al.’®

Subcutaneous injection of Porphyromonas gingivalis lead to a decrease in birth weight,

malformation and fetus death in association with increase levels of TNFa and PGE,

Galvao et al.’®

Periodontitis did not affect birth weight

Yeo et al.®

Subcutaneous injection of Campylobacter rectus lead to a higher occurrence of IUGR

Offenbacher et al. &

inflammation but did not affect birth weight

Subcutaneous injection of Campylobacter rectus induced placental abnormalities and brain

Table 3. Animal studies
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Study
Author / year design / Sample Statistical analysis Outcome / Main findings
location
PTB
o o OR = 2.83 (95%Cl 1.79-4.47) for
Longitudinal Univariate and ) ) o
Jeffcoat et al.®3 1313 women o ) slight periodontitis
EUA multivariate analysis
OR=4.18(95% Cl 1.41-12.42) for
severe periodontitis
o Higher prevalence and severity of
Offenbacher Longitudinal GLM least squares ) o ) )
812 women periodontitis associated with
etal®® EUA method
PTB and LBW
227 women:
Rajapakse et Longitudinal 66 exposed o . LBW and PTB
i Logistic regression
al.102 Sri Lanka 161 non- OR=1.9(95% Cl0.7-5.4)
exposed
o Higher prevalence of severe
Sharma et al. Longitudinal L ) ) " )
670 women Logistic regression periodontitis among women wit
103 Fiji Islands
PTB and LBW (p=0.0001)
PTB
Longitudinal o ) OR=1.77 (95% Cl 1.08-2.88)
Agueda et al.?’ : 1106 women Logistic regression o
Spain No association for LBW and
PTLBW
Pitiphat et al. Longitudinal o ) PTB
1635 women Logistic regression
104 USA OR=1.74(95% Cl 0.65-4.66)

Table 4. Prospective studies

Author / yea

r

Main findings

Offenbacher et al.’

1

Higher frequency of periodontopathogens among PTB with no significance

Gingival crevicular fluid PGE, levels significativamently higher among women with PTB

Madianos et al. 72

2.9 times higher prevalence of IgM seropositivity for one or more pathogens among PTB and

LBW compared with term newborns

Absence of maternal IgG against Porphyromonas gingivalis, Tannerella forsythia, and

Treponema denticola was associated with a high rate of prematurity (OR = 2.2)

The highest rate of prematurity was associated with low maternal levels of IgG and high

levels of fetal IgM.

Dasanayake et al.”?

Higher IgG serum levels for against Porphyromonas gingivalis among PTB

Mitchell-Lewis et al. *°

Higher levels of Bacterdides forsytus and Campylobacter rectus among PTB

Konopla et al.®

Gingival and plasma levels of PGE2 and IL-1B of women with periodontitis were associated
with PTB and LBW

Hasegawa et al.”

Worse clinical condition with higher levels of IL-8 and IL-18 among women with PTB when to

compared to those without adverse pregnancy outcomes

25
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Author / year

Main findings

Dértbudak .et al'0®

Periodontopathogens were detected in 100% of PTB cases and in 18% of term birth

Jarjoura et al.?®

No microbiological differences between PTB and term birth

Women with PTB presented higher levels of IL-6 and PGE,

Lin et al.1”

Higher pathogens levels and IgG reponse increased the risk for PTB

Table 5. Microbiological and immunological studies

Author / year

Location

Sample

Statistical analysis

Outcome / Main findings

Mitchell-Lewis et
a|_ 39

USA

164 women

Descriptive analysis
Chi-squared test

PTLBW

Non-treated group =
18.9%

Treated group = 13.5%
(p=0.36)

Lopezetal.”®

Chile

400 women

Logistic regression

PTLBW
OR=4.70; p=0.018)

Jeffcoat et al.®

USA

366 women

Intention-to-treat

PTB

OR=0.45 in favor to
scalling and root planing
when compared to dental
prophylaxis (p=0.12)

Lopez et al. #°

Chile

870 women

Logistic regression

PTB and LBW
OR=2.76 (95% CI
1.29-5.88, p=0.008)

Offenbacher et al.

59

USA

67 women

Logistic regression
ANCOVA

Treatment decrease the
OR for PTB
OR=0.26 (95 C10.08-0.85)

Michalowicz et al.
43

USA

823 women

Hazard ratio

Intention-to-treat

Progression of
periodontitis were not
associated with PTB and
LBW

RR=0.93 (95% Cl
0.63-1.37) for PTB

Sadatmansouri et

al 108

Iran

30 women

Intention-to-treat analysis

Periodontal treatment
reduced the incidence of
PTB

Gazolla et al.#

Brazil

450 women

Univariate analysis

Non-treated group
presented a higher
incidence of PTB and LBW

Tarannum and
Faizuddin®

India

200 women

Intention-to-treat analysis
Multiple regression model

Treatment reduced the
risk for PTB

Newnham et al.'®

Australia

1087 women

Odds ratio (adjusted)
Intention-to-treat analysis

PTB
OR=1.05(95% Cl
0.7-1.58)
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Author / year Location Sample Statistical analysis Outcome / Main findings
Incidence of PTB was
11.2% among
periodontally healthy

Offenbacher et al. 1020 pregman . women, compared with

USA Chi-squared test _ )

81 women 28.6% in women with
moderate-severe
periodontal disease (RR=
1.6;Cl: 1.1-2.3).

. ) o ) Periodontl treatment

Radnai et al 8 Hungria 83 women Logistic regression o
showed beneficial effects

o ) Treatment did not
o ) Univariate analysis .
Oliveira et al.™ Brazil 246 women . reduced the risk for PTB
Relative risk
and LBW
Treated group =
302 Full-mouth periodontal
Non-treated . treatment did not reduced
Deppe et al."® Germany Chi-squared test )
group = 14 the incedence of PTB and
28 with no need LBW
for treatment
Table 6. Intervention studies
Author / year Studies Main findings

. Cross-sectional, case-control and cohort
Madianos et al. 8 )
studies

Limited evidence is avaiable

. 12 cross-sectional studies and rondomized
Scannapieco etal® )
clinical trials

The association is not well established. Periodontal
treatment during gestation may reduce PTB and
LBW

Khader and Ta'ani et 5 cross-sectional and case-control studies

Adjusted OR =4.28 (95% Cl 2.62-6.99) for PTB
Adjusted OR =5.28 (95% Cl 2.21-12.62) for LBW
Adjusted OR =2.30 (95% Cl 1.21-4.38) for PTLBW

al.® and rondomized clinical trials
Periodontitis significantly increase the risk for PTB
and LBW
29 studies showed a significant association
15 studies showed no association
26 case-control studies There is no sufficient evidence that periodontl
Xiong et al.®® 13 cohort studies (Sistematic review) treatment reduced the risk for PTB and LBW

5 clinical trials (Meta-analysis)

RR=0.53(95% Cl 0.30-0.95) for PTLBW
RR=0.79 (95% C10.55-1.11) for PTB
RR=0.86 (95% Cl10.58-1.29) for LBW

27
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Author / year Studies Main findings

) 26 showed a significant association for PTLBW
36 case-control and cohort studies and . . . .
Vettore et al.® There is no sufficient evidence about the risk of

rondomized clinical trials
periodontitis for PTB and LBW

Vergnes and Sixou''" 17 observational studies OR =2.83(95% Cl 1.95-4.10) for PTB and LBW

OR =0.55(95% Cl1 0.35-0.86) for PTB
OR =0.48 (95% Cl1 0.23-1.00) for LBW

Polyzos et al. *© 7 rondomized clinial trials (Meta-analysis) ~ OR=0.73 (95% Cl 0.41-1.31) aborto/ natimorto.
Caution should be exercized when rejecting
periodontal treatment during gestation

RR=0.88(95% Cl 0.72-1.09) for PTB
OR=0.78 (95% Cl 0.53-1.17) for LBW

Chambrone etal®” 11 rondomized clinial trials (Meta-analysis) OR=0.52 (95% Cl 0.08-3.31) for PTLBW
Periodontal treatment did not reduced the risk for
PTB and LBW

RR=0.81(95% Cl 0.64-1.02) for PTB

RR =0.66 (95% Cl 0.54-0.80) for higher risk group
Kim et al.”? 12 rondomized clinial trials (Meta-analysis) of PTB

There is no sufficient evidence that periodontal

treatment reduced the risk for PTB and LBW

Table 7. Sistematic reviews and meta-analysis

8. Conclusions

Studies on the association betweem periodontitis and adverse pregnancy outcomes began in
1996 when Offenbacher et al. [5] demonstrated a strong association between these two
conditions. Results from this first study called the attention of the scientific community mainly
because of the impressive OR of 7.9 for pregnant women with periodontitis having PPT and
LBW. Since then, several studies and reviews have been conducted on this topic. However, as
noted in this review, conflicting findings have been reported, since a large number of obser-
vational, cross-sectional, and case-control studies showed a positive association, while others
failed to demonstrate such association. Moreover, there ais a small number of intervention
studies and the available meta-analysis also revealed contradictory results. Therefore, current
knowledge about the potential association between periodontal infection and adverse
pregnancy outcomes is inconclusive.

Divergence in the results of most studies is in great part due to methodological diversity. Some
studies also present some deficiencies, such as small sample size, limited and insufficient
statistical analysis, inadequate assessment of gestational age and parameters used for perio-
dontitis definition. Additionally, it is very common an inadequate control for potential
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confounders, with an inconsistency in the control of other variables such as psychological
stress, physical activity, weight gain during pregnancy, violence, economic status, and social
support. These issues are not sufficiently studied and therefore give rise to doubts about the
conclusions of many of these studies.

9. Future research implications

In this sense, it is important to conduct studies with greater methodological rigor, especially
those with prospective and intervention design, directed towards looking for information on
the effect of pregnancy on clinical periodontal condition and to validate the possible associa-
tion between periodontal infection and adverse pregnancy outcomes. The study of clinical
response to periodontal treatment can enhance the benefits of treatment in the oral health of
pregnant women, reducing inflammatory mediators and minimizing the potential impact of
periodontal disease on gestation length and birth weight.

The existence of a bidirectional relationship between various systemic diseases and periodon-
tal disease can improve care and attention to systemic health, either in a preventive or thereutic
strategy. Thus, a greater clarification of the risk relationships between periodontal disease and
pregnancy complications can bring new opportunities the research and strategies for the
prevention of these complications.
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1. Introduction

Stress is defined as a physiologic response to psychological and physical demands and threats
[1]. Thatis-when “environmental demands tax or exceed the adaptive capacity of an organism,
resulting in psychological and biological changes that may place persons at risk for disease”
[2]. Despite the challenges of measuring, defining, and studying stress, a large body of
literature documents the contributions of stressors and affective state during pregnancy on
birth outcomes [3]. In the last two decades, psychosocial stress has evolved to encompass
mental health states and stressors such as anxiety, depression, racism, lack of social support,
coping mechanisms, job strain, acculturation stress, and domestic violence [4].

In general stress is divided into acute and chronic stress. While stress may have some benefits
inresponding to stressors, chronic stress has been shown to be associated with chronic diseases
including preterm birth. Acute stress is short-lived, an effective resolution to heightened
threats or demands [1]. Examples of acute stresses can be impending final exams for college
students, brief relationship arguments, and minor upsets in finances. Chronic stress persists
for longer period of time without resolution to threats or demands. Stressors that accompany
social racism, prolonged homelessness, living in sub-standard conditions, living in high crime
rate neighborhoods, and being a single parent are long-standing and chronic.

Mounting evidence has linked stress to multiple chronic diseases over the years. This is
particularly true in studies investigating preterm births. Preterm birth is one of the leading
causes of infant mortality and childhood morbidities and it is mainly caused by premature
rupture of membrane. Although some of the factors leading to premature births are known,
the cause for early labor is not fully understood. In the past decade, the influence of stress on
premature birth has received special attention. This chapter discusses the role of stress as it
relates to preterm birth. Additionally, the patho-physiologic mechanisms, risk factors, and
psychometric measures and biomarkers used to assess stress are examined.
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2. Poor birth outcomes and stress

Preterm and low birth weight, and intrauterine growth restriction are the leading causes of
neonatal and infant morbidity, mortality, and neurodevelopmental impairments worldwide
[5,6]. A preterm birth is the birth of an infant less than 37 weeks of gestation. Preterm birth
contributes to other adverse birth outcomes such as low birth weight (defined as 2,500 grams
or less), developmental delays, infections and cognitive impairment [7]. An extensive body of
research provides evidence for the relationship between stress and poor birth outcomes such
as prematurity and low birth weight. Other adverse health sequelae such as birth defects,
miscarriages, stillbirth, and maternal complications (i.e. preeclampsia, gestational diabetes,
and prenatal hemorrhaging) are also associated with maternal stress [8-11]. Occurring in 8 to
12 percent of all pregnancies worldwide, rates of preterm birth and low birth weight are higher
in the United States compared to other industrialized nations [12]. Despite efforts to improve
birth outcomes, preterm birth and low birth weight remain a major issue due to increasing
disparities in rates [13]. Moreover, certain subgroups are disproportionately affected by the
problem. For instance, in the U.S., African-Americans have almost twice the rate of low birth
weight and preterm delivery, and three times the rate of very low birth weight (<1,500 grams)
and very preterm delivery (<32 weeks) compared to Caucasian Americans [14]. High rates of
prematurity and low birth weight are of public health concern because they are the leading
causes of infant and neonatal morbidity and mortality [15]. Preterm infants are at higher risk
for serious complications such as respiratory, gastrointestinal, nervous system, and immune-
related problems [7].

2.1. Preterm birth

The first study to explore the relationship between stress during pregnancy and development
biology took place in the 1940’s with the advent of Sontag’s pioneering work [16]. Sontag
observed a relationship between emotional disturbance in pregnant mothers and hyperactive
fetuses and early feeding difficulties in their offspring. More than two decades later, Gunter
published a report on stressful environmental and psychological factors before and during
pregnancy and preterm birth among Afro-American women [17]. Twenty cases of women who
experienced preterm birth were matched with 20 women with normal deliveries. Gunter
conducted a thorough evaluation using a battery of assessments that included measures of
self-concept, psychosomatic and neuropsychiatric symptoms, and life events related to death
in the family, desertion, economic need, and physical disabilities. Results implied a relation-
ship between psychosomatic conditions and life or social situation of the mother were related
to the outcome of pregnancy. Until the 1990’s, many investigations on stress and preterm birth
were largely retrospective, riddled with weak conceptualizations and methodological
problems that limited conclusions [18]. Since then, the body of research on psychosocial stress
and preterm has grown substantially, and though there are conflicting reports, studies have
shown that women experiencing high stress are 1.5 to 3 times more likely to experience preterm
delivery than less distressed women [7,19,20].
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Dole and colleagues conducted a study to examine a comprehensive panel of psychosocial
factors among which included negative life events, pregnancy-related anxiety, and other
stressors in relation to preterm birth in a prospective cohort study of nearly 2,000 pregnant
women in North Carolina [21]. They found that women in the highest negative life events
impact quartile had the highest risk of preterm birth (adjusted RR = 1.8, 95% CI =1.2 to 2.7).
Further, pregnancy-related anxiety in mid-pregnancy predicted spontaneous preterm birth
even after controlling for a wide range of confounding variables (RR =2.0, 95% CI=1.6 to 3.9).
There is converging evidence across studies of diverse populations regarding the adverse
effects of pregnancy anxiety on preterm birth [3]. Pregnancy anxiety, defined as fears and
anxiety related to the health and well-being of the baby, childbirth, and postpartum parenting,
predicts the risk of spontaneous preterm birth with consistent results for various racial and
ethnic groups [3,22].

Dunkel Schetter and Glynn conducted a systematic review for the relationship between
various types of stress and preterm birth [23]. This comprehensive study included more than
80 studies of which most had prospective designs with robust sample size and validated
measures. Authors reported that stressful life events, major community-wide disasters,
chronic stressors, and pregnancy anxiety increased the risk for preterm birth. Of the studies
assessing major life events during pregnancy, more than half reported significant effects on
gestational age or preterm birth. Women who experienced stressful life events such as the
death of a family member were 1.4 to 1.8 times as likely to have a preterm birth. Similar to
other studies, the estimate of effect was stronger when stressful life events took place earlier
in the pregnancy. Other types of stress brought on by natural disasters or terrorist attacks,
chronic strain (i.e. general, household, homelessness), and neighborhood stressors (such as
poverty and crime) also contributed independently to the risk of preterm birth or gestational
age. Although studies that used standard scales to measure daily hassles showed no significant
effect on birth outcomes, using combinations of perceived stress measures predicted preterm
birth in some studies [15,24,25].

Two main factors have emerged as central in better understanding the impact of life event
stressors on preterm birth: timing of stressor and self-perceived stress [26]. Several studies
have shown a decline in psychological and physiological stress response in pregnant women
as pregnancy progresses [27-30]. A paper published in 2001 by Glynn and colleagues reported
that women who lived through the Northridge earthquake in California showed a differential
response to the psychological effect of the earthquake depending on their gestational age at
the time of the event [28]. There was a significant association between women who experienced
the stress early in the pregnancy and shorter gestational age at delivery. Participants in the
first trimester also evaluated the earthquake as more upsetting and aversive than women in
the second or third trimester scoring higher on a life events inventory. Similar results were
observed among women who lived through the aftermaths of the terrorist attacks at the World
Trade Center on September 11, 2001 [31]. Women who were in their first trimester at the time
of the stressful incident showed shorter gestational times than controls; however no difference
was observed among women in the second trimester. Considering the time frame of maternal
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exposure to stress and self-perceived severity of stress may be important in understanding
how women'’s response to stress has an impact on fetal development.

2.2. Low birth weight

Chronic stressors are robust predictors of low birth weight, infant weighing less than
2,500 grams at birth [32]. Although a significant proportion of low birth weight infants
are preterm births, several studies have reported the impact of stress on low birth
weight. A recent population-based cohort study conducted by Brown et al. sought to ex-
amine the social determinants of low birth weight in Australia [20]. One in six women re-
ported three or more stressful life events or social health issues in the 12 months
preceding the last birth. Women coping with multiple life events remained significantly
more likely to have a low birth weight infant after adjusting for smoking, number of pre-
natal visits, and other known covariates. Specifically, women reporting three or more
stressful events or social health issues had a twofold increase in odds of having a low
birth weight infant compared to women reporting no issues. In a U.S. study, maternal
stress was associated with 2 to 3.8 times the risk of low birth weight among a sample of
nearly 1,400 pregnant low-income women [33]. In fact, there is a 55-gram reduction in in-
fant birth weight or low birth weight for every unit increase of stressful life event [34].
Similar results have been observed elsewhere in European countries [35-37].

In Amsterdam, Paarlberg et al. recruited almost 400 women from several obstetric outpatient
clinics to conduct a prospective study on stressors and low birth weight [36]. Questionnaires
on daily stressors, psychological and mental well-being, and social support were completed
by women throughout their pregnancy. Having experienced daily stressors in the first
trimester was associated with an increased risk of low birth weight. Indeed the relationship
was strongest when multiple exposures interacted to contribute to a compromised fetal
growth. In Scotland expectant mothers perceiving high levels of household stress at 20 weeks
gestation had increased odds of low birth weight (OR = 4.7, 95% CI = 1.5 to 13.4) [35]. Results
from the Scotland study suggests that the relationship between psychosocial stress and low
birth weight may be attributable to variation in energetic intake and expenditure. For example,
pregnant women who carry the burden of running a household without the support of a
husband or partner may suffer inadequate nutritional provisioning and greater workload,
reducing maternal and fetal weight gain.

Overall, preterm birth and low birth weight are commonly studied together as tandem
outcomes because infants born preterm are often of low birth weight. It has been estimated
that two-thirds of low birth weight infants are born preterm [3]. Prior work in the field had
the tendency to combine various psychological processes into one psychosocial category that
typically consisted of stress, emotions, coping, social support, and more. However, a growing
body of research supports differences in the psychological processes involved in the etiology
of both birth outcomes [23,25]. While pregnancy anxiety appears to be a strong predictor of
preterm birth, depression and chronic strain appear to be stronger predictors of low birth
weight [23]. Epidemiologic and social behavioral studies on the psychological pathways
contributing to these two birth outcomes deserve individual attention. Disentangling the
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components of psychological processes may lead to improved intervention models for at risk
populations and better inform health policies that seek to reduce preterm and low birth weight.

Defined as “cognitive and behavioral efforts to manage stressful demands” coping may
directly affect birth outcomes, minimize perceived stress, or modify the effects of stress on
birth outcomes [23]. However, very little studies exist on the relationship between birth
outcomes and coping during pregnancy. A direction for future research may be to consider
various coping processes in pregnancy and strategies to effectively reduce anxiety and
understand resilience in the face of adversity.

3. Mental health and stress

Stress plays an important role in the development and worsening of mental illness such as
depression or anxiety disorders [38-41]. Depression and anxiety are approximately twice as
prevalent globally in women as in men [42]. Approximately one in five women will experience
depression during her lifetime with the typical age of onset during the reproductive years
[43,44]. Estimates on the prevalence of antenatal depression, or depression during pregnancy,
can vary depending on the criteria used but can be as high as 16 percent with increasing
proportions in the year following delivery [42,45]. The contribution to the Global Burden of
Disease (GBD) of only three mental disorders (i.e. mood disorders, schizophrenia and specific
anxiety disorders) among women aged 15 to 44 years is seven percent of the total GBD for
women of all ages [46]. In fact, depression is fourth among all causes of GBD for women and
is expected to rank second by the year 2020.

There has been a growing interest in the potential etiologic association of psychosocial factors,
including maternal depression with birth outcomes given a number of studies that support
the relationship between stress and maternal depression [47,48]. For example some studies
have highlighted the key role of maternal depressive symptoms and general distress during
pregnancy on reduced fetal growth, low birth weight and preterm birth [48,49]. The impact of
maternal mental disorder on infants goes beyond just delayed psycho-social development but
has severe health consequences that are of considerable concern in developing countries.
Postpartum non-psychotic depression is the most common complication of childbearing
affecting about 10 to 15 percent of all women [50]. The perinatal period is a time of increased
physical and emotional demands on expectant or newly mothers and the disability associated
with depression can interfere with many essential functions related to both the mothers and
infant. Maternal mental health has been associated with reduced breast-feeding, severe
malnutrition, stunted growth, increased episodes of diarrhea and lower compliance with
immunization schedules [46].

Psychiatric research on pregnancy has largely focused on diagnosable mental disorders such
as anxiety and depressive disorders and posttraumatic stress disorder following negative life
events or experiences [51]. However, scientific research outside psychiatry has also provided
useful information on clinical symptoms during pregnancy using tools such as the Edinburgh
Postpartum Depression Scale (EPDS), Beck Depression Inventory, or the Center for Epide-
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miological Studies Depression Scale [51]. Scores are commonly kept continuous to evaluate
symptom severity or often dichotomized to create groups of depressed and non-depressed
women as proxy for diagnosed cases. Current understanding of negative affective states
during pregnancy and its impact on birth outcomes is mostly based on studies of symptoma-
tology rather than on confirmed diagnoses.

In a recent review, anxiety during pregnancy was identified as a significant predictor of
gestational age and preterm birth in seven of 11 studies [23]. Results were more consistent for
pregnancy anxiety or pregnancy-specific anxiety which, unlike general state anxiety, is a
distinct syndrome reflecting fears about the health and well-being of one’s baby, pregnancy,
childbirth, and postpartum parenting. One large prospective study of 4,885 births found that
women with high pregnancy anxiety had 1.5 times greater risk of a preterm birth after
controlling for confounders [22]. Furthermore, pregnancy anxiety predicts risk of spontaneous
preterm birth with effect sizes comparable to the effects of known risk factors such as smoking
and medical risks [51].

Prior findings on the relationship between antenatal depression and gestational age or preterm
birth have been relatively inconsistent and inconclusive [52]. Dunkel Schetter and Glynn
reported that 11 out of 14 reviewed studies showed no effect on gestational age due to
depressed mood or symptoms of trauma. Furthermore, the three studies that reported
association had some methodological limitations [23]. One study from the U.S. had a small
sample size of 120 rural women between 16 to 28 weeks gestation and depression symptoms
was determined by two screening items [53]. Another study took place in France where 634
pregnant women were assessed using self-administered questionnaires to determine anxiety
and depression. Depression was positively associated with spontaneous preterm labor but
withlarge confidence intervals and only among women with a pre-pregnancy body mass index
of less than 19 (adjusted OR = 6.9, 95% CI = 1.8 to 26.2) [54]. In a large study, Orr et al. found
that women with an elevated depressive symptom score had 1.96 times the odds of experi-
encing spontaneous preterm birth compared to women with a lower score (95% CI = 1.04 to
3.72) [55]. This U.S. study had a large sample size of 1,399 but only African-American women
were included in the study [55].

Due to the conflicting results and limitations related to methodological designs, sample size,
biases, and populations studied, Grote et al. conducted a thorough meta-analysis of antenatal
depression and the risk of preterm birth, low birth weight, and intrauterine growth restriction
[56]. Prospective observational studies in English and non-English languages from 1980 to 2009
were compiled for consideration. A total of 29 articles were included in the analysis. Twenty
studies evaluated the association between antenatal depression and preterm birth with relative
risk estimates ranging from 1.01 to 4.90. Eleven of the studies showed no significant association
but using a random-effects model, depression during pregnancy was significantly associated
with preterm birth (RR =1.13, 96% CI =1.06-1.21). Furthermore, there was a slightly increased
risk for low birth weight (RR=1.18, 95% CI =1.07-1.30). Thus, antenatal depression, regardless
of the type of depression measurement (categorical or continuous) was associated with modest
but significant risks of preterm birth and low birth weight. Further, based on categorical
measures of antenatal depression, having major depression or clinically significant depressive
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symptoms increased the risk of preterm birth by 39%, low birth weight by 49% and intrauterine
growth restriction by 45%.

Although the evidence for the association between pregnancy anxiety and gestational age or
preterm birth is more robust, depressed mood and chronic strain is often more consistently
linked to fetal growth and low birth weight [57]. In a population-based retrospective cohort
study of more than 500,000 births in California, psychiatric diagnoses predicted low birth
weight after adjusting for marital status, ethnicity, and prenatal care adequacy [58]. In another
study of 1,100 women screened for psychiatric disorders during pregnancy, women with a
depressive disorder had significantly higher odds of giving birth to infants with low birth
weight (OR = 1.82) [59]. Research on the psychological pathways contributing to low gesta-
tional age and birth weight deserve individual attention with special emphasis on the type
and severity of mood disorders.

Animal models and human studies have also shown that psychosocial and physiological
stressors during pregnancy are associated with long term changes in infants’ cognitive,
physiologic and behavioral outcomes [60-62]. Untreated prenatal depression is the most robust
predictor of postpartum depression and has serious consequences for infant and child’s
development [63]. The most direct evidence comes from animal studies with prenatal expo-
sures to physical stressors such as repeated electrical tail shock, immobilization, noise, and
various forms of social stress [64-67]. In other studies using human participants, pregnant
women who perceived themselves as stressed gave birth to infants with more difficult
behavior, and anxious pregnant women had infants with poor attention regulation in the first
year of life [68]. The offspring of women with increased levels of prenatal stress also demon-
strated increased restlessness, behavioral problems, and attention regulation issues at two
years of age [69]. Untreated postpartum depression leads to chronic recurrent depression and
interfere with their children’s emotional, behavioral and cognitive well-being later in life [70].

A growing body of evidence indicates that depression during pregnancy is associated with
risky behaviors and adverse health practices, such as poor nutrition, delayed prenatal care,
adherence to medical recommendations, use of alcohol, cigarettes, and illicit substances which
may lead to adverse birth outcomes [58,71-73]. The concomitant effects of depression and stress
can influence lifestyle behaviors such as prenatal smoking and cessation behaviors [74]. In fact,
one study showed that among pregnant women in the second trimester, smokers were
significantly more likely to report depressive symptoms than never-smokers [75]. These
lifestyle behaviors could account for a large portion of the risk for adverse birth outcomes.
Grote et al. observed smoking had a dose-dependent relationship with preterm birth where
smoking more than 10 cigarettes a day increased the likelihood of a early preterm birth of 33-36
weeks by 40 percent and of preterm birth at 32 weeks or less by 60% [56]. In addition, the
magnitude of risk for preterm birth and low birth weight posed by antenatal depression was
comparable to the risk of smoking 10 or more cigarettes a day. The pharmacological properties
of nicotine may serve as a coping strategy for dealing with negative affect among women [76].
Women with psychosocial problems such as depression may be less confident in their changes
of successful smoking cessation. Smoking may also provide a quick and direct reinforcement
to depressed women with reduced capacities to initiate efforts to quit smoking [77].
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4. Mechanisms of stress and preterm birth

There are multiple physiologic pathways that mediate the relationship between prenatal stress
and poor birth outcomes. Primary hypothesized mechanisms for the impact of stress on
preterm birth are through the neuroendocrine, inflammatory or immune, and behavioral
pathways [25].

4.1. Biomedical individualism

Research on chronic stress and pregnancy gathered momentum during the 1990s at which time
strong work on psychosocial, neuroendocrine, and preterm birth was generated [1]. Several
prospective studies with large sample sizes and standardized measures of stress gave re-
searchers the confidence to proceed with the understanding that stress is a risk factor for
preterm delivery although the mechanisms are not fully understood [78]. In contrast, consid-
erably less biopsychosocial research has been conducted on the mechanisms linking stress and
low birth weight [3]. Nevertheless, a large proportion of work has focused on two main
hypothesized biological mechanisms for preterm birth: the neuroendocrine and inflammatory
pathways [78]. Though a smaller subset of preterm birth is attributed to vascular factors, the
bulk of existing research has focused on the first two physiological mechanisms [3].

4.2. Physiologic stress response

Experiencing major life events, pregnancy-related anxiety, and racism or discrimination can
exacerbate levels of perceived stress among individuals while higher coping skills and greater
social support can be protective. While the process may vary depending on the quality (i.e.
psychological or physical), strength and duration of stressors, exposure to stress can lead to
two physiologic sequence of events involving the autonomic nervous system and hypothala-
mic-pituitary-adrenal (HPA) axis [1]. Figure 1 depicts the physiologic response to stress as it
relates to preterm birth. Corticotrophin-releasing hormone (CRH) plays a key role in initiating
and regulating the physiologic stress response. The release of CRH from the hypothalamus to
the anterior pituitary initiates the systemic release of adrenocorticotropin hormone (ACTH),
which signals the adrenal glands to release glucocorticoids (i.e. cortisol) [1]. Neuronal regu-
lators of the central arousal and systemic sympathetic adrenomedullary systems are inner-
vated to release norepinephrine from a network of neurons throughout the brain resulting in
enhanced arousal and increased anxiety [79]. Activation of the autonomic nervous system and
HPA axis results in physiologic and behavioral changes characteristic of “fight or flight”
responses [80]. The secretion of CRH is down-regulated through a negative feedback loop
where increased cortisol levels signal the hypothalamus to reduce further CRH release. Acute
or short-term stress prompts the successful return to homeostasis. Long-term activation may
indicate the chronic nature of stress or the body’s inability to effectively respond to stressors.
It has been suggested that constant exposure to stress has cumulative effects of “wear and tear”
on the body and this concept of “allostatic load” places individuals at risk for adverse health
outcomes such as preterm birth [32,81,82].
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4.3. Neuroendocrine

Pregnancy involves significant changes to neuroendocrine, immune, and vascular func-
tioning that affects the uterine environment for fetal development and parturition [83]. In
fact, it has been reported that up to 25 percent of preterm births are attributable to the
influence of stress on neuroendocrine mechanisms [3]. As described earlier, there are two
principal components of the stress response system, the CRH-releasing HPA axis and au-
tonomic nervous system (locus ceruleus-norepinephrine system or LC/NE) [84]. Under
stress, the principal regulators of the HPA axis, or CRH and arginine-vasopressin (AVP),
are released by the hypothalamus into the hypophyseal portal system leading to the se-
cretion of ACTH by the pituitary. CRH is the most potent agonist for the secretion of
ACTH and beta-endorphin from the anterior pituitary. However, in the presence of
stress, ACTH can also be regulated by other peptides such as AVP, oxytocin, and vasoac-
tive intestinal peptide [78]. ACTH is transported to the adrenal gland where it stimulates
both the synthesis and secretion of glucocorticoids, aldosterone and adrenal androgens
[78]. It is interesting to note that there has been growing interest in observed racial and
ethnic differences for CRH and ACTH during pregnancy although the mechanisms and
reasons for the differences are not well understood [78,85,86].

Circulating levels of CRH-binding protein decrease substantially towards the end of preg-
nancy resulting in increased levels of plasma CRH [87]. During pregnancy and immediately
following birth, maternal hypothalamic CRH secretion is suppressed due to the levels of
circulating cortisol; thus, increasing levels of stress-induced CRH may interfere with the
hormonal balance [88]. Process variations that underlie fetal growth have an influence on
maternal physiologic changes, which in turn, moderate the effect of maternal stress exposure
on the developing fetus. This bidirectional relationship between mother and fetus is dynamic
and repetitive during pregnancy [89]. Placental CRH plays an important role in preparing for
uterine growth and perfusion by communicating between the placenta and adrenal gland to
release cortisol into maternal and fetal circulation [78]. In late gestation, cortisol produced by
the fetal adrenal cortex blocks the inhibitory effects of progesterone on placental CRH
production and leads to a surge in CRH in the placenta [90]. Placental CRH passes directly
into the fetus and helps stimulate the fetal adrenal gland directly to increase dehydroepian-
drosterone, a precursor for placental estrogen production [91,92]. The conversion to estrogen
subsequently affects gap junction formation and oxytocin receptor expression by the myome-
trium and prostaglandin production that are important events for facilitating uterine contrac-
tion and labor [90]. In the presence of chronic or sustained stress, premature or exponential
release of CRH gene expression in the placenta may lead to altered physiology of parturition
which produces uterine contractions and result in early delivery [93]. This has served as the
basis for the placental clock theory under which gene expression and over-production of CRH
in the placenta affects gestational length [94]. In addition to prematurity, abnormalities in
placental CRH secretion due to stress may be involved in the pathogenesis of fetal growth
retardation and preeclampsia — three leading causes of perinatal morbidity and mortality in
developed countries [95].
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Glucocorticoids exerts a broad range of effects throughout the body, one of which is to inhibit
the activation, proliferation, and function of cells involved in immune response [96-98]. Short-
term stress prompts the successful return to homeostasis while chronic stimulation of the HPA
axis results in hypercortisolemia. Hypercorisolemia is associated with the suppression of
growth and sex hormones, a diminished feedback loop, increased risk for a coronary heart
disease event, insulin resistance, and obesity [99-102]. In a review of the literature on preterm
birth, neuroendocrine markers, and psychosocial factors, Latendresse found that women who
had higher plasma concentrations of CRH, ACTH, and cortisol, higher perceived stress or
anxiety scores, more risky behaviors like smoking, and lower education were at increased risk
for preterm birth [1]. Further, African-American women had higher levels of CRH and were
more likely to have preterm infants. In fact, perceived stress and elevated CRH accounted for
20% of the variance in gestational age at birth [103].

Pregnancy
Medical Risks Anxiety Major Life
& Health Events

Communication

Socio-
demographic
Factors

N : b A
Maternal HPA axis - ;
" Fetal HPA axis —
Violence / Stress Hormones Placental
Abuse (CRH, ACTH, NE CRH Stress Hormones
ot ‘i ' (CRH, ACTH, Cortisol)
Ortsol

—
Racism / /

Discrimination

~

Uteroplacental
e Preterm
Contractions Birth

Personality
&
Coping Skills

R -y

Social Networks Maternal Health Behaviors: Immune Changes /
& Substance Use, Sleep, Inflammation
Social Support Exercise, Diet

Modified from Dunkel Schetter [3]

Figure 1. Physiologic Stress Response in Relation to Preterm Birth

4.4. Inflammatory/immune system

Maternal and placental hormones also play a role in the inflammatory pathway [87]. It has
been reported that repeated episodes of stress can induce a chronic inflammatory process
which is associated with inflammatory-related diseases such as atherosclerosis [104]. Inflam-
mation is characterized by an increased production of pro-inflammatory cytokines in response
to threats to tissue. The events that regulate homeostasis of the immune system and protective



Preterm Birth and Stressful Life Events
http://dx.doi.org/10.5772/54978

response are coordinated to a large extent by cytokines regulated through type 1 and 2 helper
T cells (Th1 and Th2, respectively) [105].

The immune response and inflammation that takes place during the process of fetal im-
plantation is primarily a Thl response with the secretion of tumor necrosis factor (TNF-
), interferon-gamma (o-IFN), and interleukins (IL-2) [78]. Since pregnant women only
share half of the fetal major histocompatibility complex (MHC) antigens, a certain degree
of immunosuppression is required to keep the fetus in the uterus [105]. If the Thl im-
mune response persisted beyond early implantation, the pregnancy could not be viable.
Thus, the immune system cedes to Th2 with a different set of cytokines (i.e. IL-4, IL-10,
IL-13) that prevents rejection of fetal implantation by suppressing Th1l and promoting hu-
moral immunity [78]. If this system or balance of cytokines was disrupted, this could
lead to an abnormally high production of Thl pro-inflammatory cytokines (e.g. TNF-«, o-
IFN) resulting in spontaneous abortion and fetal death. Cytokines produced by Th1l de-
stroys vascular endothelial cells which leaves the embryo vulnerable to ischemic death by
increased pro-coagulant secretion [106-108].

Various factors have been known to promote a shift of the pregnancy-protective Th2 cytokine
towards a Th1 response resulting in fetal death. For instance, endotoxin is a potent abortogenic
substance that stimulates microphages to release cytokines in mice [109]. In addition, the
exposure of pregnant mice to a stressor during the implantation period has been known to
activate T cells, mast cells, and macrophages in the uterus, resulting in increased secretions of
TNF-a [110]. Both pregnancy and stress share a common effect on the immune system — the
switch from Th1 to Th2 immunity. Further research is needed to understand the interaction
between the two systems to cause disease and elucidate why some people may be more
susceptible to adverse birth outcomes or infections.

A psychosocial stress-induced release of glucocorticoids and catecholamines may cause
excessive immune response through an exaggerated Th2 response and suppressed Thl
resulting in a greater risk of infection during pregnancy [78]. Reproductive and urinary tract
infections, sexually transmitted diseases, and periodontal disease can pose serious risk for
preterm birth. For medically indicated causes of preterm birth, stress mediates the promotion
of preeclampsia which is also associated with high levels of circulating inflammatory markers
[19]. A large proportion of preterm births have been attributed to the inflammatory pathway
[111]. Further, high levels of chronic stress have been linked to vaginal bacterial infections at
an individual and community level [128]. One must consider the role of genetics in the stress-
immune interaction. However, there are no clear or definitive studies that elucidate how the
effects of prenatal stress on birth outcomes may be partially mediated by inflammatory
processes [3].

5. Fetal programming and life course perspective

Preterm birth is a multifaceted difficult problem and a growing body of work highlights the
need for a paradigm shift in considering the interplay of biological, behavioral, psychological,
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and social factors on improving birth outcomes. The life course perspective may be a useful
way to think about maternal stress and preterm birth. This conceptualizes reproductive and
birth problems as a result of the culminating experiences and exposures during the life course
of the mother [82]. In other words, factors occurring throughout a woman’s developmental
lifetime, not just during the perinatal period, can alter the quality of the intrauterine environ-
ment for her offspring and have a lasting impact on their health. Research in this area has
begun to shed light on possible mechanisms through which longitudinal factors produce
adverse birth outcomes, such as preterm birth. Two broad mechanisms have been proposed —
early programming and cumulative pathway [82].

The early programming model suggests that exposures or experiences (i.e. stressful life
events) that occur at a critical period in the developmental process can alter the structure
or functioning of an organism or system that becomes manifest in health and risk of dis-
ease later in life [82]. Although the biological underpinning for this model is not fully un-
derstood, some have attributed this phenomenon to poor fetal nutrition. This notion
forms the basis for the Developmental Origins of Adult Disease Hypothesis or Barker’s
Hypothesis where under-nutrition during gestation increases risk for adult onset diseases
[129-131]. Earlier animal models have indicated a critical or sensitive period in early life
for the effect of altered fetal nutrition on metabolism, growth, neurodevelopment and
major disease [132-136]. Although there are no studies that clearly support programming
of reproductive potential, one study came close to relating maternal intrauterine environ-
ment to future reproductive outcomes. Lumey et al. found that women exposed in utero
to a war-induced famine during the first and second trimesters gave birth to the lowest
birth weight infants compared to women who were exposed in utero during the third tri-
mester [137]. Human studies on birth outcomes and cardiovascular disease have also
demonstrated that an adverse intrauterine environment can have long-term effects on fe-
tal development and lead to its increased risk for adult-onset chronic disease such as dia-
betes and hypertension [138,139].

Research indicates a relationship between maternal stress during pregnancy and subsequent
cognitive, emotional, and behavioral problems in offspring possibly through the hypothalamic
pituitary axes [140-145]. It has been suggested that the association of stress and preterm birth
may be mediated by epigenetic changes in the glucocorticoid receptor gene in the developing
brain [146]. Perinatal stress is associated with HPA axis hyperreactivity and may be due to
feedback resistance as a result of decreased expression of glucocorticoid receptors [147-149].
Mizoguchi et al. observed stress-induced attenuated glucocorticoid negative feedback among
animals undergoing chronic stress. Maternal affective disorders have been known to alter fetal
HPA axis and physiology [149,150].

As researchers continue to study preterm birth and the role of stress at earlier points in
pregnancy or during childhood, this can help elucidate the extent to which maternal
stress affects fetal growth and development. For example, in a study by Field et al. on
pregnancy anxiety and neonatal behavior, newborns to high anxiety mothers showed
more state changes and poor performance on the Brazelton Neonatal Behavior Assess-
ment Scale, which evaluates motor maturity, autonomic stability, and withdrawal [151].
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Further, high anxiety mothers had significantly increased prenatal norepinephrine and
lower dopamine levels than low anxiety mothers. Further studies have reported that pre-
natal stress is related to offspring temperament, later behavioral and emotional problems,
and worse attention and concentration [68,140,152]. These suggest that maternal stress
and affective state can have a significant impact on fetal neuro-development and persist
throughout the lifespan of the child [124]. In addition, it shows that fetal brain function-
ing can be altered by measured maternal neuroendocrine dysregulation which has clini-
cal implications when considering effective interventions to improve health outcomes.

The cumulative pathway model hypothesizes that constant exposure to stress has cumulative
effects of “wear and tear” on the body’s regulatory process, and this concept of “allostaticload”
places individuals at risk for adverse health outcomes such as preterm birth [32,81]. There is
still much to be learned on the process of cellular aging and how stress can accelerate the
process. However in a landmark study that assessed psychological stress and a proxy for
measuring age, Epel et al. found that an accelerated chromosomal telomere shortening was
associated with higher levels of perceived stress in premenopausal women caring for their
chronically ill children [153]. Telomeres are DNA-protein complexes that cap chromosomal
ends and promote stability. Women with the highest level of perceived stress had shorter
telomere lengths that were equivalent to aging ten years compared to women with low stress.
Further, both perceived stress and long-term exposure to stress was significantly associated
with higher oxidative stress and lower telomerase activity. This suggests that chronic stress
contributes to increasing allostatic load, resulting in rapid cellular aging and subsequent risk
of dysfunction and disease typically associated with older age. The identification of such
markers within the context of pregnancy, and in relation to preterm birth could be illuminating.

Chronic and repeated exposure to stress has also been linked to immune-inflammatory
dysregulation, insulin resistance, and obesity [99-102]. Suppressed immune system could
increase the likelihood of genital tract infections at conception and early pregnancy. Failure to
treat pathogens by mid-gestation can lead to preterm labor or premature rupture of membrane
[111]. Similarly, overexposure to high levels of glucocorticoids can also lead to exaggerated
hyperactive HPA response to stressors which may reflect the inability of the HPA axis to self-
regulate [112,113]. Women who experience stress may yield a higher output of norepinephrine
and cortisol which could increase CRH gene expression and subsequently lead to preterm
birth. These two mechanisms - HPA hyperactivity and immune-inflammatory system —
increase the risk for developing cardiovascular diseases, cancers, and experiencing adverse
reproductive outcomes.

Several studies relate health disparities in the U.S. to the cumulative differential exposures to
damaging physical and social environments [82]. This is evident in studies where preterm birth
is a proxy for early health deterioration or “weathering” by age, abuse and trauma, income
and poverty [114-116]. For example, Love et al. explored the transgenerational effects of
poverty on preterm birth, low birth weight and small for gestational age [116]. Authors found
that the age for African-American women to experience the lowest birth weight was less than
20 years which deteriorated with increasing age groups compared to White women whose
lowest rate of low birth weight was in their late 20s. The degree of weathering for African
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American women, with regards to low birth weight, small for gestational age, and preterm
birth, depended on the duration of exposure to low-income neighborhoods and disappeared
for those living in non-poor areas. In contrast, no group of white women exhibited weathering
even while living in poorer neighborhoods. The biological mechanisms by which a lifetime of
differential exposures to discrimination, social inequities and poverty leading to health
disparities is not well understood. However, the life course perspective theory frames the
issues in such a way that vulnerability to preterm birth or low birth weight is not restricted by
time or space, but is all-encompassing, considering the full range of biological, psychological,
financial, behavioral and interpersonal stressors and exposures that have become manifested
in the widening gap between racial and ethnic groups on many health indicators.

6. Factors that influence stress

There are a multitude of factors that can affect an individual’s stress level, including socio-
demographic characteristics and environmental and social influences. Stress levels can vary
depending on gender, race, life-events, and resiliency. Currently, stress research is fragmented
into two mutually exclusive categories — childhood stress and adult or adolescent stress —
failing to fully explore the potential connectivity between them. Studies have reported striking
evidence on the influence of childhood stressors on neuro-endocrine systems and mental
health disorders later in life [117-122]. A recent study by Danese et al. suggested that children
exposed to adverse life events, exhibited psychological and physiological abnormalities as
adults [123]. This is further documented by DiPietro who reviewed the role of prenatal
influences on child neurodevelopment [124]. In addition, Kingston et al. linked childhood
stress with prenatal stress which has a significant impact on poor birth outcomes, particularly
preterm births [125]. This suggests the significance of a life course pathway to prenatal stress,
which in fact includes childhood and adulthood socioeconomic positioning. Furthermore, it
alludes to the recent movement in understanding the impact of maternal stress and designing
interventions to address the issue of preterm births using the life course perspective [82]. The
life course perspective is grounded in the theory that reproductive and poor birth outcomes
are the result of the culminating experiences and exposures to stressful assaults during the life
course of the mother. The mechanism for this theory is further discussed in the previous section
on “Fetal programming and life course perspective”.

Although the life course perspective calls for understanding of stress through the life of a
prospective mother starting in utero, studies that examine these influences through the
developmental stages are lacking. Existing literature predominantly focus on stress during
pregnancy and its impact on poor birth outcomes. Various sources have estimated between 25
to 75 percent of women experience stressful life events or social health issues during the
antenatal period [20,126]. It has also been reported that about 18 percent of women experience
three or more stressful life events during pregnancy [20]. Previous studies have shown that
maternal psychosocial stress is associated to education, personality traits, demographic
characteristics, and environmental and social influences [2]. Research conducted outside the
U.S. reports similar risk factors for stress with regards to age, parity, and prenatal care
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adequacy [20,127]. Demographic factors such as age, marital discords, intimate partner
violence, low education and income are some factors that predispose women to certain levels
of stress. Furthermore, stressful life events such as extreme financial distress, death in the
family, accidents, injuries, persistent discrimination and other mishaps pose major stress. In
fact, most of the psychometric assessments that are validated to measure stress are based on
enumerating the occurrence of these life events.

6.1. Lifestyle factors

Stress is known to influence lifestyle behaviors such as smoking, alcohol use, illicit substance
use, physical activity and diet. These are also known risk factors for preterm births and
relatively amenable to intervention. One of the main preventable causes of preterm births is
smoking. Unfortunately, the number of stressful events is inversely associated with smoking
cessation. In fact, women reporting three or more stressful events are half as likely to quit
smoking compared to women who report no stressful events in the previous year [74]. Smokers
during pregnancy tend to be single, of low income, less education and other factors associated
with smoking include physical and sexual abuse and high stress levels [154,155]. It has been
proposed that since nicotine a vasoconstrictor, reduces the flow of nutrients and oxygen to the
developing fetus, this may result in low birth weight infants, reductions in body length and
head size, and other perinatal complications [156]. Smokers tend to have less weight gain
during pregnancy and in fact, inadequate maternal weight gain has previously been associated
with spontaneous preterm delivery and low birth weight infants [157].

High psychosocial stress has also been linked to use of substance, drugs, and alcohol
[155,158]. There is considerable evidence on the significant association between acute and
chronic stress and substance abuse [159]. It is postulated that people abuse substance and
excessively drink alcohol as a means of coping with stressful situations, such as economic
stress, marital discourse, and often when there is lack of social support [159-161]. Howev-
er, the tendency to abuse substances when distressed depends on many factors. Some of
the known factors include the intensity and type of stressor, perceived ability to over-
come the stressful situation, availability of social support, genetic determinants, and prior
history of substance use. Several theories were proposed to understand the role of stress
in substance abuse and particularly addiction process. The most frequently cited mecha-
nism was the psychological response to substance abuse that postulates substance abuse
or use as a means to cope with stress and in most cases to simply alleviate tension
[162-168]. The neurobiological model is another theory that proposes the mechanism for
addition. This theory emphasizes the role of incentive sensitization and stress allostasis
and provides explanation for craving and loss of control [159,169].

7. Social production of disease/political economy of health

Health disparities among racial and ethnic groups are influenced by the structural, institu-
tional, and interpersonal aspects of society and its health care systems [170]. Stemming from
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the social analyses of health from the 1830s and emerging in the politically turbulent 1960s and
1970s, this theoretical framework focuses on the “social production of disease” and/or
“political economy of health” [171-173]. That is, it addresses economic and political determi-
nants of health and disease and any structural barriers that prevent people from living healthier
lives [171-179]. The underlying principle is that economic and political institutions that create,
enforce, and perpetuate economic and social privilege and inequality are causes of inequities
in health which are also stressors in life [179,180].

Going beyond just healthy choices and behaviors at an individual level, this school of thought
takes into consideration significant external forces that perpetuate the disparities in health
evident in different populations around the world. For example, disquieting health disparities
between Australia’s indigenous Aboriginals and the rest of the population has been observed
in higher infant mortality rate, more drug abuse and alcoholism, chronic and infectious
diseases, and poverty [181]. The average Aboriginal household earns only half of whata typical
Australian family earns in a week and poverty has been associated with social problems to
varying degrees such as high imprisonment and unemployment rates [182].

Like gender and race, religion forms part of the context that generates stress-inducing social
inequities and may influence people’s socioeconomic status and health outcomes. Of the 1.6
million Muslims living in the UK, 74% were of Asian ethnic background with smaller propor-
tions of black African Muslims and white British in 2001 [181]. In the US, an estimated 6 to 7
million Muslims is comprised of South Asians (32%), Arabs (26%), and African-Americans
(20%) [182]. One study that used aggregate data from 10 different data sources (i.e. World
Health Organization, United Nations, UNICEF) indicated significant health disparities
between countries with a Muslim majority and non-Muslim majority [184]. National health
indicators such as male and female life expectancies, maternal mortality ratio, and infant
mortality rate were worse in Muslim majority countries compared to non-Muslim majority
countries. Almost half of non-Muslim majority countries were in the high or upper middle
income group compared with a quarter of all Muslim majority countries. In fact, annual per
capital expenditure on health in Muslim majority countries was a fifth of that in non-Muslim
majority countries. Additionally, gross national income, literacy rate, access to clean water,
and government corruption accounted for 52 to 72 percent of the differences in health outcomes
between the two groups. The gradient in health within and between countries can be linked
to the unequal distribution of power, income and goods or services. The structural determi-
nants and conditions of daily life make up the social determinants of health, and can account
for a large portion of the health inequities observed within and between countries [184].

Discrimination and poverty pose serious challenges in closing the health gaps between racial
and ethnic groups. Following the fall of Apartheid South African’s Government of National
Unity defined and proposed five key developmental priorities to work towards rebuilding the
community: employment, housing, education, nutrition, and health [185]. Nearly two decades
later, racial and economic discrimination undermine the progress and development in
achieving these goals. Racial group still appear to be a strong determinant of income, educa-
tion, health care coverage, and the quality of medical treatment [186,187]. Similarly, using data
from a national survey, Charasse et al. reported that even after controlling for important socio-
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demographic characteristics, Whites and Africans did not share the same level of health risks
[185]. Authors found that Whites tended to have higher income, better education, and more
favorable health status than Africans.

A large population-based survey of newly mothers in Australia also highlight a concern-
ing level of social adversity associated with stressful life events and social health prob-
lems during pregnancy [20]. One in six women reported experienced three or more
stressful life events or social health issues in the 12 months preceding the birth. Women
who experienced more life events and social health problems were significantly more
likely to report discrimination in the health care settings (OR = 2.69, 95% CI = 2.2 to 3.3)
and had a twofold increased odds of having a low birth weight infant compared with
women reporting no social health issues. They were also more likely to have antenatal
care later in pregnancy and with fewer visits.

Over the past 50 years, improved and expanded prenatal care has resulted in the identifi-
cation of high-risk pregnancies, leading to an overall reduction of infant mortality in the
United States. In the early 1900s, 100 infants died for every 1,000 live births before reach-
ing their first birthday [188]. Since then, the infant mortality rate has declined by more
than 90 percent to a rate of 7.2 deaths per 1,000 live births in 2000 [189]. However, Afri-
can-Americans have been disproportionately affected by the problem. Preliminary results
from the U.S. Centers for Disease Control and Prevention showed that the mortality rate
for black infants was 11.6 deaths per 1,000 live births compared with 5.2 deaths per 1,000
live births among white infants [190]. In short, black infants die at 2.2 times the rate of
white infants within the first year of life. Even after controlling for socio-demographic
factors, African Americans with adequate prenatal care still have poorer birth outcomes
than their White counterparts [188].

In the U.S., African American women are more likely to die from pregnancy-related compli-
cations, have preterm or low birth weight infants, deliver an infant with congenital anomalies,
experience a spontaneous abortion and ectopic pregnancy compared to women of other racial
and ethnic backgrounds [191-196]. The influence of income on adverse pregnancy outcomes
has been previously examined in military populations where pregnant women do not
necessarily have financial barriers to health care. Although black women in the military have
better pregnancy outcomes than black women in the general population, disparities persist
between black and white enlisted women [197]. Furthermore, disparate birth outcomes are
evident even among those who are college-educated. Although education is known to be a
protective factor against adverse birth outcomes, black women with higher education experi-
ence disproportionately high rates of low birth weight compared to college-educated white
women [198]. These disparities underscore the need to consider factors other than socioeco-
nomic status to account for the health disparities.

Speculations that racial disparities in adverse health outcomes is attributable to genetic factors
have been contradicted by studies that found black immigrants from African or Caribbean do
not experience the same rates of adverse pregnancy outcomes as African-Americans from the
U.S.,, in fact, they begin to show worse health outcomes the longer they live in the U.S.
[199-201] Racial disparities in adverse outcomes has spurred interest in the role of psychosocial
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factors such as stress in pregnancy [202]. It has been previously documented that African
American women report a greater number of life events and are more distressed by them than
any other racial or ethnic groups [25,203]. Racism can be conceptualized as an individual-level
psychosocial stressor and is defined as a multidimensional construct that involves the
oppression and denigration of individuals by other individuals and social institutions on the
basis of skin color or membership in a particular ethnic group [204].

Perceived racism across the lifetime is a significant predictor of birth weight in African
Americans and may account for racial differences in infant mortality rates [205]. Preterm birth
is also suggested to occur in the context of social and economic structures such as acculturation
stress, racism, and poverty [2]. For example, a small prospective observational study was
conducted to examine the roles that general, pregnancy, and racism stress play in racial
differences in birth outcomes (birth weight and gestational age) [205]. Perceived racism and
indicators of general stress were associated with low birth weight. Lifetime and childhood
indicators of perceived racism predicted birth weight and attenuated racial differences
independent of medical and socio-demographic variables.

The stress of perceived racism and discrimination, differences in how the health care system
responds to individuals of different racial backgrounds should be further evaluated to address
the slow progress in closing the large health gap between racial and ethnic groups. While it is
important to acknowledge the role of individual factors such as discrimination and racism on
prematurity and low birth weight, this problem is multifaceted and should compel policy-
makers, social services, and health care providers to recognize all the other behavioral, medical,
social, environmental, and institutional factors that contribute to the persistent racial and
ethnic health disparities. Efforts to reduce discrimination and racism must be taken in the
context of ensuring safe neighborhoods, access to healthy food, quality and culturally sensitive
medical care to have high impact on such a complex problem. Intervention efforts to improve
birth outcomes in the U.S. have had limited success, in part, due to a focus on individual level
programs that fail to consider contexts affecting maternal and child health, including neigh-
borhood exposures [206-208]. This necessitates support for social and health programs that
provide more comprehensive care for women. Recognizing this need, programs have been
designed and implemented to address some of the social determinants. For instance, The
Healthy Start program is a U.S. federally-funded initiative to reduce the national infant
mortality rate and improve perinatal outcomes by leveraging community resources and
workers [209].

8. Measurements

In order to fully understand the role of stress on perinatal health, it is important to effectively
quantify and measure its characteristics. Defining or measuring stress can be confusing due
to the differences in nature and duration of exposure. Identifying the impact on high-risk
populations and the correct manner in which to assess stress poses a great task for researchers.
Prior research highlights the importance of differentiating between global stress and preg-
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nancy-specific stress in order to better understand and identify the impact of prenatal stress
on maternal and infant health outcomes [210]. Pregnancy-specific stress is defined as the
emotional response to the stressfulness of pregnancy itself [210]. It has been suggested that
pregnancy-specific stress may have a more deleterious impact on birth outcomes such as
preterm birth [210]. Differences between the types of stress and how they contribute to poor
birth outcomes has yet to be fully explored.

Previous work yield many different stress measures, however, the most commonly used
instruments can be classified into four domains based on a construct published elsewhere —
external, perceived, enhancers, and buffers [21]. Examples of external stressors include life
events or daily hassles; perceived stress reflect perceptions of racial or gender discrimination
and other subjective stress levels; enhancers of stress include anxiety or depression; and buffers
of stress cover social support systems and coping mechanisms [4,21]. General stressful life
events measures (e.g. General Health Questionnaire and Perceived Stress Scale and pregnancy-
specific stress instruments (e.g. Pregnancy Experience Scale, Pregnancy-Related Anxiety
Questionnaire, Pregnancy-Related Anxiety Scale, Pregnancy-Specific Anxiety Scale, Prenatal
Distress Questionnaire, and Prenatal Social Environment Inventory) have been used through-
out literature [210,211,219]. Table 1 summarizes commonly used measures for experiencing
global or pregnancy-specific stress.

8.1. General Health Questionnaire (GHQ)

Originally developed by Goldberg the General Health Questionnaire (GHQ) is a widely
used instrument for measuring general psychological health in community settings and
non-psychiatric clinical settings such as primary care [211]. In general the GHQ focuses
on two main classes of phenomena: inability to carry out one’s normal healthy functions;
and emergence of new phenomena that are distressing [212]. Translated into 38 different
languages and available in a variety of versions using 12, 28, 30, or 60 items, this instru-
ment demonstrates high reliability and validity in many different populations with relia-
bility and correlation coefficients ranging from 0.78 to 0.95 [213-216] and 0.35 to 0.79
[217-218], respectively. The 12- items GHQ is one of the most extensively used screening
instrument for common mental disorders [219] and its brevity makes it an attractive
choice for use in busy clinical settings and for patients who need help to complete the
questionnaire [220]. Responses to each item ranges from zero (not at all) to three (much
more than usual) with a total possible score based on the version allowing for means and
distributions to be calculated.

8.2. Perceived stress scale

The Perceived Stress Scale (PSS) is one of the most widely-used psychological instruments for
measuring the perception of stress [221]. The scale includes a number of questions about the
level of experienced stress over the previous month and has three versions with 14, 10, and
four items, respectively. The PSS prompts subjects to rate on a scale from zero (never) to four
(very often) how often they have perceived an event or negative feeling in the past month. This
tool demonstrates strong internal consistency, with a Cronbach's alpha ranging from 0.75 to
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0.91 [221-223]. It also has the virtues of being brief, easy to understand, and assessing stress
response in the general population on a continuum from relatively mild to severe forms of
stress.

Similar to other non-specific stress measures, a major limitation of GHQ and PSS is the failure
to differentiate between general stress and pregnancy-specific stress. Although pregnancy-
specific stress may occur concomitantly to general or non-specific stress, research suggests that
pregnancy-specific stress may be particularly more potent and have serious implications on
birth outcomes [34,61,68,224,225]. For example, Roesch et al. found that pregnancy anxiety
predicted earlier birth while general state anxiety and general perceived stress did not [225].
The timing of prenatal stress exposure may also be of importance. In one study, researchers
found that stress experienced during the second trimester was more predictive of preterm
delivery than exposure to stress later in the pregnancy [27]. Several studies have shown a
decline in psychological and physiological stress response in pregnant women as pregnancy
progresses [28-30]. For example, Glynn et al. reported that pregnant women who experienced
the 1994 Northridge earthquake in California showed a differential emotional response to the
earthquake depending on their gestational age at the time of the event [28]. There was a
significant association between women who experienced the stress early in the pregnancy and
shorter gestational age at delivery. Participants in the first trimester also evaluated the
earthquake as more upsetting and aversive than women in the second or third trimester scoring
higher on a life events inventory. Considering the type of stress and time frame of maternal
exposure to stress may be useful in understanding the impact on developing fetus.

L Number Scale *Cronbach’s  €Test-retest
Measure Description .
of Items Type Alpha Reliability
General Health Screening tool for detecting non- 12, 28, 30,60 4-point 0.78-0.95 0.35-0.79
Questionnaire specific psychiatric iliness through

items that address the inability to
perform daily activities and

feelings of distress

Perceived Stress Scale  Measures the degree to which 4,10, 14 5-point 0.75-0.91 0.85 (over two
situations in one’s life over the days)
past month are appraised as
stressful (i.e. unpredictable,

uncontrollable, and overloading)

Pregnancy Experience A measure containing two 20 4-point 0.91-0.95 frequency 0.57
Scale (hassles subscale) subscales of which the “hassles” - 0.83; intensity
subscale is intended to reflect the 0.61-0.76

daily challenges related to
pregnancy (frequency and

intensity of hassles)
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L Number Scale *Cronbach’s  ¢Test-retest
Measure Description
of Items Type Alpha Reliability
Pregnancy-Related Measures specific fears and 34 5-point 0.73-0.88 0.56-0.76
Anxiety Questionnaire- worries related to pregnancy (i.e.
Revised delivery, infant health, and
egocentric feelings/fear of
change)
Pregnancy-Related Items assess the extent to which 10 4-point 0.70-0.85 0.83
Anxiety Scale participants worry or feel
concerned about their health,
baby’s health, labor and delivery,
and postpartum infant care
Pregnancy-Specific Includes pregnancy-specific 4 5-point 0.51-0.72 0.56-0.68
Anxiety Scale anxiety items that addresses
maternal affective states during
pregnancy
Prenatal Distress Evaluates the most common 12 5-point 0.80-0.81 0.75
Questionnaire concerns of pregnant women
relating to birth and baby, weight
and body image, and emotions
and relationships
Prenatal Social Items cover potential stressors 41 Yes/No 0.80 0.73

Environment Inventory over the past 12 months
associated with family and
marital relationships, health,
pregnancy, work, neighborhood,
parenting, and finances

* Cronbach’s alpha (internal consistency reliability) is a measure of inter-item correlations

€ Test-retest reliability (correlation coefficient) is a measure of stability over time

Table 1. Commonly used general and pregnancy-specific stress measures

8.3. Pregnancy Experience Scale (PES)

The PES [226] was developed in 1999 to evaluate maternal appraisal of positive and negative
stressors during pregnancy, with reliability and validity data reported within later studies
[61,224,227]. The scale aimed to reflect the daily minor challenges and positive emotions
experienced by pregnant women. The scale consists of 41 items of which 20 are in the hassles
subscale. Questions on discomforts of pregnancy, body changes, relationships, and concerns
about the infant are among the topics specific to pregnancy-related stress. Respondents are
directed to indicate whether each item is a hassle and/or an uplift on a four-point Likert scale,
ranging from zero (not at all) to three (a great deal). In addition to calculating the frequency
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and intensity of hassles and uplifts scores, a composite ratio score of positive to negative
experiences in pregnancy can be ascertained with values greater than one indicating more
hassles and scores lower than one indicating more uplifts than hassles. The alpha internal
reliability rating ranges between 0.91 and 0.95 [212]. Authors wanted to challenge research that
focused too narrowly on just the distressing aspects of pregnancy by also considering the role
of positive emotions in fostering good pregnancy outcomes.

8.4. Pregnancy-Related Anxiety Questionnaire-Revised (PRAQ-R)

The Pregnancy-Related Anxiety Questionnaire was a 55 item measure developed by Van den
Bergh in 1990 that addressed common pregnancy fears (e.g. fear for delivery and baby’s health)
which led to a shorter version (PRAQ-R) that later became available in 2002 [68,228]. PRAQ-
R consists of 34 items with responses to questions on a five point scale ranging from “never”
to “very often”. PRAQ-R presents good internal consistency and convergent validity data with
general stress or anxiety measures. Further analysis of PRAQ-R shows a test-retest reliability
rating of 0.56-0.76 and a range in alpha internal reliability rating of 0.73-0.88 [68,152]. No
predictive validity data related to preterm birth has been reported to date. Given that PRAQ
and PRAQ-R were designed using low-risk populations in Belgium and Netherlands, the
applicability to other more diverse communities may be limited.

8.5. Pregnancy-Related Anxiety Scale (PRAS)

Rini et al. revised the PRAS with the goal of linking psychological stress and birth out-
come [34,229]. The revised PRAS was used to assess the association between prenatal
psychosocial stress, personal resources, sociocultural context, and infant birth weight and
gestational age at birth. This was done by having respondents complete a ten item scale
assessing their level of stress surrounding various pregnancy related situations; responses
were on a four-point Likert scale, ranging from never or not at all, to a lot of the time or
very much. There is no recall period for the PRAS because it asks how the respondent is
feeling at present time. The internal reliability of the revised version of PRAS in English
and Spanish ranged from 0.70 to 0.85 [210, 229]. One aspect of the PRAS that is seldom
seen in stress measures is the stress surrounding the mother’s thoughts regarding her
pregnancy. Stress generated by a mother’s thoughts about the pregnancy and birth is an
important component in maternal stress research.

8.6. Pregnancy-Specific Anxiety Scale (PSAS)

Developed at the University of California, Los Angeles, the Pregnancy-Specific Anxiety Scale
(PSAS) is composed of four pregnancy-specific anxiety items derived from a factor analysis of
a larger pool of items that addressed maternal affective states during pregnancy [225]. In the
first study that reported using PSAS to find associations with gestational age, participants were
encouraged to talk about how they felt about being pregnant and asked to indicate how often
they felt anxious, concerned, afraid or panicky in the previous week. All responses were
provided on a 5-point scale ranging from one (not at all) to five (very much). It was determined
that pregnancy-specific anxiety was associated with shorter gestation age after controlling for
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known risk factors. Further analysis of PSAS in Canada and in the U.S. shows a test-retest
reliability rating of 0.56-0.68 and a range in alpha internal reliability rating of 0.51-0.72
[225,230-232]. Poor internal consistency, lack of correlation to physiological measures of stress,
and failure to replicate findings in African-American populations are noteworthy limitations.

8.7. Prenatal Distress Questionnaire (PDQ)

Originally reported by Yali and Lobel in 1999, the 12-item Prenatal Distress Questionnaire
(PDQ) was created and tested in a pilot to create pregnancy-specific distress scores [126].
Participants were asked to indicate how concerned or worried they were about their pregnancy
on a five-point scale ranging from zero (not at all) to four (extremely). Questions pertained to
three main types of concerns: birth and baby, weight and body image, and emotions and
relationships [235]. Responses were then summed to create a total pregnancy-specific distress
score for each individual. Several studies from the US, Germany and UK have provided
reliability and validity data on the instrument. With an alpha internal reliability rating range
of 0.80 - 0.81 and a test-retest reliability rating of 0.75, the PDQ demonstrates good internal
consistency [127,234-236].

8.8. Prenatal Social Environment Inventory (PSEI)

In 1992, Suezanne Orr and her colleagues developed the PSEI to address limitations from the
use of other life events inventories [237]. Such drawbacks were the inclusion of items that
would prove to be inapplicable to certain subgroups, as well as assessing chronic stressors
with the use of lengthy instruments, or instruments that are not germane to some subgroups.
The PSEI consists of 41, yes or no questions, assessing stress in the past year. The 30-day test-
retest reliability rating was 0.73 and the alpha internal reliability rating was 0.80. While the
PSEI samples a wide variety of potential stressors, the range of information obtained with its
yes or no response, is limited. In essence, the PSEI is a good measure of the prevalence of
potentially stressful events in the past year, but lacks the ability to obtain qualitative data on
the effects of those stressful events on the respondent.

Although some pregnancy-specific stress measures are able to predict adverse outcomes, the
theoretical underpinnings of measures are lacking and largely undocumented in the literature
[210]. Further consideration of theoretical models in stress measurement development can help
build confidence in the use of pregnancy-specific stress measures for studies and lead to more
effective stress reduction interventions that target specific concerns and groups of women
rather than global and untailored interventions. Furthermore, inconsistent use of measures
and definitions to assess stress has been a challenge in accurately understanding its health
consequences. While interviews are useful for minimizing missing data by connecting with
study participants, stress is often assessed by asking an individual to recall events that have
occurred in either the distant or recent past. This introduces recall bias and compromises the
reliability of the measure. Questionnaires and interviews are also subjective means to ascertain
stress that may be prone to recall bias. However, the possibility of bias should not be grounds
for rejection of a stress measure, rather, it should be considered in any conclusions drawn from
the data.
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Scientific advancements have uncovered possible biological markers (or biomarkers) of stress
that provide objective and quantifiable measures, and solutions to the difficulties of qualita-
tively measuring stress. Biomarkers are defined by Hulk et al. as “cellular, biochemical or
molecular alterations...in biological media such as human tissues, cells, or fluids” [238]. These
biomarkers that are obtained from saliva, urine, and plasma may provide an objective measure
for understanding the cause, progression, and worsening of maternal stress [239]. For example,
maternal levels of cortisol, C-reactive protein, and alpha-amylase have been identified as
markers for stress and possible biological mechanisms associated with the increased risk for
pregnancy complications and preterm birth [240-242]. These markers include the use of
technologies that expand people’s understanding on the underlying pathogenesis of preterm
birth and risk factors [243]. In epidemiologic or medical research, biomarkers address the need
for more direct measurement of exposures in the causal pathway of disease that is free from
recall bias and improved validity [244].

9. Conclusion

Stress is an important risk factor affecting preterm birth. Despite the growing literature,
there are gaps that need to be addressed. Definitive studies that link stress, inflamma-
tion, and preterm birth need to be further explored. Specifically, more research is need-
ed to assess pregnancy anxiety and its mediating effects on early birth. Indeed, stress
pathways may be an entry point to other vascular and inflammatory pathways leading
to premature delivery and low birth weight [78]. Many studies report the deleterious ef-
fects of stress on the fetal neurodevelopmental process that may have repercussions even
into childhood. Arguments for the life course perspective or social productions of dis-
ease are alternative explanations that move the discussion beyond just individual choices
and behaviors. The problem is complex and requires a multifaceted approach to come to
meaningful and realistic solutions. In addition, there is a need for more research in cop-
ing, resiliency and other stress management techniques during pregnancy [3]. While
studies that explore the effects of stress on birth outcomes are important, more is need-
ed to develop and test interventions or prevention programs with respect to a positive
impact on birth outcomes [1]. Health care providers can be better informed to refer pa-
tients to appropriate resources and supplemental services. Social support interventions
need to be guided by predictive models and more needs to be done to elucidate which
components of interventions account for the largest variability in birth outcomes. Lastly,
more work can be done to evaluate how physiologic responses to stressors might ac-
count for health disparities [245]. Progress in improving birth outcomes is undermined
by growing health disparities between various sub-populations. This should compel poli-
cymakers and health care providers to recognize all the other behavioral, medical, social,
environmental, and institutional factors that contribute to persistent racial and ethnic
health disparities.
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1. Introduction

Term and preterm parturition have a common pathway that includes irregular uterine
contractions, cervical effacement and dilatation, along with decidual activation and rupturing
of the chorioamniotic membrane. This pathway is observed in the physiologic labor at term as
well as in the pathological processes leading to premature delivery. Indeed, the clinical
presentation of preterm parturition involves all components of this common pathway: 1.
Preterm contractions in women with spontaneous preterm labor with intact membranes;
2.cervical effacement and dilatation in women with cervical insufficiency; and/or 3.decidual
activation and rupture of membranes in those with preterm PROM.

The syndrome of preterm parturition is the clinical presentation of several underlying
mechanisms, not all of them being fully understood. Among the well establishes etiologies for
preterm parturition are: intra amniotic infection/inflammation, cervical insufficiency, in-
creased thrombin generation and vascular pathology of the placenta, as well as multiple
gestations. The study of the maternal fetal interface and the placenta contributes to the
deciphering of the mechanism leading to preterm birth. Placental and decidual vascularlesions
have been reported in about 20-30% of patients who deliver preterm. There are accumulating
evidence that preterm parturition is associated with an increased activation of maternal
hemostatic system which also interacts with the acute inflammatory processes observed in this
syndrome. Moreover, higher rates of fetal growth restriction and placental vascular lesions
were observed among women with preterm labor who delivered at term suggesting that some
vascular insults may not be severe enough to cause preterm birth but still inflict some effect
on fetal growth.
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The following chapter will summarize the changes in maternal hemostatic system during
normal pregnancy and those associated with preterm labor and preterm PROM. In addition,
we will review the vascular changes associated with preterm parturition. The last section of
this chapter will address the role of the hemostatic and angiogenic markers for the prediction
of spontaneous preterm birth.

2. The physiology of hemostasis

Hemostasis is crucial for the maintenance of the vascular tree integrity.

The major components of the hemostatic system, which function in concert, are the following;:
1) the vessel wall and endothelium; 2) platelets and other formed elements of blood, such as
monocytes and red cells; and 3) plasma proteins (the coagulation and fibrinolytic factors and
inhibitors). These components act altogether in a synchronize fashion to generate the hemo-
static plug, preserve the integrity of the vascular tree in the body, and avoid uncontrolled clot
formation and thrombosis (See figure 1).

1. Initiation 2. Amplification 3. Propagation

a-granule release
Fva+Ca"™

PS membrana
FVilia & free vWF
FXla

Fibrin

Microparticle

Figure 1. Initiation of coagulation by endothelial injury and exposure of tissue factor to the extrinsic pathway. Then,
the platelets aggregate by activation of intrinsic pathway and platelet activation. And finally propagation and clot sta-
bilization by thrombin — fibrin balance formation (from reference #12 with permission).

The vessel wall: Endothelial damage or activation is a crucial event that launches the cascade
of reactions leading to thrombin generation and fibrin clot formation. The vascular endothe-
lium is the focal point for both initiation and inhibition of the coagulation process. During
endothelial damage the sub endothelial tissue factor molecules are exposed and initiate
coagulation by activation of the extrinsic pathway. This is relevant also for the maternal fetal
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interface since the villous and exteravillos trophoblast of the human placenta adopt the
properties of endothelium and vessel wall in order to allow laminar flow of maternal blood
through the placental bed without unnecessary activation of the coagulation cascade; and any
damage in their integrity will activate the coagulation cascade.

Platelets activation and plaque formation: Following vascular injury platelets initially adhere
to sub-endothelial collagen via von Willebrand factor (vWF) (figure 2). These vWF “bridges”
are anchored at one end to sub-endothelial type IV collagen molecules and at the other end to
the platelet GPIb/IX/V receptor [1,2]. The adherent platelets can also attach to other sub-
endothelial extracellular matrix proteins (e.g. laminin, fibronectin, and vitronectin) via cell-
membrane bound integrins [3]. The binding of these receptors activates the platelets through
calcium-dependent cytoskeletal changes.

Vascular Injury

Collagen IV-vWF-
GPIb/IX/V

A 4

Platelet Adherence
GPIb/IX/V

(+)
ADP
PAF
Incrgase TXA2
Calcium
flux Collagen
Thrombin
Epinephrine

Arachidonic acid
v

Platelet
Activation

Platelet GP IIb/Illa-Fibrinogen

degranulation (fibronectin, vitronectin)

A\ 4

Platelet
Aggregation

Figure 2. Mediators of platlet activation and agregation (from reference #5 with permission).
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Activated platelets form pseudopodia that further enhance vVWF coupling to the sub endothe-
lium. Moreover, ADP induces a conformational change in the GPIIb/Illa receptor on the
platelet membrane causing platelet aggregation via the formation of a high affinity fibrinogen
bridges anchored at either end by GPIIb/Illa receptors on 2 different platelets [4]. Thus, Platelet
activation converts the normally inactive Gp IIb/IIla receptor into an active one, enabling
binding to fibrinogen and VWE. Because the surface of each platelet has about 50,000 Gp IIb/
IITa-binding sites, numerous activated platelets recruited to the site of vascular injury can
rapidly form an occlusive aggregate by means of a dense network of intercellular fibrinogen
bridges. Since this receptor is the key mediator of platelet aggregation, it has become an
effective target for antiplatelet therapy [5].

2.1. Plasma proteins

Coagulation factors: Plasma coagulation proteins (clotting factors) normally circulate in plasma
in their inactive forms. The sequence of coagulation protein reactions that culminate in the
formation of fibrin was originally described as a waterfall or a cascade. Two pathways of blood
coagulation have been described in the past: the extrinsic, or tissue factor, pathway and the
intrinsic or contact activation, pathway (figure 3). However, the current approach is a more
unify view in which the coagulation cascade is normally initiated through tissue factor
exposure and activation of the extrinsic pathway that generates thrombin and activates the
elements of the classic intrinsic pathway. These reactions take place on phospholipid surfaces,
usually on activated platelets.

The initial phase of coagulation is the exposure of tissue factor to coagulation factors, caused ei-
ther by endothelial damage oractivation [6]. Tissue factor (TF) isa47kDa cellbound trans-mem-
brane glycoprotein and member of class 2 cytokine superfamily [7], that functions as: 1) a
receptor, with signal transduction resulting in the induction of genes involved in inflammation,
apoptosis, embryonic developmentand cell migration[8]; and 2])as an activator and cofactor for
factors VII/VIlain the coagulation cascade. Itis constitutively expressed by many extravascular
tissues, especially perivascular ones, and it is highly expressed in the brain, heart, lungs, kid-
neys, testisand placenta [9-11], reflecting the importance of these tissues to the organism[12]. TF
expression can be induced in monocytes and platelets, and has been detected on circulating mi-
croparticles (MP) derived from these and other cell types [7,13]. The expression of this coagula-
tion factor can also be induced on endothelium in response to inflammatory stimuli including
exposure to: 1) bacterial lipopolysaccharide (LPS) in sepsis; 2) adhesion molecules (P-selectin
expressed on platelets, CD40 ligand expressed on white blood cells); and 3) inflammatory cyto-
kines (interleukin- 6, tumor necrosis factor), and oxidized low-density lipoprotein(LDL) [14].

Tissue factor activates the coagulation cascade by binding to the serine protease factor VIla;
the complex of TF+FVIla activates factor X to factor Xa and initiating the converting factor IX
to factor IXa in the intrinsic system leading to further formation of factor Xa. Thus, this factor
is formed through the actions of either the tissue factor/factor VIla complex or factor IXa (with
factor VIIIa as a cofactor), and converts pro-thrombin to thrombin, the pivotal protease of the
coagulation system. Thrombin is a multifunctional enzyme that converts soluble plasma
fibrinogen to an insoluble fibrin matrix. Thrombin also activates factor XIII (fibrin-stabilizing
factor) to factor XIIla, which covalently cross-links and thereby stabilizes the fibrin clot.
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Figure 3. The extrinsic and intrinsic pathways of coagulation are a model for simplifying the coagulation system. This
model is reflected in the laboratory PT and PTT measurements (from reference #12 with permission).

An additional mechanism in which the activation of the coagulation cascade can take
place is through microparticles. Circulating microparticles are an area of intense research,
as increased levels of them were shown to be pro-coagulant, even in the absence of TF
expression [14-17]. These microparticles are tiny (<1 mm) membrane-bound vesicles and
express membrane antigens that reflect their cellular origin[18]. The concentration of cir-
culating microparticles is increased during platelet activation, inflammation, or apoptosis.
Elevated concentrations of microparticles are encountered in diseases with vascular in-
volvement and hypercoagulability such as disseminated intravascular coagulation, diabe-
tes, and immune-mediated thrombosis [12].
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Anti-coagulation protein:
Thrombin also plays a crucial role in activating the inhibition of the coagulation cascade.

Following its activation thrombin binds to thombomodulin causing a conformational
change that activates the endothelial receptor of protein ¢, which in turns activates protein
C. The latter is bound to its cofactor protein s together this complex inactivates factor Va and
factor VIlIa of the intrinsic pathway, reducing substantially thrombin generation13. In addi-
tion to protein ¢ and protein s there is the tissue factor pathway inhibitor (TFPI) which is the
main inhibitor of the extrinsic pathway of coagulation, this protein inhibits the activity of
factor VIIa and factor Xa reducing by this thrombin generation by the extrinsic pathway. the
complex of protein z and Protein Z-dependent protease inhibitor (ZPI) inactivates factor Xa,
and can also directly inhibit factor XIa. However, by far the most active inhibitor of both fac-
tor Xa and thrombin is antithrombin (AT) (previously known as antithrombin III). The AT
molecule binds to either thrombin or factor Xa and then complexes with vitronectin which
causes a conformational change that facilitates heparin binding. The resultant quaternary
structure augments thrombin inactivation 1000-fold. The function of these anticoagulation
protein is essential for maintaining the homeostasis between coagulation and adequate
blood flow in the vascular tree, and deficiency in these protein is associated with increase
risk for thromboembolic diseases and other complications.

Fibrinolysis factors and inhibitors: The process of fibrinolysis (i.e., clot lysis) is also crucial
to the prevention of thrombosis (Figure 4). Fibrin is degraded to its degradation products
(FDPs) by plasmin [19], that is generated from plasminogen by the action of tissue-type
plasminogen activator (tPA) embedded in fibrin. This process is accelerated when plasmino-
gen itself is bound to fibrin. Endothelial cells produce a second plasminogen activator,
urokinase-type plasminogen activator (uPA). The latter’s activation requires high molecular
weight kininogen, kallikrein, and plasmin. This helps explain why deficiency of the former
two “intrinsic pathway’” clotting factors (ie, activators of factor XI) paradoxically lead to
thrombosis and not bleeding.

There are series of inhibitors of premature fibrinolysis and, thus, hemorrhage. Plasmin is
directly inhibited by a2-plasmin inhibitor. This inhibitor is also bound to the fibrin clot where
it is positioned to prevent premature fibrinolysis. Type-1 plasminogen activator inhibitor
(PAI-1) is synthesized by endothelial cells and platelets in response to thrombin binding to
(protease activated receptor) PARs. In pregnancy, the decidua is a rich source of PAI-1, while
the placenta produces PAI-1 and PAI -2, and serve as the primary source for the latter [20,21].
In the initial stages of platelet plug and fibrin clot formation, endothelial cells release PAI-1
but after a delay, endothelial cells release tPA and uPA to promote fibrinolysis.

Thrombin-activatable fibrinolysis inhibitor (TAFI) is another antifibrinolytic factor which acts
by cleaving the C-terminal lysine in fibrin, to render it resistant to cleavage by plasmin [22,23].
Levels of TAFI are increased in the third trimester [23]. Interestingly, TAFI is also activated by
the thrombin-thrombomodulin complex, once again implicating thrombin as the ultimate
arbiter of hemostasis. The fibrinolytic system can influence coagulation in several ways. For
example, FDPs inhibit thrombin action, a major source of hemorrhage in disseminated
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intravascular coagulation. In addition, PAI-1 bounded to vitronectin and also to heparin can
directly inhibit thrombin and factor Xa activity [5,24].

Cross-linked
Fibrin

—o, plasmin

inhibitor Plasmin

tPA |-PAI-1
uPA |-PAI-2
-TAFI

Plasminogen

A\ 4

FDPs

Figure 4. Fibrinolysis factors and inhibitors. The following scheme shows the process of fibrin degradation and plas-
min generation (from reference #5 with permission).

3. Pregnancy associated changes in the hemostatic system

Pregnancy is a challenging time period for the hemostatic system. The demands from this
system changes in different sites and are somewhat contradictory. The formation of the
placental bed in which the maternal blood is running outside the maternal vessels necessitate
the mother to address two challenges, the first one is to protect herself from a life threatening
bleeding, and the second is to enable a continues blood flow through the placental bed outside
the maternal blood vessels without activating the coagulation cascade. These challenges have
been addressed by the formation of three compartments: 1) The maternal compartment which
becomes adaptive and pro-coagulant to prevent severe bleeding during delivery; 2) The fetus
that develops his coagulation system during gestation while floating in the pro-coagulant
amniotic fluid; and 3) The maternal fetal interface of which the intervillous space is hypocoa-
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gulated in order to ensure the extravascular laminar flow of maternal blood and the maternal
decidua is rich with tissue factor to prevent bleeding.

During gestation, changes in the coagulation system are considered to be adaptive to prevent
hemorrhage at the time of delivery [25-29]. Indeed, normal pregnancy has been associated with
excessive maternal thrombin generation [28,30] and a tendency for platelets to aggregate in
response to agonists [31,32] (TABLE 1). Pregnancy is accompanied by 2 to 3-fold increase in
fibrinogen concentrations and 20% to 1000% increase in factors VII, VIIL IX, X, and XII, all of
which peak at term [33]. The concentrations of vVWF increase up to 400% by term [33]. By
contrast, those of pro-thrombin and factor V remain unchanged while the concentrations of
factors XIII and XI decline modestly[34]. Indeed there is evidence of chronic low-level thrombin
and fibrin generation throughout normal pregnancy as indicated by enhanced concentrations
of pro-thrombin fragment 1.2, thrombin-antithrombin (TAT III) complexes, and soluble fibrin
polymers[23]. Free protein S concentration declines significantly (up to 55%) during pregnancy
due to increased circulating complement 4B-binding protein its molecular carrier. Protein S
nadir at delivery and this reduction is exacerbated by cesarean delivery and infection [33,35].
As a consequence, pregnancy is associated with an increase in resistance to activated protein
C[23,33]. The concentrations of PAI-1 increase by 3 to 4-folds during pregnancy while plasma
PAI-2 values, which are negligible before pregnancy reach concentrations of 160 mg/L at
delivery [33]. Thus, pregnancy is associated with increased clotting potential, as well as
decreased anticoagulant properties, and fibrinolysis [5]. Therefore, it can be defined as a
prothrombotic state.

Increased Decreased  No change
Systemic changes Procoagulant factors 1LV VILVIILIX, X Xl
Anticoagulant factors Soluble TM PS
Adhesive proteins VWF
Fibrinolytic proteins PAI-1,PAI-2 t-PA TAFI
Microparticles and APLA MP APLA
Local placental changes TF TFPI

Table 1. Hemostatic changes in pregnancy [42].

In contrast to the maternal circulation and the decidua, the establishment of the uteroplacental
circulation challenges the hemostatic system. Indeed, fibrin deposition sites were identified in
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decidual veins at sites of trophoblast invasion, where villi are implanted into veins [36].
Compared with endothelial vasculature, the trophoblasts lining decidual spiral arteries have
a reduced capacity to lyse fibrin, and recent studies have shown that this is caused by high
concentrations of plasminogen activator inhibitors [37] that affects it fybrinolytic capabilities.
In addition, perivascular decidualized human endometrial stromal cells are ideally positioned
to prevent postimplantation haemorrhage during endovascular trophoblast invasion by
expressing TF, which is a primary cellular mediator of hemostasis [38,39]. In vivo and in vitro
studies have demonstrated that estradiol (E2) enhances TF expression during progesterone
induced decidualization. It was demonstrated that paracrine factors, such as endothelial
growth factor (EGF) are involved with steroid-enhancing TF expression in decidualized
human endometrial stromal cells through the EGF receptor [40]. The trophoblast and the
placenta have distinct anticoagulation properties that aimed on one hand to prevent bleeding
and on the other hand to allow laminar flow of maternal blood through the intervillous space
[41,42]. Accumulating evidence suggest that the trophoblast acquires properties of vascular
epithelium and expresses coagulation inhibitors such as tissue factor pathway inhibitor
2[43-45] (also known as placental protein 5 [46,47]), heparin co-factor II, dermatan sulfate [48,
49], and thrombomodulin [50-53] as well as pro-coagulant proteins such as tissue factor [38,54].
Moreover, a knockout mouse model for the endothelial receptor of protein C was lethal in-
utero and the embryos died on the 10.5 day of gestation, and fibrin deposition was found
around their giant trophoblast cells of these embryos [55]. Moreover, a recent report demon-
strated that the placenta is an extra-hepatic source of the anti-coagulant proteins including
protein C, protein S, as well as protein Z, and their expression is constitutive irrespective of
obstetrical conditions [85].

4. The hemostatic system and preterm parturition

The involvement of the hemostatic system in the pathophysiology of preterm parturition is
becoming more and more apparent. Indeed, changes in maternal and fetal gens, abnormal
placental vascular finding and increased thrombin generation in the maternal circulation were
all reported in association with preterm parturition.

Genetic studies: During parturition there is remodeling of the extra cellular matrix of the
uterine cervix. Recently increased expression of the tissue type plasminogen activator gene
was reported during labor at term [56]. This finding was supported by the role of plasminogen
activation in the remodeling of the extracellular matrix in human amnion, chorio-decidua, and
placenta during and after labor [57]. Moreover, in a genetic association study that tested
maternal and fetal genes in women with preterm labor reported this gene to be highly express
in fetuses of Hispanic patients who delivered preterm.

Single nucleotide polymorphisms of the coagulation genes are associated with increased risk
for preterm birth. Indeed, in a study that aimed to identify the impact of genetic polymor-
phisms with pro-thrombotic and anti-thrombotic effects on the occurrence of preterm birth in
a large cohort of very-low-birth-weight (VLBW)-infants and their mothers, and term-born-
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infants and their mothers, maternal factor VII-121del/ins and the infant's factor VII-121del/ins
polymorphisms were more frequent in the group of singleton VLBW and their mothers.
Furthermore, the frequency of the factor XIII-Val34Leu polymorphism was significantly lower
in singleton VLBW than in term infant controls; and in a multivariate regression analysis,
previous preterm delivery, the maternal carrier status of the factor-VII-121del/ins polymor-
phism (OR=1.7, 95% CI: 1.12-2.5, p=0.007) and the lower frequency of infant's factor-XIII-
Val34Leu polymorphism (OR=0.53; 95% CI: 0.29-0.96; p=0.038) were found to be independently
associated with preterm delivery [58]. The association between Polymorphisms in factor VII
and preterm birth was also reported among Caucasian in the USA. This study included
maternal and fetal DNA from 370 patients. For maternal data the strongest associations were
found in genes in the complement-coagulation pathway related to decidual hemorrhage in
preterm birth. In this pathway 3 of 6 genes examined had SNPs significantly associated with
preterm birth, including factor V, factor VII, and tissue plasminogen activator. The single
strongest effect was observed in tPA marker rs879293 with a significant allelic and genotypic
association with preterm delivery (OR- 2.80, CI 1.77-4.44, for a recessive model). Finally,
exploratory multi-locus analyses in the complement and coagulation pathway were performed
and revealed a potentially significant interaction between a marker in Factor V (rs2187952) and
Factor VII (rs3211719) (p<0.001); the authors concluded that "These results support a role for
genes in both the coagulation and inflammation pathways, and potentially different maternal
and fetal genetic risks for preterm birth"[59].

Collectively the evidence brought here suggest that genetic polymorphism of the coagulation
genes may predispose a subset of women to an increased risk for preterm birth. What is the
role of gene environmental interaction and in what mechanisms these polymorphisms of the
coagulation genes affect the risk for preterm parturition are still unknown and are an area of
future research.

Changes in maternal circulation: Increased thrombin generation in the maternal circulation,
above that reported during normal pregnancy, has been reported in all the great obstetrical
syndromes including preeclampsia [60-66], fetal growth restriction [61,62,67,68], fetal death
[69], preterm labor (PTL) [30,70], and preterm PROM [30,69,71]. There are several possible
explanations for the increased thrombin generation reported in women with preterm partu-
rition: 1) increased activation of coagulation cascade in the maternal circulation due to
pathological processes including bleeding or inflammation; and 2) depletion of anticoagula-
tion proteins that subsequently leads to increased thrombin generation.

Increased activation of the coagulation cascade among women with preterm parturition is well
supported by the current literature. Indeed, women with preterm PROM and preterm labor
have a higher median maternal plasma concentration of thrombin-anti-thrombin (TAT) III
complexes [30,70]. In addition, in women with preterm labor elevated maternal plasma TAT
III concentration was associated with a higher chance to deliver within <7 days from admission
[69] (figure 5, and figure 6). Median maternal plasma Tissue factor, concentration is higher in
women with preterm PROM, but not in those with PTL, than in those with normal pregnancies
[72]. Nevertheless, women with preterm labor as well as those with preterm PROM had both
increased tissue factor activity in comparison to normal pregnant women.
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Figure 5. Thrombin-antithrombin Il (TAT) levels in control patients, patients with preterm labor who delivered within
3 weeks, and patients with preterm labor who delivered after 3 weeks. Open diamonds, Mean levels; black error bars,
SD. *P <.05, Student-Newman-Keuls method (from reference #70 with permission).

950

650

350

50

40

30

TAT complexes (ug/l)

20

10

p =0.03

—sspiiepe

-

Normal pregnancy
(n =30)

Preterm labor
(n =30)

Figure 6. Maternal plasma TAT Ill concentration in women with preterm labor (PTL) and those with a Normal preg-
nancy (from reference #30 with permission).
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The activation of the coagulation system in the placental and maternal compartment of patients
with preterm parturition can result from the following underlying mechanisms: 1(decidual
hemorrhage that leads to a retro-placental clot formation [73]; 2) intra-amniotic infection which
can induce decidual bleeding and sub-clinical abruption [74], as well as increased intra-
amniotic TAT complexes [69]; and 3) an increased maternal systemic inflammatory response
[75] that may activate the extrinsic pathway of coagulation due to the expression and release
of tissue factor (TF) by activated monocytes [76]. These mechanisms result in an increased
thrombin generation, which has been associated with the following: 1) stimulation of decidual
cell secretion of matrix metalloproteinase (MMP) (i.e. MMP-1 and MMP-3) that can degrade
the extracellular matrix of the chorioamniotic membranes [77,78](as is in preterm PROM); and
2) myometrial activation and uterine contractions generation that may lead to preterm labor
with or without rupture of membranes and a subsequent preterm delivery [70,79,80]. While
thrombin is generated as a consequence of activation of the coagulation cascade, TF, the most
powerful natural pro-coagulant, is abundant in the uterine decidua in the normal state [81,82],
as part of an efficient hemostatic mechanism in the uterine wall, which is activated in the course
of normal pregnancy during implantation[83] and after delivery[84]. However, this hemostatic
mechanism may also be activated due to pathological decidual bleeding in pregnancies
complicated by placental abruption [73,85] and intra-amniotic infection [74].

A novel mechanism that may lead to an increased thrombin generation in women with preterm
parturition is depleted or insufficient anticoagulant proteins concentration. Indeed, women
with preterm labor without intra-amniotic infection or inflammation and those with vaginal
bleeding who delivered preterm had a lower median maternal plasma protein Z, a co-factor
that participate in the inhibition of factor Xa, concentration than women with normal preg-
nancy and those with vaginal bleeding who delivered at term [86]. Moreover, both patients
with preterm labor and preterm PROM had a lower median maternal plasma concentration
of total tissue factor pathway inhibitor (TFPI), the main physiological inhibitor of the TF
pathway, regardless of the presence of infection or gestational age at delivery. These obser-
vations suggest that the increased thrombin generation observed among these patients may
derive not only from an increased activation of the hemostatic system, but also from insuffi-
cient anti-coagulation. The latter can be due to either low concentrations of the anticoagulant
proteins, or as a result of an abnormal balance between coagulation factors and their inhibitors.

The overall balance between the concentration and activity of the coagulation factors and the
anti-coagulation proteins is one of the determining factors of thrombin generation. In the
normal state, the immunoreactive concentrations of TFPI in the plasma are 500 to 1000 times
higher than that of TF [87], suggesting that an excess of anti-coagulant proteins closely controls
the coagulation cascade activity [87]. Although preterm labor was not associated with a
significant change in the median maternal plasma tissue factor concentration, the TFPI/TF ratio
was lower than that of normal pregnant women, mainly due to decreased TFPI concentrations.
Along with the reports that patients with preterm PROM [72], as well as those with pree-
clampsia [88], have a lower median maternal plasma TFPI/TF ratio than that of normal
pregnant women. The lower TEPI/TF ratio in patients with preeclampsia occurs despite the
increase in the median maternal plasma TFPI concentration observed in these patients. This
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suggests that the balance between TF and its natural inhibitor may better reflect the overall
activity of the TF pathway of coagulation, than the individual concentrations of TF or TFPIL
Collectively, these observations suggest that our attention should be focused not only on the
coagulation protein but also on their inhibitors since an imbalance between them may
contribute to increased thrombin generation leading to the activation of preterm parturition.

Inflammation is a major process in term and pre term parturition. In recent years it has become
apparent that tight and reciprocal interactions exist between coagulation and inflammation
[90]. Originally, much attention was given to mechanisms by which inflammatory mediators,
most notably cytokines, can activate coagulation. More recent investigations have revealed
that, in turn, mediators involved in the regulation of coagulation and anticoagulation have
major effects on the inflammatory processes.

Inflammation elicits coagulation primarily by activating the tissue factor pathway [89] and the
generation of thrombin and fibrin. The pivotal role of tissue factor in activation of coagulation
during a systemic inflammatory response syndrome, such as produced by endotoxemia or
severe sepsis, is well established, and attenuation of the activation of the tissue factor/factor
Vlla pathway in endotoxemic humans and chimpanzees and in bacteremic baboons abrogated
the activation of the common pathway of coagulation [90-92] and decreased the morbidity
associated with these systemic inflammatory conditions.

During preterm PROM and preterm labor, there is a moderate maternal systemic inflam-
mation that results in monocyte and granulocyte activation [75]. Activated monocytes ex-
press TF on their membrane [93-97] and shed micro-particles containing TF into the
plasma [93]. In addition, the lack of association between intra-amniotic infection/inflam-
mation, as well as the placental histologic findings and median maternal plasma concen-
trations of TF and TFPI, suggest that the pro-coagulant changes observed in patients
with preterm PROM may be due to a systemic rather than a local (i.e. placental, intrau-
terine) inflammatory process.

Moreover, preterm PROM is associated with an increased activation of the decidual compo-
nent of the common pathway of parturition [98]. Thus, in pregnancies complicated by
abnormal placentation or intrauterine infection, decidual bleeding may lead to a higher
expression of TF and activation of the coagulation cascade, resulting in increased thrombin
generation. The latter has uterotonic properties that may generate uterine contractions that
could initiate labor [70,79,80]. Moreover, thrombin can mediate the activation of MMP-1 [78],
MMP-3 [77], and MMP-9[99] that can digest components of the extracellular matrix, weaken
the chorioamniotic membranes and predispose to preterm PROM.

The mechanisms described above are localized to the maternal-fetal interface. The lack of
association between median maternal plasma TF concentrations and the presence of intra-
amniotic infection/inflammation or vaginal bleeding in patients with preterm PROM suggest
that the systemic maternal inflammatory response during preterm PROM[75] may contribute
the increase median maternal plasma TF concentration in these patients regardless to the
presence of infection or inflammation in the amniotic cavity or the occurrence of vaginal
bleeding [100].
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In addition to the maternal circulation intra-amniotic infection and/or inflammation is
associated with an increased amniotic fluid TAT III complexes (figure 7). This is important
since it represent an increased thrombin generation in the amniotic cavity during infection and
or inflammation that may contribute to uterine contractility and the development of preterm
birth [99]. Of interest, elevated intra-amniotic TAT III concentrations were associated with a
shorter amniocentesis to delivery interval and an earlier gestational age at delivery only
inpatients with preterm labor without intra-amniotic infection or inflammation [99]. This
observation suggest that in a subset of patients with preterm labor activation of the coagulation
system can generate preterm parturition and delivery; while in those with intra-amniotic
infection and or inflammation the activation of the coagulation and thrombin generation is a
byproduct of the inflammatory process leading to preterm birth.
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1.07 - Elevated TAT
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[
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Figure 7. The effect of amniotic fluid thrombin-antithrombin (TAT) Il concentrations on gestational age at delivery
(from reference #69 with permission)

5. Placental vascular changes in women with preterm parturition

Accumulating evidence from studies of the placenta [101,102], uterine artery Doppler scans
[103], and animal experiments [104], suggest a role for uteroplacental ischemia in preterm birth.
Indeed, Arias et al reported that about 20% of the placentas of patients who delivered preterm
following preterm labor or preterm PROM had vascular lesions [105].
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The invasion of trophoblast cells into the decidual and myometrial segments of the spiral
arteries is a key point of normal placentation. This process results in reversible changes of the
normal spiral arteries wall architecture [106]. The ““disappearance of the normal muscular and
elastic structures of the arteries and their replacement by fibrinoid material in which tropho-
blast cells are embedded”” was originally termed physiologic transformation by Brosens et al
in 1967. This process progressively remodeled, starting from the end of the first trimester
onward, the uterine spiral arteries to form dilated conduits lacking maternal vasomotor
control, ensuring the delivery of a constant supply of blood to the maternal-fetal interface at
an optimal velocity for nutrient exchange [107]. Notably, several coagulation components,
such as TF and thrombomodulin, are involved not only in hemostasis but also with placental
blood vessel differentiation [38,42], affecting thereby the generation of different pathological
condition affecting pregnancy and parturition; A higher rate of failure of transformation of the
spiral arteries was reported in placentas of patients with preterm labor and preterm PROM
than in those of normal pregnant women. This lesion has been implicated in the increased
vascular resistance in the placental bed and the reduction of blood flow to the intervillous
space [108,109], this is considered as a marker for defective placentation. Failure of transfor-
mation of the spiral artery was first reported in women with preeclampsia [110]. Indeed, the
extent of this lesion in placenta of women with preeclampsia is more extensive than what is
detected in women with preterm labor or preterm PROM [111-113], suggesting when extensive
failure of physiologic transformation is present, narrowed uteroplacental arteries predispose
to reduced perfusion of the intervillous space, ischemia, and compensatory maternal hyper-
tension. If these lesions are less extensive, the degree of ischemia may be insufficient to induce
maternal hypertension, but may predispose to preterm labor/preterm delivery by itself or in
association with other pathologic processes, such as intrauterine infection. A report that
support the concept that clinical presentation is somewhat reflecting the extent of the disease
is the study by Espinoza et al who found that women with an episode of preterm labor who
delivered at term had a higher rate of SGA neonates and increased frequency of placental
vascular lesions in comparison to those with preterm labor who delivered preterm [114]. This
finding suggests that in some cases the vascular lesions that lead to development of preterm
labor is not severe enough to cause preterm birth, however the "price" for the continuum of
the pregnancy to term is decrease fetal growth.

6. The future — Hemostatic markers for preterm parturition?

In light of the association between maternal plasma TAT III concentrations in women with
preterm labor and preterm birth within a week; and the association between amniotic fluid
TAT III concentrations, the interval from amniocentesis to delivery, and gestational age at
delivery. The question of the role of hemostatic markers as predictors for preterm birth is
relevant. A preliminary report by Vidaeff et al found that increased concentrations of amniotic
fluid TAT III concentration during mid-trimester amniocentesis of asymptomatic patients is
associated with subsequent preterm delivery [115]. Aside the amniotic fluid new assays that
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study the thrombin generation potential in maternal blood may offer similar answer in less
invasive methods [116].

7. Conclusions

The understanding of the homeostasis system and coagulation process is crucial for under-
standing the physiological and pathological parturition. The significant impact of placentation
abnormalities caused by those same changes in the haemostatic system, on maternal and fetal
wellbeing is yet to be studied.

The aim of this chapter was to provide a window to the complexity of the normal homeostasis
and pregnancy and a view of the different pathological conditions that may emerge during
parturition. The inflammation as well as the coagulation and placental implantation are all
part of the total picture of parturition.
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Chapter 4

Placenta in Preterm Birth

Erdener Ozer

Additional information is available at the end of the chapter
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1. Introduction

This chapter provides an understanding of specific patterns of placental pathology and their
associations with the various phenotypes and underlying mechanisms of preterm birth.

To the perinatal pathologists, preterm births are those occurring at less than 37 weeks of
gestation. In almost all countries with reliable data, preterm birth rates have increased
worldwide. The complications of preterm birth due to prematurity are often serious com-
munity health problems and account for 75% of perinatal mortalities and more than 50% of
long-term infant morbidities [1]. Globally, prematurity is the leading cause of newborn deaths
and now the second leading cause of death after pneumonia in children under the age of five
[2]. The complications of prematurity include adverse cognitive, organ functional and motor
outcomes. Moreover, preterm infants have increased rates chronic lung disease, necrotizing
enterocolitis and neurological sequels including periventricular leukomalacia. Later in
childhood, they have reduced motor, intellectual and behavioral skills compared to children
born at term.

Clinical managements to reduce the incidence of preterm birth have not been yet very
successful. They have largely been targeting treatments for individual risk factors and focused
on answering clinical questions rather than pathogenic mechanisms such as placental ones.
The above facts regarding the clinical importance of preterm birth reveal that the pathologist
is and will be increasingly asked to examine placentas from preterm births in order to help
explaining the pathogenesis of preterm birth. In addition, the placental examinations from
these cases may provide valuable clues for predicting which infants and why some infants
may be at relatively greater risk for developing long term complications of preterm births.

The aim of this chapter is to present sufficient pathogenic background concerning what is
currently appreciated about the placental pathology in preterm birth in order that the prac-
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ticing perinatologists will be aware of the fact that any infant requiring the care of a neona-
tologist should have a placental examination.

2. Clinicopathological scenarios

The causes of singleton preterm birth are incompletely understood, and a full discussion of
the current clinical literature on this subject is beyond the scope of this chapter. Supporting
the fetus through the preceding gestation, the placenta is a very critical organ in explaining
the pathogenesis of preterm birth. From this point of view, the placental pathology will be
emphasized in two clinical categories of preterm birth: spontaneous preterm birth (SPB) and
indicated preterm birth (IPB).

SPB can be classified into two separate clinical scenarios: (i) premature onset of labor (POL)
defined as regular contractions with accompanying cervical change and with intact mem-
branes, and accounting for 40-45% of cases of preterm births or (ii) preterm premature rupture
of membranes (PPROM) defined as spontaneous rupture of membranes at less than 37 weeks
of gestation and at least one hour before the onset of contractions, and seen in 25-30% of
preterm births) [1].

IPB is defined when the labor is induced or caesarean section is performed for maternal or fetal
reasons. Ithas a high frequency of associated maternal vascular changes in the placenta, similar
to those described for hypertension or diabetes, as well as placental abruptions.

3. Placental pathology in spontaneous preterm birth

The various pathologic reaction patterns in SPB can be grouped in etiological context by
determining whether the etiological process is infectious or non-microbial (Table 1). There is
a large body of evidence that a cascade of activations of cellular components and mediators of
inflammatory pathways resultin onset of labor and membrane rupture [3, 4]. POL and PPROM
are likely to be the pathological results of abnormal microbial and non-microbial activation of
imbalances among these normally orchestrated components and mediators.

POL may result from (i) acute chorioamnionitis, (ii) uteroplacental underperfusion, (iii) uterine
fundal and cervical abnormalities or fetal anomalies. However, non-microbial etiologies
appear more prevalent. Acute uteroplacental underperfusion may be due to a retroplacental
hemorrhage (placental abruption). Chronic uteroplacental underperfusion is seen in maternal
chronic hypertension or diabetes.

The placenta in PPROM often shows evidence of ascending infection (amniotic fluid infection
sequence) or vasculopathic problems (hemorrhage or thrombi). Amniotic fluid infection has
clinical significance for the neonate beyond just causing preterm birth. The fetus may reveal
an inflammatory response associated with cytokine release that can cause damage to the
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Infectious etiology Acute inflammatory pathology 1. Acute chorioamnionitis

- Subacute chorioamnionitis

2. Acute villitis

Chronic inflammatory pathology 1. Chronic villitis

- CMV placentitis

- Syphilis placentitis

- HSV placentitis

2. ldiopathic chronic deciduitis

Non-microbial etiology 1. Retromembranous hemorrhage

2. Retroplacental hematoma

3. Marginal hematoma

4. Uteroplacental underperfusion

Table 1. Etiopathogenetic correlation of placental pathology in spontaneous preterm birth

developing brain and lungs. This inflammatory response is evident microscopically by
neutrophils migrating from the fetal vasculature of the umbilical cord or chorionic plate
towards the infected amnionic fluid.

4. Placental pathology of intrauterine infections and inflammatory
processes in SPB

Intrauterine infection is clinically a common etiology of SPB following POL and PPROM. It is
most prevalent and severe in early preterm infant. Bacterial infection is very common and
predisposes to preterm delivery. The most common pathogens include the genital mycoplas-
mas (especially Ureaplasma urealyticum) and Streptococcus agalactiae, Escherichia coli, Fusobacte-
rium, and Gardnerella vaginalis [4]. Group B streptococcus, Staphylococcus, Propionibacterium,
Peptostreptococcus, Pseudomonas, Proteus and Klebsiella species have also been commonly
detected [5]. Although Candida albicans is an uncommon pathogen, it has been associated with
high rates of morbidity and mortality in earlier cases of preterm birth.

Microbiological studies of amniotic fluid have shown that overall rates of infection in SPB are
25-40%. Approximately 32.5% of women with POL and over 75% with PPROM have positive
amniotic fluid cultures. Studies have additionally shown that infection can be confined to the
decidua and the rate of chorioamnion colonization is twice that of the amniotic fluid [1].
Although bacterial infection is very common and predisposes to preterm delivery, not all
women with positive evidence of bacteria in the chorioamnion have POL or PPROM. In
addition, up to 70% of women undergoing elective caesarean section at term have evidence of
bacterial invasion and even inflammation [6].
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The relative numbers and pathogenicity of the organisms gaining access to the uterine or
amniotic fluid cavities, together with the degree of underlying maternal inflammatory
response and predisposing genetic, cervical/structural risk factors and/or fetal factors may
trigger inflammatory mechanisms involved in normal parturition towards SPB. Based on the
observation that 10-15% of placentas at term have histological acute chorioamnionitis, some
investigators suggest that chorioamnionitis may develop as a consequence of POL rather than
representing a cause of preterm birth [7].

There is a poor correlation between clinically diagnosed chorioamnionitis and the pathological
diagnosis of histological acute chorioamnionitis. It can be partly explained by the fact that the
clinical definition of chorioamnionitis is non-uniform, and that most cases of histopathological
chorioamnionitis represent subclinical infection. Further studies focused on the pathogenetic
mechanisms involved in SPB may yield clinicopathological explanations and improved
correlations [8].

4.1. Acute chorioamnionitis

Gross examination of the placenta the evidence of chorioamnionitis reveals membranous
edema, clouding, or yellowish-green discoloration and congestive placentomegaly. The cord
may show punctate yellowish lesions characteristic of candidiasis, although minute whitish
lesions may rarely be seen in severe bacterial infections.

The inflammatory response to ascending infection consists of an acute inflammatory neutro-
philic infiltrate composed of maternal neutrophils from the intervillous circulation and small
venules in the membranous decidua. In many cases this maternal response is supplemented
by a fetal response composed of neutrophils emanating from large vessels of the umbilical
cord and chorionic plate. Therefore, acute chorioamnionitis should be separated into two
components, the maternal and fetal inflammatory responses. Each of these in turn should be
characterized in terms of its spatiotemporal progression (stage) and severity (grade) [9].

Maternal inflammatory response begins in the decidua of the external membranes as patchy
deciduitis and progresses to margination of neutrophils along the deciduochorionic junction,
and additionally infiltration of the subchorionic maternal space. Therefore, the stages of
maternal response are;

Stage 1 (early chorioamnionitis or acute subchorionitis): Neutrophils are restricted to sub-
chorionic fibrin and the membranous decidual-chorionic interface.

Stage 2 (acute chorioamnionitis): Neutrophils are located at in chorion and amnion.

Stage 3 (necrotizing chorioamnionitis): There are signs of amnion necrosis including karyo-
rhexis of neutrophils, desquamation of amnionic epithelial cells, and bandlike eosinophilia of
the amnionic basement membrane (Figure 1).

Severe maternal inflammatory response responses are characterized by large accumulations
of neutrophils (microabcesses) under the chorion. Stage 1 response is generally clinically silent.
Stages 2 and 3 are associated with increased risk of neonatal morbidity and mortality. Stage 2
is most common in preterm births, but especially in the earliest periods of gestation [10].
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Figure 1. Stage 3 (advanced, late) histological acute chorioamnionitis.

Maternal grade (intensity and distribution of inflammation) 2 of subchorionic neutrophilic
aggregation is associated with increased risk of neonatal infection [11].

The fetal inflammatory response to infection is manifested by migration of neutrophils from
chorionic plate vessels and from the umbilical cord vessels. Severe fetal responses are charac-
terized by near confluent neutrophilic infiltrates in the amnionic side of chorionic vessels with
attenuation and degenerative changes of the vessel wall (Figure 2). The staging of fetal
response is;

Stage 1: Neutrophils are located at in chorionic vessels (chorionic vasculitis) and/or umbilical
vein (umbilical phlebitis).

Stage 2: There is umbilical arterial infiltration of neutrophils (umbilical arteritis) or trivasculitis
(Figure 3).

Stage 3: There are neutrophils and neutrophilic debris forming arcs around umbilical vessels
in the Wharton’s jelly (necrotizing funisitis).

There are numerous important pathological outcomes associated with fetal inflammatory
response stages 2 and 3, and fetal grade 2 (severe), particularly for extremely preterm infants.
Fetal grade 2 inflammatory response is characterized by severe inflammation of the cord or
chorionic plate vessels and may be accompanied by acute mural non-occlusive thrombosis.
Severe fetal response associated with prolonged intrauterine infection may be manifested by
necrotizing funisitis revealing mineralization of the inflammatory and debris laden arcs. Fetal
stages 2 and 3 generally indicate increasing duration and/or severity of the infection. Fetal
grade 2, in particular, is strongly correlated with the presence of high fetal levels of circulating
proinflammatory cytokines and inflammatory mediators, such as interleukin-6. This condition
is referred to as the fetal inflammatory response syndrome (FIRS). It is currently believed that
various aspects of this response including circulating cytokines, bacterial toxins, and activation
of the coagulation cascade predispose to cerebral palsy and other forms of adverse neurological
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Figure 2. Severe fetal inflammatory response characterized by intense chorionic vasculitis.

Figure 3. The fetal inflammatory response (stage 2) characterized by funisitis with arteritis.

outcomes, such as periventricular leukomalacia and cerebral palsy. A role for fetal inflamma-
tory response syndrome in the development of chronic lung disease has also been proposed
with conflicting evidence.

Chorionic villous edema may also be prominent with fetal grade 2 histopathology. In addition,
ithasbeen linked to increased risk in extremely preterm infants, even without intense chorionic
vasculitis. The risk is evidenced for cerebral palsy and impaired neurological function when
these children reach school age [12]. Thus chorionic villous edemas are potentially an inde-
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pendent histopathological feature associated with increased risk for morbidity and mortality
in preterm infants.

Certain organisms have been more strongly associated with both intense chorionic plate
inflammation and fetal vasculitis including Actinomyces species, Corynebacterium species,
Mycoplasma species, Escherichia coli, Ureaplasma urealyticurn and group B, group D, alpha-
hemolytic, and anaerobic streptococci. However, it should be remembered that group B
streptococcal infection is not consistently accompanied by significant inflammation. Spread of
organisms from the infected placenta to the fetus (so-called early onset sepsis) is rare and
chorioamnionitis is rarely a direct cause of intrauterine fetal death. One exception is untreated
group B streptococcal infection.

Subacute necrotizing funisitis is a subset of acute chorioamnionitis characterized by peripheral
microabscesses of the umbilical cord. The classic gross finding is the presence of pinpoint
yellow-white nodules on the umbilical cord that track the coils of the underlying vessels. They
are best viewed with tangential light and/or use of a hand-held magnifying lens. These foci
correspond to histological subamniotic microabscesses and include mineralization of the arcs
of inflammatory detritus. Subacute necrotizing funisitis may also be seen in infections of longer
duration and cord vessel thrombosis in more chronic cases. The vast majority of these cases
are due to Candida albicans but C parasilopsis and other species have been identified. Co-infection
with bacteria and genital mycoplasmas may also occur.

Intrauterine infection by Candida, although a less common cause of acute chorioamnionitis is
more prevalent in preterm deliveries and is associated with significant mortality rates in the
extreme and severely preterm infant [13]. Gross detection of these lesions at the macroscopy
room should need rapid alarming of the neonatologist in charge so that the administration of
antifungal therapy can be started, if necessary. In addition, special fungal stains of the lesions
should be done. Rarely, the cord lesions represent foci of infections of Corynebacterium,
Haemophilus or Listeria monocytogenes.

Subacute chorioamnionitis is another acute inflammatory placental pathology of infectious
etiology in SPB. This is a histopathological diagnosis characterized by a chorionic mononuclear
(histiocytic) infiltrate admixed with degenerating neutrophils and karyorrhectic debris that is
most prominent in the upper zone of the chorionic plate and indicates a more prolonged
duration of intrauterine infection. It may represent infection by organisms of low pathogenicity
or recurrent mild infection. Clinically it is seen in gestations complicated by repeated second
and/or third trimester episodes of bleeding [11].

In a study, it was concluded that subacute chorioamnionitis was strongly associated with the
development of chronic lung disease of infancy and that very low birth weight and amniotic
necrosis were the strongest predictors of this pulmonary outcome [14]. However, the relative
significance of this histopathology needs further investigation. The differential diagnosis
includes chronic, predominantly lymphocytic, chorionitis which is generally focal and associated
with villitis of unknown etiology (Figure 4, 5).
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Figure 4. Predominantly lymphocytic focal infiltrate of chronic chorionitis.

Figure 5. Acute chorionitis characterized by diffuse neutrophilic infiltration

4.2. Acute villitis / intervillositis

This acute inflammatory response is characteristic of hematogenous (transplacental) spread
of infection from the mother to the fetus. The organisms spreading by transplacental route gain
access to the maternal bloodstream in early infection. The intervillous space contains aggre-
gates of (maternal) neutrophils admixed with fibrin in contrast to chronic villitis (Figure 6, 7).
Acute villitis with marked microabscess formation and necrosis follows, since the trophoblast
has receptors for the bacterial surface antigen internalin A, and cell-to-cell translocation of the
bacteria across the placental barrier into the villous endothelial cells and fetal circulation
occurs. Foci of acute intervillositis / villitis may coalesce to form punctate or confluent regions
of abscess and necrosis that are grossly seen on placental sections.
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Figure 6. Acute villitis characterized by aggregates of neutrophils in the intervillous space admixed with fibrin.

Figure 7. Acute villitis characterized by aggregates of neutrophils in the intervillous space admixed with fibrin.

Detection of acute villitis should prompt immediate notification of the perinatologists, since
Listeria monocytogenes is a common cause and associated with rapid and disseminated fetal
infection and high perinatal mortality in preterm births. This microorganism is a facultative
anaerobe that can survive and replicate within a broad thermal range. Maternal infection is
generally acquired through ingestion of contaminated food products (i.e. vegetables, packaged
or refrigerated meats, dairy products). Tissue gram stains will show numerous, short gram
positive rods. In addition, the placental lesions should be cultured, since investigations of
perinatal death and epidemics may require detailed documentation through specific typing
of the organism.

Other rare causes of acute villitis / intervillositis reflect maternal exposure to the pathogens.
Acute fibrinopurulent inflammation due to Chlamydia psittaci will show organisms within
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syncytiotrophoblast. Maternal tularemia following tick bite, inhalation of airborne bacteria, or
contact with infected rodents or rabbits can lead to a severe villitis and fetal infection. Coccioides
immitis spherules produce an intense villitis / intervillositis but rarely transplacental infection
of the fetus. Fetal sepsis due to Escherichia coli and group B and other streptococci can be
evidenced by neutrophilia within the fetal chorionic villous capillaries that may infiltrate into
the stroma forming aggregates in the subtrophoblastic space. In contrast to L nonocytogenes,
there is mild intervillositis or necrosis.

4.3. Chronic villitis

Chronic infections that may result in SPB are largely those caused by the TORCH (Toxoplas-
mosis, Others, Rubella virus, Cytomegalovirus, and Herpes simplex virus) infections. All of
these infectious disease result in fetal onset of growth restriction, hepatosplenomegaly,
cytopenias, coagulopathies, and often fetal hydrops and high infant morbidity and mortality.
Parasitic pathogens are uncommon but may complicate gestations of women who have
infected cats and are exposed early in their gestation to endemic pathogens. Toxoplasma
gondii is the most important parasitic placental infection in Western countries [15].

The overwhelming majority (approximately 90%) of infectious chronic villitis is due to
cytomegalovirus (CMV) and Troponema pallidum [16]. CMV infection usually results in a pale,
hydropic-appearing placenta and preterm delivery frequently complicated by placental
abruption. In these instances, dysmature villi are seen on light microscopy. More chronic
infection generally results in a normal weight to shrunken, firm, pale, fibrotic placenta and
fetal intrauterine growth restriction (IUGR). In these cases, CMV infection is characterized by
lymphohistiocytic and especially, lymphoplasmacytic villitis. Plasma cell infiltrate, while not
specific for CMV, is highly suggestive, especially if plasma cells are seen in terminal villi that
are not in contiguity with the basal plate. Intranuclear or cytoplasmic trophoblastic epithelial,
Hofbauer cellular, and endothelial inclusions are easily seen on hematoxylen eosin stains
(Figure 8). However, immunoperoxidase stains for CMV are particularly useful in cases of
longstanding intrauterine infection where the inclusions are sparse. Even if viral inclusions
are unapparent; presence of stromal hemosiderin deposition due to capillary damage,
dystrophic mineralization due to villous damage), and sclerosis are virtually pathognomonic
of CMV. Lymphoplasmacytic deciduitis in the capsularis and basalis is generally present. Use
of PCR for CMV early and late gene antigen gp 64 has also been reported [17].

Detection of acute villitis should prompt immediate notification of the perinatologists, since
Listeria monocytogenes is a common cause and associated with rapid and disseminated fetal
infection and high perinatal mortality in preterm births. This microorganism is a facultative
anaerobe that can survive and replicate within a broad thermal range. Maternal infection is
generally acquired through ingestion of contaminated food products (i.e. vegetables, packaged
or refrigerated meats, dairy products). Tissue gram stains will show numerous, short gram
positive rods.

Of special importance, prior maternal infection with CMV does not provide overall absolute
immunity and therefore, most cases of congenital CMV are due to recurrent maternal infection
that is asymptomatic in both the mother and the newborn. Since recurrent CMV is more
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Figure 8. Intracytoplasmic inclusions (arrow) in a CMV villitis.

common than primary CMV infection during gestation, placental examination in SPB emerges
as a critical means of detection of congenital CMV infection.

Syphilis placentitis is another cause of chronic villitis. The histopathology of T pallidum infection
is T-lymphocytic and sometimes lymphoplasmacytic chronic villitis which are typically
associated with sclerosis and circumferential vascular thickening of stem villous vessels and
thrombosis. Sometimes, histopathology may be limited to villous edema and hypercellularity.
Thrombi are also seen in umbilical cord and chorionic plate vessels, and confirmatory Warthin—
Starry or Steiner silver stains are best performed on the umbilical cord because of its relative
hypocellularity.

Herpes simplex virus (HSV) infection is characterized by lymphohistiocytic inflammation but
marked necrosis and intervillositis with trophoblastic multinucleation and viral cytopathy.
The villitis / intervillositis is similar to that seen in L monocytogenes except that the inflammation
is more often chronic and trophoblastic glassy inclusions are present. Intranuclear inclusions
can be confirmed by immunohistochemical stains. About 95% of intrauterine HSV infections
are due to acute ascending infections from the maternal genital tract, and most occur with
intact membranes. Therefore, amniotic multinucleation and necrosis is present, and frequently,
lymphoplasmacytic chorioamnionitis. In more chronic cases these multinucleated residual
cells may be incorporated into the superficial chorion. Chronic lymphoplasmacytic villitis is
often accompanied by chronic deciduitis.

4.4. Idiopathic chronic deciduitis

Chronic deciduitis limited to the decidua basalis, and defined as diffuse lymphocytic infiltrate
of the basal plate or any infiltrate in the decidua basalis that includes plasma cells is abnormal
(Figure 9). It is suggested to represent maternal response to chronic intrauterine colonization
or infection by organisms of low pathogenicity and may predispose to preterm birth. Poten-
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tially, infection may develop early in gestation, before membrane fusion of the chorioamnion
of the gestational sac to the opposite uterine wall at 19-20 weeks, and then later after fusion,
transmitted to the conceptus. Alternatively, the inflammation may represent recurrent /
persistent low-grade infection that occurs between pregnancies as chronic endometritis.
Therefore, it is a risk factor for recurrent pregnancy loss. In a study, it was found that 40% of
preterm placentas from cases of idiopathic preterm labor and 15% of their control cases had
chronic deciduitis [18]. Further clinicopathological studies may improve our understanding
of the implications of this entity.

Figure 9. Chronic desiduitis including plasma cells in the decidua basalis.

5. Placental pathology of non-inflammatory processes in SPB

The pathogenesis of SPB in the absence of infection may also involve activation of pathways
responsible for normal onset of labor via components of the maternal and fetal hypothalamic—
pituitary—adrenal axis. These include loss of the normally coordinated interactions and
changes in systemic and local uterine balances of oxytocin levels, fetal cortisol levels, and
decreasing estrogen to progesterone ratios. Other non-infectious triggers of SPB are uteropla-
cental ischemia and / or oxidative stress, excessive uterine stretching, immunologically-
mediated processes and uterine anomalies.

Finally, an important pathway also appears to involve non-infectious, pathological activation
of decidual inflammation by decidual bleeding, because extravasated blood is a biochemical
irritant and acts as a trigger of inflammation. Clinical findings suggest that pathological
findings including chronic retromembraneous hemorrhage, marginal and retroplacental
hematoma may have causal implications in SPB.
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5.1. Chronic retromembranous hemorrhage

Gross examination of retromembraneous hemorrhage reveals marked discoloration charac-
terized by red-brown thickenings and yellow areas behind the membranes, and opacity of the
fetal surface (Figure 10). This lesion is most likely to be from old bleeding and ascending
infection which are common together in extremely premature deliveries. The underlying cause
of retromembranous hemorrhage may involve ischemia and / or endothelial damage. Decidua
capsularis ischemia should be especially suspected if there is laminar necrosis or leukocyto-
clasticnecrosis. In a recent study, immunohistochemical staining for some markers of oxidative
stress including complement component 9 and nitrotyrosine residues were prominent in
membrane rolls with laminar necrosis [19].

Figure 10. Retromembranous hemorrhages showing brown or yellow discolorations on the membranes.

In addition, tumor necrosis factor a (TNFa) production is a potential focus of ongoing
researches on this topic, because TNFa in cervical secretions is of one of many potential
cytokines that has been identified as a marker of preterm labor in women without risk factors
of hypertension. It causes many effects and plays many roles on biological phenomena.
TNFa production is a common outcome of activation of monocytes and histiocytes in tissue
damage resulted from ischemia and bacteria, immune complexes, toxins and other cytokines
TNFa causes the release of proteolytic enzymes from mesenchymal cells, in addition to
resulting in aggregation and activation neutrophils. TNFa has also recently been shown to
raise apoptosis of cultured villous trophoblasts [20]. Alternatively, it has a biological effect on
inducing decidual vascular smooth muscle apoptosis and elastin degradation. TNFa also
increases production of other inflammatory cytokines, matrix metalloproteinases involved in
amnion degradation, and mediators of increased uterine tonicity (i.e., prostaglandin produc-
tion by amnion, decidua and myometrium). Besides TNFa, other cytokines and chemokines
such as IL-1p, IL-4, IL-6, IL-8 and factor Va are being investigated in preterm birth and seem
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to exhibit racial differences and polymorphisms, but their precise roles and points of entry in
the cascade of preterm labor are unclear.

5.2. Retroplacental hematoma (Abruptio placenta)

Abruptio placenta is defined as the sudden separation of a significant portion of the placenta
from its underlying maternal blood supply prior to delivery and is one important cause of
acute hypoxic injury. It is associated with a number of adverse outcomes including preterm
delivery, fetal growth restriction, stillbirth, and hypoxic ischemic encephalopathy. Patients
with evidence of early pregnancy bleeding are also at risk for later acute abruption.

It is often stated that the correlation between pathological and clinical abruption is poor.
Likewise, clinical signs and symptoms of abruption may also prove unreliable [21]. The gold
standard for diagnosis of abruptio placenta is macroscopical appearance of retroplacental
hemorrhage at the time of C-section. The best pathologic evidence is the gross finding of a
retroplacental hematoma with either placental indentation or intraplacental extension (Figure
11). In the absence of these findings, microscopic evidence of interstitial hemorrhage in the
basal plate or diffuse retromembranous hemorrhage is helpful to think about abruption.
Ischemic changes in the overlying placenta such as recent villous infarction or villous stromal
hemorrhage are also very suggestive of abruption. Finally, lesions associated with chronic
maternal underperfusion are very commonly associated with abruption and can help strength-
en a strong clinical suspicion of the diagnosis. Figure 12 illustrates morphological types of
hemorrhagic and ischemic lesions of placental disk.

Figure 11. Gross appearance of the lesions of hematoma in the retroplacental area.

5.3. Marginal hematoma

Chronic marginal hematoma (chronic abruption) is an important cause of preterm delivery
and may be associated with an atypical form of neonatal lung disease. It is also a significant
risk factor for cerebral palsy and other forms of worse neurological outcome in term infants.
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Figure 12. Morphological illustration of placental hemorrhagic and ischemic lesions.

Factors that have been associated with chronic abruption include multiparity, smoking,
oligohydramnios, and excessively deep uterine implantation.

Unlike arterial rupture resulting in abruptio placenta, venous hemorrhage tends to occur at
the placental margins and to escape at lower pressure in chronic abruption. Therefore, in
contrast to retroplacental hematoma, hemorrhage of lower pressure accumulation plays a role
in the process of preterm labor. The pathogenetic explanation is that lateral growth of the
placenta involves remodeling of large uterine veins and these large obliquely oriented
structures may rupture prematurely if poorly supported by the surrounding endometrium or
subjected to elevated intramural pressure due to obstruction of larger upstream veins such as
the vena cava. For these reasons, marginal abruptions may not result in immediate delivery,
instead acute form presents as threatened abortion in early pregnancy or chronic abruption
occurs in later pregnancy causing bleeding with preterm birth or spontaneous abortion, if it
shows rapidly enlarging of great enough volume or recurs. Additionally, chronic abruption is
often associated with oligohydramnios in a syndrome known as the chronic abruption-
oligohydramnios sequence.

Clinically, marginal hematoma may be seen on prenatal ultrasonogram and is referred to as
subchorionic hemorrhage or periplacental hemorrhage. They may be detected early in
gestation and resolve later and lead to circumvallation. It is important to note that the clinically
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Figure 13. Marginal hematoma extending onto the membranes (white arrow). The brown color of the blood indicates
its chronicity.

used term “subchorionic hemorrhage” is different from “subchorionic thrombohematoma”,
also called Breus mole, which refers to a central, nodular protuberance on the fetal surface of
the placenta, and from thrombohematoma formation in the maternal space.

Examination of suspected marginal hematoma should include recording of its dimensions and
percentage of marginal involvement, type of adherence and appearance, features of chronicity,
extent of dissection of adjacent parenchyma on section, and type of associated, overlying
membranous insertion, along with histological evaluation of the junctional region and
membranes. They are crescent-shaped and have a cut surface with a triangular configuration
at the lateral angle of the placenta (Figure 13). There is associated dissection into the lateral
chorionic villous parenchyma. Chronic form may produce a depression in adjacent marginal
chorionic villous tissue. On section, it has a laminated, friable, yellowish-brown and / or
calcified thrombohematoma with dissection of the lateral placental border. A superimposed
acute component may be also present.

Chronic abruption, like chronic maternal underperfusion, is associated with a cluster of
placental findings. These include old marginal blood clot, circumvallate membrane insertion,
chorioamnionic hemosiderin deposition, and green (biliverdin) staining of the fetal surface
Circumvallation may develop as a consequence of blood accumulating in the space between the
decidua and chorion leading to folding of the marginal chorionic plate. When circumvallation
is attributable to chronic marginal separation, old blood clot and local hemosiderin deposition
are seen on histological sections. Hemosiderin stains blue by iron stain, but other hemoglobin
related pigments do not. Any pigment seen in a premature placenta favors chronic abruption
rather than meconium release which is extremely uncommon before 37 weeks. Additionally,
the finding of hemosiderosis in the decidua basalis should always be documented, but when
seen in cases of SPB in the absence of a clinical history of maternal hypertension, it may have
different implications and reflect a genetic or ethnic risk factor.
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To be noted, marginal hematomas are often acute and affect less than a quadrant of the
placental perimeter. They are reportedly seen in 0.7-1.9% of placentas [22]. This percentage
may relatively increase in the academic tertiary units where large numbers of patients are
admitted for complicated gestations and SPB. In a study, therefore, incidence of chronic
marginal hematoma was found in 7-10% of placentas [7].

Incidental marginal hematoma or passive, intrapartum accumulation of blood in the marginal
anatomic fissure, with no grossly detectable loss of the distinct border between the lateral
placental margin and the borders of the hematoma, may accompany oxytocin induction, such
as seen in IPB.

6. Placental pathology in induced preterm birth

Induction of labor with or without artificial rupture of membranes, and caesarean section
delivery in cases of IPB is largely performed for maternal hypertensive disorders of pregnancy,
non-reassuring fetal heart rate and IUGR.

The pathology of the spectrum of pregnancy induced hypertensive conditions as they relate
to IUGR and the placental pathology associated with IUGR may be seen in preterm and term
placentas [23]. The other disorders that predispose to maternal indications for IPB are also
largely related to those that result in chronic uteroplacental underperfusion and risk of IUGR,
such as vasculopathy and thrombosis associated with maternal primary hypertension or
diabetes mellitus (maternal vascular obstructive lesions). Thus, there is some overlap between
maternal and fetal indications for indicated preterm delivery. However, there are some
placental pathologies that may not be associated with IUGR but with fetal distress in the
preterm birth, and some that have been found to be causally linked to IUGR, non-reassuring
fetal heartrate, and / or absent umbilical arterial end diastolic blood flow. The following entities
are more likely seen in placentas from induced or caesarean section deliveries performed for
fetal indications, and that might be expected to be identified in different frequencies in late
versus early preterm placentas.

7. Chronic uteroplacental underperfussion

Chronically underperfused placentas are associated with fetal growth restriction, preterm
birth due to either premature labor or premature rupture of membranes, premature placental
separation (abruptio placenta), and carry an increased risk for the development of preeclamp-
sia. Clinical conditions predisposing to maternal underperfusion include type I diabetes
mellitus, connective tissue disease, chronic renal insufficiency, essential hypertension, and
underlying maternal coagulopathies including thrombophilic mutations and antiphospholi-
pid syndrome. Familial aggregation of preeclampsia and underlying maternal vascular disease
may at least in part be due inheritance of the so-called metabolic syndrome characterized by
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abnormal serum lipid levels, enhanced production of acute phase inflammatory mediators,
and a predisposition to vascular damage related to reactive oxygen intermediates.

Chronic maternal underperfusion of the intervillous space can result from a variety of causes
including underlying cardiac insufficiency, failure to expand intravascular volume during
pregnancy, or structural abnormalities in arteries supplying the uterus. It is currently believed
that the major process leading to underperfusion is failure of trophoblast to appropriately
invade and remodel the uterine spiral arteries. While the exact mechanisms of events leading
to this outcome have not yet been explained, but a number of contributing factors have been
identified. These include initial exposure to fetoplacental antigens in the first pregnancies,
inherited polymorphisms in genes of the renin-angiotensin system, circulating anti-endothe-
lial cell antibodies, and underlying uterine small vessel disease. The common activator for all
of these factors seems to be decreased oxygen delivery to the implantation site resulting in
impaired trophoblast differentiation and inadequate placentation. In the absence of arterial
remodeling, the placenta is chronically underperfused leading to decreased fetoplacental
growth and, in some cases, release of vasoactive mediators in late pregnancy leading to the
clinical syndrome of preeclampsia.

Placentas affected by maternal underperfusion generally show multiple pathological findings
that together allow a specific diagnosis to be rendered. One important, often overlooked,
feature is decreased body weight for gestational age and decreased placental weight relative
to that of the infant, which suggests increased fetoplacental weight ratio. In severe cases, this
correlates with late impairment of placental growth (distal villous hypoplasia) as the fetus
sacrifices placental perfusion in order to supply critical vascular beds such as the central
nervous and cardiovascular systems. Also common in severe cases are villous infarcts caused
by thrombosis of abnormal maternal arteries and a thin umbilical cord resulting from extrac-
ellular volume depletion and decreased hydration of Wharton’s jelly. Lesser degrees or
durations of underperfusion and hypoxia can lead to stasis with intervillous fibrin deposition,
accelerated syncytiotrophoblast turnover with increased syncytial knots, and ischemia leading
to foci of villous agglutination (Figure 14). Finally, there are other findings directly reflecting
inadequate placentation. These include muscularization of basal plate arteries, aggregates of
immature or prematurely differentiated cells such as placental site giant cells or epithelioid
(chorion laeve type) trophoblasts in the basal plate, and medial hypertrophy or fibrinoid
necrosis (acute atherosis) of maternal arterioles in the membranous decidua (Figure 15).

8. Chronic villitis of unknown etiology

Villitis of unknown etiology (VUE) represents a subcategory of chronic villitis and has not been
proven clinically or identified histopathologically to result from an infection in the placenta,
mother or infant [24]. VUE is a common lymphohistiocytic villitis affecting terminal villi with
vasculosyncytial membrane formation which is a characteristic morphological feature of 32 or
more weeks of gestational development. Therefore, the diagnosis should be restricted to the
cases of 32-36 weeks.
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Figure 14. Histopathological features in placentas affected by maternal underperfusion including increased syncytial
knots due to increased apoptosis and accelerated syncytiotrophoblast turnover.

Figure 15. Endothelial damage in maternal underperfusion characterized by medial hypertrophy or fibrinoid necrosis
(acute atherosis).

VUE does not have consistent gross pathological features. Because of its irregular distribution,
the histological detection of VUE is sample-dependent. It is best detected at low power
magnification (20x), typically in the subchorionic and especially basal villi. Higher power view
generally reveals lymphohistiocytic villitis affecting less than five villi (Figure 16). Plasma cells
are rarely seen, but depending on the stage, the villitis may be accompanied by villous
destruction, sclerosis, and the very rarely giant cell reaction. Lymphoplasmacytic deciduitis
of the basal plate and chronic chorioamnionitis characterized by foci of small lymphocytic
infiltrates in the lower chorion may be also seen. If the villous inflammation is patchy and
involves more than 5% of chorionic villi, it is termed “diffuse VUE”. In diffuse form the
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midzonal parenchyma is generally not spared, perivillous fibrin deposition is seen, and villous
destruction is more prominent.

Figure 16. Lymphohistiocytic villitis in a case of preterm birth with VUE.

Most cases of VUE do not result in perinatal morbidity and mortality. However, there is a
strong risk correlation between VUE and idiopathic IUGR. The frequency of IUGR directly
correlates with the diffuse form. VUE has also been shown to be linked to non-infectious
spontaneous preterm birth and perinatal asphyxia [25]. The presence of VUE may contribute
to placental insufficiency and to the oligohydramnios without a maternal hypertensive
disorder or other risk factor. Diffuse VUE with an inflammatory involvement of larger stem
villi and villous vessels, termed “chronic villitis with obliterative vasculopathy”, is also more
strongly associated with severe IUGR and perinatal morbidity, including neurological
sequelae.

The most important pathogenetic characteristic of VUE is that it appears to represent a
localized, alloimmune process of host versus graft response in the chorionic villous tree from
a breakdown in maternal-fetal tolerance. The lymphohistiocytic villous infiltrates have been
shown to be composed almost exclusively of maternal CD8-positive T cells and Hofbauer cells
of fetal origin. Activation of fetal Hofbauer cells and focal syncytiotrophoblast destruction at
sites of villitis, together with the absence of eosinophils and presence of histiocytic giant cells
are compatible with a delayed hypersensitivity response or a T-helper 1 type of response. The
hypothesis that VUE is an alloimmune-mediated process is supported by its high risk of
recurrence (10-25%) and 60% rate of pregnancy loss in instances of recurrence.

Massive chronic intervillositis (MCI) is also an alloimmune phenomenon, but it is unclear if it is
a variant of VUE. MCl is most frequently seen in first trimester abortion, and therefore might
be expected to be more prevalent in placentas from extremely and severely preterm birth It is
also a potential cause of IUGR in the preterm infant in IPB or non-infectious SPB. (Figure 17)
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Figure 17. Histiocytic intervillitis in an extremely preterm birth complicated by mortality.

9. Fetal thrombotic vasculopathy

Fetal thrombotic vasculopathy (FTV) is explained by the biological fact that vessels of the
chorionic villous tree are in continuity with those in the fetus. The presence of chorionic villous
thrombi leads to fetal thromboembolic phenomena and increased placental vascular resist-
ance, and may lead to loss of end-diastolic blood flow, which may exacerbate any underlying
cord or fetal factors that predispose to thrombosis.

Thromboocclusive lesions of large fetal vessels in the placenta and umbilical cord occur in the
context of one or more of the classic triad of risk factors; vascular stasis, loss of surface resistance
to coagulation, and circulatory hypercoagulability. Possible causes of fetal vascular stasis
include prolonged umbilical cord obstruction, increased central venous pressure, and elevated
hematocrit. Loss of surface resistance to coagulation may occur with severe fetal inflammation,
antiphospholipid syndrome, and other forms of vessel wall damage. Circulatory hypercoa-
gulability may be present with platelet disorders, maternal diabetes, or thrombophilic
mutations involving protein C, protein S, antithrombin II, factor V, prothrombin 2010, and
methyl tetrahydrofolate reductase. It is likely that most cases of fetal thromboocclusive disease
involve more than one risk factor.

Sustained proximal vascular occlusion leads to degenerative changes in the distal villous tree.
Longstanding occlusion of large arteries leads to distal hyalinized avascular villi. The early
stages of proximal venous occlusion cause circulatory stasis with villous stromal-vascular
karyorrhexis which is degeneration of red blood cells, endothelial cells, and villous stromal
fibroblasts. This pattern of change occurs diffusely in the placentas of stillbirths. When seen
in a focal distribution in either live births or stillborns it has been termed hemorrhagic
endovasculitis. With longstanding venous obstruction, upstream villi become hyalinized and
avascular as with arterial obstruction. These villous changes can affect large or small groups
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of villi and can be localized or widely distributed throughout the placental parenchyma. When
the number of affected villi exceeds an average of > 15 villi/ slide the process has been termed
fetal thrombotic vasculopathy (Figure 18). Large vessel thrombi are identified in approxi-
mately one third of such cases. Other lesions associated with fetal thrombo-occlusive disease
include intimal fibrin cushions and fibromuscular sclerosis of stem arteries (Figure 19). Intimal
fibrin cushions are intramural aggregates of fibrin in proximal fetal veins that are usually
attributed to increased intramural pressure. Fibromuscular sclerosis represents concentric
narrowing of the vascular lumen by proliferating smooth muscle cells and subendothelial
fibroblasts, typically occurring in placental vessels lying between the point of occlusion and
the affected villi secondary to lack of flow.

Figure 19. Intimal fibrin cushions and fibromuscular sclerosis of stem arteries, a suggestive histological finding for fe-
tal thrombo-occlusive disease.
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FTV is a significant risk factor for thromboembolic neurological sequelae such as a stroke.
Other thromboembolic sequelae include limb reduction anomalies, systemic visceral throm-
boemboli in the gastrointestinal tract, kidneys, and liver. Hepatic thrombosis may lead to
Budd—Chiari syndrome and perinatal liver disease. IUGR with FTV is likely related to loss of
functional placental parenchyma. Avascular villi are also associated with IUGR, chronic
monitoring abnormalities, and discordant growth in twin gestations. Nonocclusive thrombi
inseverely inflamed chorionic vessels are occasionally seen with severe acute chorioamnionitis
in very low birth weight infants and represent a risk factor for neurologic impairment in this
subgroup.

10. Maternal floor infarction

Maternal floor infarction (MFI) is also associated with high rates of preterm birth (26-60%) and
unexplained IUGR (24-100%) [26]. When it shows an early onset, there is an associated
increased risk of recurrence and severity in subsequent pregnancies. The dense perivillous
fibrinoid deposition impairs villous exchange resulting in villous atrophy. The etiopathogen-
esis of the perivillous accumulation of fibrinoid in MFI is likely complex, but there is good
evidence that it may be immune mediated.

11. Conclusion

Preterm birth is common and is associated with high rates of perinatal morbidity and mortality.
Pathological examination of the preterm placenta can provide valuable information concern-
ing the immediate and chronic risks for the infant and risks of chronic diseases in childhood.

The gross and microscopic examination of the placenta from preterm birth, whenever possible,
should be approached with the clinical perspective of whether the specimen is from an SPB or
IPB. Placentas from SPB more commonly show acute chorioamnionitis with funisitis and
intense vasculitis, marginal hematoma, chronic decidual hemorrhage, and acute and chronic
infectious villitis. SPB due to POL and / or PPROM likely results from abnormal activation a
cascade of cellular components and mediators of an inflammatory pathway are responsible
for the process of normal, term parturition. Placentas from IPB more commonly show fetal
thrombotic vasculopathy. Diffuse VUE and chronic villitis with obliterative vasculopathy are
very common in late IPB, whereas those from early IPB show chronic intervillositis more
frequently. All of these diagnoses have implications for the neonate and/or the mother.

Further studies may reveal that maternal chorionic villous inflammatory cells, as seen in
syphilis and toxoplasmosis, play a role in many other infectious villitides and that the effects
of these cells contribute to the severity of the morbidity or mortality that has been largely
attributed to the infectious organisms. Research may also reveal that the maternal lymphocytes
in VUE and even infections may gain access to fetal circulation. The prolonged period that a
mother’s lymphocytes may be in her child’s circulation may have implications for the etiologies
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of other pediatric immune-mediated disorders. FTV may also predispose the infant to short
or long term persistence of increased vascular tone or vascular disease, in addition to functional
deficiencies of major organs such as the liver or kidneys.

Thus, the placenta in preterm birth is not only a record of adverse conditions during intrau-
terine life that led to SPB or necessitated an IPB, it also likely holds clues to predicting which
individuals will be at heightened risks for developing chronic diseases in childhood. Low birth
weight infants are at risk for developing chronic diseases in adulthood. Pathological exami-
nation of the preterm placenta may provide important insights into future investigations to
determine which infants will be at risk for development of cardiovascular disease, hyperten-
sion and diabetes mellitus, later in life. Risks of neurological sequelae in the infant have been
linked to specific histopathological features in the placenta. The placental pathology report
should include notation of these features.

In conclusion, placental pathologists are in a unique position to provide valuable observations
in preterm birth. Their service in the perinatal medicine;

* may provide an immediate impact on the care of the premature newborn,

* may help to explain the poorly understood pathogenetic mechanisms responsible for
preterm birth,

* and may potentially aid in the process of linking currently unexplained roles of alloimmune-
mediated processes and intrauterine stress to the development of chronic human diseases.
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1. Introduction

Necrotising enterocolitis (NEC) is a progressive disease of the neonatal intestine beginning
in the distal ileum and proximal colon and characterised by inflammatory necrosis [1,2]. It
typically affects low birth-weight, preterm infants who account for the majority (70-90%) of
cases [3-5]. Since the 1960s, advances in medical care have raised the survival rate for preterm
infants with increasingly shortened gestation periods, resulting in a concomitant surge in
NEC cases. The overall incidence of NEC is generally accepted as ranging from <1% to 5%
of neonatal intensive care unit (NICU) admissions, or up to 5 cases per 1,000 live births [4-
6]. There is an inverse relationship between NEC and birth-weight, so that very low birth-
weight infants (VLBW; <1500 g) carry the greatest burden of disease [4,5,7]. Caplan report-
ed NEC rates for VLBW infants vary greatly across countries, ranging from 1.5% in Japan to
28% in Hong Kong, with racial disparity apparent in VLBW black infants who have an
increased risk and greater associated mortality [5,8]. Despite advances in neonatal care, the
overall mortality remains high at around 20-30% [3,8-10]. An estimated 20-40% of infants
with NEC require surgery, which has a case fatality rate of up to 50%, the smallest, least
mature infants having the worst prognosis [5]. Most cases of NEC are sporadic with no clear
seasonal distribution, but outbreaks have been documented [5]. Treatment of NEC is mainly
supportive with the administration of broad-spectrum antibiotics while surgery is indicat-
ed for intestinal perforation or removal of necrotic bowel segments. NEC complications and
sequelae include serious neurodevelopmental delay, poor growth, intestinal obstruction due
to scarring, short bowel syndrome, and liver failure due to prolonged hyperalimentation [6,
9]. The annual financial cost of NEC is considerable and in the USA has been estimated at
$500 million to $1 billion [9].
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1.1. Clinical classification

The classification system of Bell has historically proved important in defining three main
stages: suspected, definite and advanced NEC [11]. Modifications to Bell’s criteria have
provided a more detailed system of clinical staging as shown in Table 1 [12,13]. However,
Gordon et al and others have challenged the belief that NEC is a single entity, preferring to
view it as an umbrella term for a number of separate diseases with some common features
[13,14]. Although relatively uncommon, conditions, which mimic neonatal NEC, such as focal
bowel perforation, intussusception, ecchymotic colitis, appendicitis and shigellosis, have been
reported and may complicate the clinical diagnosis [14-18].

Stage
(NE?:) Systemic signs Radiographic findings Intestinal signs
Stage | Temperature instability, Normal or intestinal Gastric residuals, occult blood, mild
(suspected) apnoea, bradycardia dilation; mild ileus abdominal distension
Stage Il A Temperature instability, Intestinal dilation, ileus, Blood in stools, prominent abdominal
(definite) apnoea, bradycardia focal pneumatosis distension, absent bowel sounds
As above plus mild ) ) )
Stage Il B o As Il A plus portal vein Abdominal wall oedema with palpable
o metabolic acidosis and .
(definite) ) gas, ascites loops and tenderness
thrombocytopenia
As stage I B plus mixed _ .
Stage lll A T ) As |1 B plus worsening Worsening wall oedema, erythema and
acidosis, oligouria, ) ) )
(advanced) ) ascites induration
hypotension, coagulopathy
Stage lll B As Il A, shock, deterioration  As Il B plus
o ) Perforated bowel
(advanced) in vital signs pneumoperitoneum

Table 1. Modified Bell’s staging for necrotising enterocolitis (adapted from Kliegman RM et al and Gordon et al
[12,13])

1.2. Risk factors

So far, four major risk factors for NEC have been defined with prematurity being the most
consistent. At 36 weeks gestation there is a sharp decrease in the incidence of NEC, supporting
the concept that gut maturation provides significant protection against development of the
disease [4]. Nevertheless, NEC in term and high birth-weight infants is not unknown, although
the risk factors appear to be somewhat different [4,6,13]. The introduction of enteral feeds,
particularly formula milk, and subsequent colonisation of the neonatal intestinal tract with
bacteria are believed to be significant risk factors in the development of NEC [4,6,19]. Not only
does formula milk lack the gastrointestinal protective, anti-inflammatory and maturation
factors present in breast milk, it can be a source of Cronobacter sakazakii, a neonatal pathogen
implicated in some cases of NEC [19]. Early research concentrated on the role of hypoxia and
ischaemia, with the idea that the subsequent mucosal injury due to lack of oxygenation initiates
NEC through promotion of bacterial translocation and the inflammatory cascade [1]. Many
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animal models of NEC have subsequently relied on reproducing this type of damage [5,20,21].
Kosloske et al suggested the “dive reflex’, whereby blood flow is diverted away from the GI
tract to vital organs, as one mechanism of intestinal injury but current opinion, based on
analyses of risk factors over several decades, favours a secondary role for hypoxia-ischaemia
[5]. Nevertheless, the fact that NEC most commonly occurs in the distal ileum and proximal
colon, the watershed areas of the mesenteric arteries, suggests inadequate or disordered blood
circulation constitutes a risk factor in some circumstances [1,22]. Prenatal circulatory events,
umbilical and aortic catheterisation with dispersion of small emboli and congenital heart
disease have been linked to NEC, but occur in a minority of cases [2,4]. Preterm neonates are
more susceptible to hypoxia and intestinal ischaemia than term neonates because of poor
vascular resistance [1,4,22]. However, there is a stronger association between NEC, prematur-
ity, enteral feeding and the presence of bacteria in the GI tract than hypoxia-ischaemia [1,5,22].
Overall, ischaemia/reperfusion injury seems to be more relevant to the development of NEC
in term infants and those preterm infants with spontaneous intestinal perforations [23]. Yet
hypoxia may exert a subtle effect by sensitising the intestinal epithelium to bacterial products
and this is discussed in more detail in section 4.1 [24].

Recent evidence has linked blood transfusions with subsequent NEC in extremely premature
infant [25-30]. The terms TANEC (Transfusion Associated NEC) and TRAGI (Transfusion-
Related Acute Gut Injury) have been coined, referring to this association [25,31]. A recent meta-
analysis examining evidence for the association concludes that recent transfusion is associated
with NEC, and that transfusion-associated NEC has a higher risk of mortality than NEC which
was not preceded by transfusion [25]. The reason for the association, and whether it is causal
has notbeen elucidated. Prior to concern about TRAGI, Doppler studies have shown a decrease
in neonatal superior mesenteric blood flow during and after blood transfusion [32]. The reason
for this is not clear, but blood transfusion appears to have wide-ranging effects on haemody-
namics, possibly as a result of changes in the microcirculation. Digestion of food requires a
major increase in gut blood supply and it has been suggested that limiting or ceasing milk
feeds before, during and after a blood transfusion in susceptible babies may decrease the risk
of TRAGI. This has not been subjected to any systematic study and therefore remains specu-
lative. The need for a co-ordinated approach to investigate the association between blood
transfusion and NEC has been highlighted by Blau et al and there is an online world registry
for TRAGI (www.tragiregistry.com) [31]. Any trial of an intervention for TRAGI prophylaxis
would need large numbers, requiring a multicentre approach.

There are other characteristics of the preterm infant favouring the development of NEC. The
combination of poor gut motility and under-production of mucous decreases clearance and
increases exposure of the epithelium to potentially harmful components of the luminal
contents [1,5,19]. Moreover, induction of foetal hypoxia can further reduce postnatal intestinal
motility [1]. The lumen contents of preterm infants may be more acidic, due to inadequate
digestion/absorption of nutrients and bacterial fermentation of undigested milk, or more toxic,
as formula feeding elicits toxic bile acids [1]. Bacterial overgrowth, as indicated by a positive
hydrogen breath test, is considered to be a further consequence of delayed transit time and
may promote NEC through increasing bacterial translocation from the intestinal lumen into
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the tissues or through exposure to high concentrations of bacterial antigens [33,34]. More
recently, it has been proposed that genetic polymorphisms in the genes encoding the inter-
leukin (IL) 4 binding receptor alpha chain and the chemokine IL-8 may also be a risk factor for
NEC [35]. Intrauterine infection is another risk factor for NEC; the microorganisms implicated
and proposed causality are discussed in section 2.3.

In the normal course of events, acquisition of the enteric microbiota begins during the birth
process through the ingestion of bacteria of maternal origin. Breastfeeding, handling by the
mother and exposure to environmental bacteria create further opportunities for gaining new
species [6]. Colonisation takes place in the first few days of life and is influenced by a multitude
of factors such as mode of delivery, type of feeding (breast milk or formula), gestation age,
hospitalisation, the surrounding environs, maternal infection and antibiotic therapy, with
mode of delivery and type of feeding considered the most significant [36]. Whereas breast fed
infants are regarded as having an enteric microbiota rich in bifidobacteria, a more diverse
microbiota, including potentially pathogenic groups such as Clostridium and Enterobacteria-
ceae, has been traditionally associated with formula fed infants. However, modern infant
formulas more closely represent breast milk, shifting the gut microbiota towards beneficial
species such as lactobacilli [19,36]. Breast-fed infants are less likely to develop NEC as breast
milk contains many protective bioactives [1]. The initial neonatal microbiota consists of
facultative anaerobic bacteria such as Enterobacteriaceae, enterococci, streptococci and staphy-
lococci, which are present within days of birth [33]. These bacteria consume oxygen providing
the reducing conditions required for the growth of obligate anaerobes, typically bifidobacteria,
clostridia and Bacteroides, appearing one to two weeks later [33,36]. It is well established that
the intestinal microbiota has a profound effect on gut health, influencing physiology and
metabolism, as well as maturing the infant immune system and protecting against pathogens
[19,33]. However, in the preterm infant, the normal succession of bacterial colonisers may be
interrupted by the administration of broad-spectrum antibiotics, gut immaturity, acquisition
of nosocomial bacteria in the NICU and placement of orogastric or nasogastric feeding tubes,
resulting in a more restricted enteric microbiota with delayed colonisation with bifidobacteria
and without the individual differences seen in the healthy, term neonate [6,33,37]. The
relationship between delayed succession, bacterial overgrowth and NEC is discussed in more
detail elsewhere in this chapter.

2. The role of microbes in NEC

The belief bacteria are crucial for the development of NEC stems from a number of clinical and
experimental findings. In two studies totalling over 100 infants, Santulli et al and Schullinger
et al were the first to credibly establish bacterial colonisation of the neonatal intestine was a
requirement for this disease [38,39]. NEC does not usually occur immediately post-partum but
some days later, when feeding has usually commenced and there is ample opportunity for
substantial intestinal colonisation. Early-onset NEC occurs in the first week and it is more often
seen in term or near term infants with risk factors such as cardiac disease or severe placental
insufficiency, whereas in infants of lower gestational age/birth-weight, NEC is delayed until
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13-32 days [40,41]. The reason for this difference is not entirely clear, but it may relate to a
difference in pathophysiology, with bowel ischaemia being the predominant factor in early-
onset NEC and cytokine priming being the predominant factor in late-onset NEC. The case for
bacterial colonisation is further strengthened by the absence of NEC in ischaemic, ileal
segments of germ-free rats and in infants who are stillborn [42,43].

Regardless of the initiating factors, pathological changes certainly involve bacteria as the
intramural gas produced in pneumatosis intestinalis contains hydrogen of bacterial origin [44].
Demonstration of bacteria and bacterial DNA in the intestinal wall of resected segments from
NEC infants supports this finding [45,46]. Epidemiological studies also indicate NEC has an
infectious origin as it may occur in clusters of related cases which are amenable to infection
control measures [47]. Moreover, prevention of NEC has been achieved through the adminis-
tration of enteral antibiotics [48]. Bacteraemia and endotoxinaemia are frequent complications
of NEC but are more likely to be sequelae rather than the actual cause [49,50]. Historically,
there have been many proposals put forward regarding the aetiology of NEC (reviewed by
Obladen [14]) but two main theories have emerged concerning the infectious component:

Specific pathogen theory

This theory relies on the existence of a hitherto undiscovered, single bacterial pathogen causing
intestinal infection in susceptible infants.

Abnormal colonisation theory

Even in health, many members of the enteric microbiota can be considered to have pathogenic
potential. When the balance between pathogenic and commensal species shifts in favour of
the former, a chain of events is triggered in susceptible infants resulting in NEC.

2.1. Microbes implicated in the aetiology of NEC

Enteric anaerobes

Among the enteric anaerobes, Clostridium species are notorious for their proteolytic, saccha-
rolytic, toxin and gas producing activities, making them ideal candidate microorganisms for
the specific pathogen theory. Pederson et al emphasised the similarities between neonatal NEC
and gas gangrene of the bowel, suggesting that ischaemiclesions were ideal sites for clostridial
invasion, the anaerobic conditions of the bowel favouring conversion of the spores to toxin-
producing bacteria [51]. Studying the histology of resected intestinal segments from NEC
infants led these researchers to conclude Clostridium perfringens (C. welchii) type A was the most
likely cause. Some early experiments on germ-free rats showed injection of C. perfringens spores
into the intestinal wall induced pneumatosis intestinalis, whereas a variety of other intestinal
bacteria did not [52]. Parallels were drawn with pigbel, an acute necrotising enterocolitis
common in older children and adults in Papua New Guinea, caused by type C porcine
Clostridium perfringens [52,53]. These and other findings focused attention on the clostridia for
many years. Several investigations indicated C. perfringens was more commonly isolated from
NEC infants prior to, and at the time of presentation compared to control infants [54-56].
However, negative findings include the long-term study of Dittmar et al where C. perfrin-
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gens was present in only nine of 41 cases of NEC, with organisms mostly recovered from the
peritoneal cavity rather than stool, while Gupta et al did not detect clostridia in any of 23 NEC
cases [57,58]. Although it’s unlikely C. perfringens is the specific pathogen in NEC, intestinal
colonisation with this organism was observed to be associated with a more severe form of the
disease, a finding supported by Kosloske and Ulrich, and Bjornvad et al in an animal model
[45,57,59]. As the oxygen tension of healthy tissue is likely to inhibit growth of clostridia, pre-
existing tissue necrosis may be exigent. The hypothesis that clostridial alpha-toxin plays a
major role in NEC has never been proven [57].

C. difficile produces two large molecular weight toxins known to cause antibiotic-associated
colitis. Somewhat surprisingly, colonisation with this microbe seems not to be a risk factor for
NEC, probably because the neonatal bowel is tolerant to C. difficile toxins [55,60,61]. C.
butyricum has been advocated as a cause of NEC but Blakey et al found it was not more common
in patients compared to controls [55]. A novel Clostridium, designated C. ‘neonatale” was
purported to be the cause of an outbreak of NEC in a Canadian hospital but has not been
reported since [62].

Other intestinal anaerobic genera have not been fully investigated, probably due to the
difficulty of culturing under strict anaerobic conditions. Despite the prevailing view that non-
sporing anaerobes are frequently absent in the intestinal tract of preterm infants, a DNA-based
study indicated Bacteroides were abundant, and a review of anaerobic bacteraemia in a NICU
carried out by Noel et al indicated anaerobic bacteraemia was frequently linked to NEC [63,64].
Itislikely that further culture-independent studies will be able to better define the contribution
these bacteria make to the pathogenesis of NEC.

Staphylococci

Coagulase negative staphylococci (CoNS) are commonly found in the stools of NEC infants
and have been associated with significant disease [65,66]. Hoy et al noted their presence in
duodenal aspirates of VLBW infants [10]. The role of staphylococcal delta(d)-toxin was
examined by Scheifele et al and Scheifele and Bjornson, who believed that toxin positive CoNS
were enteropathic [67,68]. d-toxin, a secreted protein with a detergent-like action, caused
significant bowel necrosis in infant rats and was cytotoxic for fibroblasts in vitro. Moreover, it
could be detected in the stools of infants colonised with d-toxin producing CoNS [67,68].

We investigated 25 CoNS isolates from the stools of six NEC and six control infants in Dunedin
Hospital NICU. A diagnosis of NEC was made on the basis of clinical indications and pneu-
matosis intestinalis or peritonitis on X-ray as described previously [69]. CoONS were identified
using API ID-32 STAPH strips (bioMérieux). PCR primers for the d-toxin gene were based on
sequence data published by Tegmark et al and PCR conditions were as described by McIntosh
[70,71]. Cell-free culture supernatants of the CoNS isolates and a d-toxin producing S. aureus
control were tested for cell damage (cytopathic effect; CPE) against the small and large
intestinal tissue culture cell lines, Caco2 and HT29 [70]. The results, summarised in Table 2,
suggest that the d-toxin gene was frequently present in CoNS isolated from the infants (23 of
25 isolates) but that insufficient toxin was produced to cause a CPE in either of the cell lines
tested compared to the Staphylococcus aureus control, which induced cell death. Reduced
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potency of exotoxins is a common feature of CoONS such as S. epidermidis, and probably explains
their low virulence compared to S. aureus [72]. However, this may not always be the case. We
found the culture supernatant of a single S. epidermidis isolate among 29 CoNS isolated from
the skin and nares of University of Otago undergraduate students which could induce a
cytopathic effect in the intestinal cell lines (Table 2). The toxic strain was positive for the d-
toxin gene by PCR and Southern hybridisation, although we lacked the specific antibody
required to ultimately prove the cytopathic activity was d-toxin mediated. The d-toxin theory
has been largely dismissed, but our research suggests there may be occasional strains of S.
epidermidis producing significant amounts of toxin. The findings of Scheifele et al may reflect
the dominance of such strains at a particular time in their NICU. There is one instance of a
small outbreak of NEC and bacteraemia associated with a d-toxin-producing methicillin
resistant S. aureus, supporting the hypothesis that this toxin may contribute to the pathology
of NEC providing it is produced in sufficient quantities in vivo [73].

Rejection of the d-toxin theory does not preclude a role for CoNS per se, which are known to
express a number of other virulence factors [74]. In addition, preterm infants exhibit deficien-
cies in immune responses to CoNS, suggesting they may cause more aggressive infections in
this group compared to term neonates [75]. Large, relatively stable reservoirs of CoNS have
been identified in the faces, ear region, axillae and nares of preterm infants, with smaller, less
stable populations elsewhere on the skin, indicating the widespread presence of this group of
bacteria and their easy access to the GI tract [76].

Subjects NEC infants (n=6) non-NEC infants (n=6) Students (n=19)
CoNS isolates tested n=15 n=10 n=29
Staphylococcus: S+ *CPE S+ CPE &+ CPE
S. epidermidis 11 0 6 0 15 1
Other 3 0 3 0 13 0

8 + indicates presence of delta-toxin gene

*CPE: cytopathic effect of CoNS culture supernatant on intestinal cell lines HT29 and Caco?2.

Table 2. Presence of delta-toxin gene and cytopathic effect of coagulase-negative staphylococci colonies cultured
from the stools of infants with and without necrotising enterocolitis and the skin/nares of university students.

Enterobacteriaceae

The Enterobacteriaceae family includes both classical enteric pathogens, such as Salmonella,
Shigella and diarrhoeagenic Escherichia coli, and commensals inhabiting the large intestine. It
is the commensals that are common in the enteric microbiota of neonates, including those who
develop NEC. Despite their commensal status, these enterobacteria often possess specific
virulence factors and are a common cause of extra-intestinal infection. There are early reports
of a particular association between Klebsiella, E. coli and NEC, with isolation of the same
organisms from the blood in some cases [77-79]. A number of subsequent studies have
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demonstrated their predominance in the faecal microbiota and duodenal aspirates of NEC
infants [3,10,58,80]. Enterobacter cloacae, Klebsiella spp. and E. coli appear to be the most common
NEC-associated bacteria overall [3,69,77-79,81]. With the exception of Cronobacter (Enterobact-
er) sakazakii, which appears to be a special case, many other investigations have not shown a
link between particular species or strains and NEC.

Characteristics of E. cloacae relevant to the pathogenesis of NEC include resistance to comple-
ment-mediated killing (serum resistance), adherence to and invasion of eukaryotic cells in vitro
and chelation of iron [69,82]. In Klebsiella species, bacterial capsules are responsible for
resistance to complement-mediated killing and phagocytosis by polymorphonuclear granu-
locytes as well as inhibition of macrophages. Differences in virulence between strains are
believed to depend on the presence of repetitive sugar sequences in the capsule, which mediate
lectin-dependent phagocytosis [83]. Adherence to eukaryotic cells and iron chelation are other
virulence factors reported in Klebsiella [69,83]. More recently, a cytotoxin has been detected in
K. oxytoca causing antibiotic-associated haemorrhagic colitis [84]. E. coli is notable for its ability
to acquire virulence factors which endow it with diarrhoeagenic capacity, but such virulence
factors are only occasionally present in isolates from the stools and duodenal aspirates of NEC
infants [3,10,58]. E. coli cultured from the blood and stools of NEC cases have been shown to
pass through epithelial cell monolayers in vitro and highly adherent strains induced NEC-like
injury in a weanling rabbit ileal loop model. However, E. coli from NEC infants were not shown
to be more virulent than those from matched control infants [85,86]. Commensal Enterobacter-
iaceae are not exclusively found in NEC infants, nor are they present in all cases, so they cannot
be regarded as the specific pathogen for NEC [3,69,79]. Nevertheless, their frequent occurrence
and possession of relevant virulence factors does allow for them to have an important role.
Like many other investigators, we have been unable to show Enterobacteriaceae cultured from
the stools of NEC infants harbour more virulence factors than those without, although the
uncertainty regarding the pathogenesis of NEC presents a barrier to discerning essential
pathogenic characteristics.

Cronobacter spp. are recognised opportunist pathogens of neonates causing bacteraemia and
meningitis as well as being NEC associated. Epidemiological studies have shown powdered
infant formula to be the source of the microorganism in many cases although other sources,
such as the maternal birth canal are suspected [87,88]. A typical outbreak of C. sakazakii
associated NEC is described by van Acker et al [89]. Neonates who developed NEC over a two-
month period were fed milk formula contaminated with C. sakazakii, with a cessation of cases
when the formula was removed. C. sakazakiiis the most common Cronobacter species in neonatal
infection but does not fulfil the criteria for the single, specific agent of NEC as it is infrequently
isolated [87]. The high mortality rate in C. sakazakii infection has stimulated research into the
virulence of this species, and this is discussed in a later section.

Classical enteric pathogens

Reports citing classical enteric pathogens such as salmonellae and shigellae as causes of NEC
or NEC-like conditions are rare [18,90]. Enteric viruses such as norovirus, rotavirus, torovirus,
and astrovirus are more frequently implicated. Some investigators consider norovirus to be
an emerging pathogen in the NICU, with NEC representing a severe presentation of infection
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[91,92]. Human astrovirus was reported by Bagci et al to be the cause of NEC in a subgroup
of infants and torovirus was found to be more common in NEC compared to control infants
by Lodha et al [93,94]. Rotavirus has been demonstrated in the stools of neonates from day 4
of life and its presence is considered a risk factor for NEC [95]. Echovirus type 22, renamed
human parechovirus, is also considered to be an enteric pathogen, although causality has not
been fully established [96]. Birenbaum et al detected this virus in an outbreak of diarrhoeal
illness in a NICU with some patients exhibiting the clinical signs and symptoms of NEC [97].
Rousset et al noted the presence of coronavirus-like particles in gut tissue samples from NEC
infants and proposed that secondary proliferation of anaerobic bacteria occurred in the gut
wall following viral damage of the intestinal epithelium [98].

The advent of molecular techniques has facilitated the detection of viruses and it is likely that
future investigations will better define the viruses associated with NEC. However, claims that
viruses are the cause of NEC are not substantiated by the pathology, which strongly supports
a role for bacteria. It is more likely that viruses predispose infants to NEC through damage to
the epithelium, aiding translocation of the bacteria into the intestinal submucosa. In this regard,
both rotavirus and norovirus infections have been shown to lead to epithelial barrier dysfunc-
tion through a reduction in sealing tight junctional proteins and an increase in epithelial cell
apoptosis [99-101]. Which viruses are involved and how frequently they occur remains open
to question as most studies failed to simultaneously investigate the bacteria present, which
may have been the invasive organisms causing NEC. It is unlikely that viruses or classical
enteric pathogens are the specific pathogens in NEC as they are not universally present. For
example, in a comprehensive study of 27 NEC infants, Ullrich et al found common bacterial,
viral and parasitic gastrointestinal pathogens were absent in all cases [102]. Gordon et al have
proposed viral NEC is a separate disease with a lower mortality rate [13]. However, the
difficulty of clinically distinguishing between viral and bacterial NEC, coupled with the
likelihood that secondary bacterial invasion occurs, renders this argument more academic than
practical.

2.2. Diversity and numbers

Itis clear many of the bacteria forming part of the enteric microbiota have pathogenic potential
and it has been suggested that when the balance between pathogenic and commensal species
shifts in favour of the former, a chain of events is triggered in susceptible infants leading to
NEC. A number of studies have sought to investigate this abnormal colonisation theory by
identifying and quantifying enteric bacteria at the time of NEC presentation and comparing
the results with a control group of healthy infants. However, there is evidence the intestinal
ecosystem is altered by inflammation while the microbiota is restored after the inflammatory
signal is dissipated [103]. This may be described as a ‘chicken and egg’ situation; it is unclear
whether changes in the microbiota of NEC infants cause the disease or are a result of the
inflammation. Of particular value are prospective investigations, as they have the potential to
elucidate the microbiota associated with the initiation of NEC

The early, prospective study of Hoy et al was restricted to culturable bacteria, but nevertheless
demonstrated considerable quantitative changes in the faecal microbiota preceding both
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confirmed and suspected episodes of NEC, with a decline in some species up to 72 hours before
clinical onset and the emergence of others, particularly Enterobactericeae [80]. Most human
colonic bacteria are not amenable to culture, so molecular studies constitute a more promising
line of enquiry. Techniques are mainly based on the gene encoding the 165 subunit of bacterial
ribosomal RNA. This gene has hypervariable regions which are genus- and sometimes species-
specific. Sequencing certain hypervariable regions of the 165 rRNA gene and comparing with
sequences of known bacteria deposited in databases is now a common and accepted method
of identification. Variations of this technique include the use of species-specific fluorescent 16S
rDNA probes which bind to bacteria in situ (fluorescent in situ hybridisation; FISH), and 16S
polymerase chain reaction denaturing gel gradient electrophoresis (165 PCR-DGGE) which
separates 165 rDNA fragments from the different species present in a mixed community of
bacteria.

A recent study encompassing both culture and molecular techniques has strengthened the
argument that Enterobacteriaceae and staphylococci are important NEC-associated bacteria. In
a prospective study, Stewart et al found differences in the gut microbiota of preterm infants
who developed NEC or positive blood cultures. Certain Gram-positive genera, Enterococcus
and Streptococcus were more frequent in health while Enterobacter and Staphylococcus were
associated with disease. Moreover, these changes were evident before the onset of clinical
symptoms [104]. Mai et al demonstrated the faecal microbiota of preterm infants was more
heterogeneous one week before NEC diagnosis, with a low carriage of Proteobacteria. In
contrast, blooms of Proteobacteria, a major phylum including the Enterobacteriaceae (Gammap-
roteobacteria), and a decrease in Firmicutes subsequently occurred preceding the onset of NEC
by at least 72 hours [105]. Other community studies have contrasted the enteric microbiota in
infants without NEC with that of NEC infants at the time of presentation. Smith et al analysed
tissue samples from infants with fulminant NEC undergoing surgery. Using FISH, commun-
ities of bacteria in the excised tissue samples were investigated. Proteobacteria were present in
most samples, in this instance dominated by E. coli and to alesser extent by Enterobacter. Overall
composition varied from infant to infant, with some infants showing a high diversity in
bacterial species and others a low diversity. Clostridia, present in a few of the neonatal samples,
were associated with pneumatosis intestinalis diagnosed histologically but this was consid-
ered to be a secondary effect. The study noted the presence of two more unusual bacteria,
Ralstonia and Propionibacterium, in most samples. However, their ubiquitous nature and lack
of dominance in the tissues suggests they were not the primary pathogens [106]. Wang et al
profiled microbial communities in faecal samples from of 10 NEC infants and 10 non-NEC
controls collected at the time of diagnosis. Limited microbial diversity was seen in all the
preterm infants with a predominance of Gammaproteobacteria. Each infant had a unique
microbiota (including twins) and no specific pathogen was implicated. However, differences
between NEC and control infants were seen. Microbial community structure in the NEC infants
was theleast diverse but with a Proteobacteria bloom, which was absent in controls, even though
the same bacterial species were present. NEC infants had received significantly more antibiotic
treatments and it was hypothesised that antibiotics inhibit the bacteria which normally check
the growth of Proteobacteria [107]. These findings are disputed by Mai et al, who found that
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overall microbial diversity at the time of diagnosis does not differ between healthy preterm
infants and those diagnosed with NEC [105].

A confounding factor is that antibiotic therapy is frequently applied to preterm infants with
the possible outcome that the reduced microbial diversity reported to be a feature of NEC
could be a consequence of the antibiotic. Tanaka et al demonstrated antibiotic exposure in the
pre- or early postnatal period greatly influences the enteric microbiota with arrested growth
of beneficial bifidobacteria and overgrowth of Enterococcus and higher Enterobacteriaceae
populations at one month of age [108]. Antibiotic use following preterm rupture of membranes
(PROM) may alter the bacterial flora, and the effect of different antibiotic regimens in PROM
has been examined with regard to the later occurrence of NEC. The Cochrane review by
Kenyon et al found that only beta-lactam antibiotics (including Augmentin) showed an
association with later NEC. The relative risk was 4.72 (1.57 — 14.23) compared to placebo, n =
1880. The duration of initial antibiotic treatment in the NICU has also been shown to affect the
later occurrence of NEC in extremely low birth-weight (ELBW) infants [109]. Cotten et al used
data from 5693 ELBW infants from multiple NICU services to examine the later NEC rate
following initial empiric antibiotic use where the cultures proved negative. There were many
other risk factors for NEC, some of which were also associated with the duration of antibiotic
use, but multivariate analysis allowing for these factors demonstrated that duration of
antibiotic use beyond 5 days was associated with an increased risk of NEC [110].

2.3. Significant microorganisms

Despite many attempts, the specific pathogen theory of NEC has not been proven. The
strongest candidate organisms, commensal members of the Enterobacteriaceae, staphylococci
and clostridia are not universally present in NEC infants and may be found in the enteric
microbiota of infants without NEC. Clostridia are likely to be secondary invaders rather than
primary pathogens. Molecular studies have not uncovered a previously unknown specific
pathogen, although uncultured bacteria have been detected in stools of NEC infants [105,111].
The four criteria known as Koch’s postulates, designed to establish causality between microbes
and disease, are not fulfilled by the existing knowledge of NEC. Gupta et al, who undertook
the first comprehensive case/control study of possible microbial causes, were the first to
establish this fact [58]. Epidemics of classical enteric pathogens, including diarrhoeagenic E.
coli, have been associated with NEC from time to time but most cases appear to be associated
with normal members of the gut microbiota. Mycoplasma hominis and Ureaplasma urealyticum
are associated with preterm birth but appear not to colonise the human gastrointestinal tract.
Using PCR-DGGE, Millar et al were unable to detect these organisms in preterm infants with
or without NEC [111]. The claim that enteric viruses cause NEC has not been substantiated
although it seems likely that they represent a risk factor. The question of whether NEC infants
are colonised by more virulent strains of the same species colonising infants without NEC has
not been fully investigated but, as yet, there is little evidence to support such a hypothesis.

The abnormal colonisation theory, with its emphasis on community structure rather than
specific organisms, has emerged as the most likely explanation for NEC. Possibly some
members of the microbiota contribute to health while others increase the likelihood of NEC,
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with quantitative changes heralding the onset. Even though they have never been proven to
be the causative agents, Enterobacteriaceae are commonly found in the gut of infants with NEC
and have been isolated from various sites in the body of affected infants [112]. The idea that
a bloom of Proteobacteria precedes NEC is compatible with existing knowledge and high-
lights the importance of the Gram-negative Enterobacteriaceae. However, this probably does
not occur in all cases. For example, Smith et al found Gram-positive bacteria dominated the
faecal microbiota of NEC infants whereas a mixed microbiota of Gram-positive and Gram-
negative bacteria occurred in the control infants [113]. Further investigation of CoNS is
required, as these are a common component of the enteric microbiota in preterm infants and
have been implicated in NEC. There is no convincing evidence that intestinal colonisation
with enterococci is detrimental to the health of preterm infants. Rather, it may be benefi-
cial, as some strains of Enterococcus faecalis have been shown to down-regulate the inflamma-
tory response, modulate innate immune function in intestinal cell lines and to have a
protective role in bacterial translocation [85,86,114,115]. In addition to the dominance of
certain types of bacteria, NEC aetiology may involve the absence of other bacteria. For
example, Blakey et al noted anaerobic Bacteroides spp. and lactobacilli were significantly less
common in NEC infants compared to controls [55]. The paucity of probiotic bacteria in NEC
infants and the phenomenon of microbial interference, where one species of bacteria inhibits
another, are discussed elsewhere.

Several studies challenge the long held belief that the foetus is normally devoid of microor-
ganisms and it now seems likely that colonisation begins before birth and can be detrimental.
Intrauterine infection is a major cause of prematurity and is associated with adverse neonatal
outcomes [116,117]. According to Gongalves et al, microorganisms gain access to the amniotic
cavity and foetus by four main pathways: (1) ascending from the vagina and cervix; (2)
transplacental infection; (3) seeding from the peritoneal cavity via the fallopian tubes; (4)
accidental introduction during invasive procedures [118]. The ascending pathway is probably
the most common route of infection and a variety of microorganisms have been implicated
[118]. PCR-based studies, such as that of DiGiulio et al, indicate microbial invasion of the
amniotic cavity is common in the setting of preterm, pre-labour rupture of membranes and is
underestimated using standard culture techniques [119]. Mycoplasma and Ureaplasma are the
predominant genera in the amniotic cavity whereas NEC associated species are less frequently
present [118,119]. Usually clinically silent in the mother, infection of the chorion and amnion
are chronic, proinflammatory events believed to have wide-ranging, deleterious effects on the
foetus [120]. Several investigations have reported an association between chorioamnionitis and
NEC [116, 121-123], although others have failed to show any link [124,125]. A recent meta-
analysis of 33 relevant studies revealed a significant association between clinical chorioam-
nionitis and NEC but there was no association where histological changes alone were the
indicator of infection. A threefold increased risk of NEC was seen where chorioamnionitis
diagnosed histologically was accompanied by foetal involvement [126]. Additional markers
of inflammation, such as umbilical cord polymorphonuclear cell infiltration, Ureaplasma
urealyticum colonisation and increased cord blood cytokine levels (IL-6, IL-8) have been linked
to NEC. However, other studies have been unable to confirm these findings [126].
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The mechanisms underlying the relationship between intrauterine infection, the inflammatory
pathway and NEC have not been elucidated but animal experimentation indicates intra-
amniotic exposure to lipopolysaccharide or Ureaplasma induces intestinal inflammation in the
foetus resulting in mucosal damage and impaired development of the intestine [127,128]. How
closely these findings mirror the human situation remains to be seen. A contrary argument is
that the foetal inflammatory response may be protective for neonates because it is already
primed to deal with microorganisms interacting with the gut epithelium through the ingestion
of microorganisms in amniotic fluid. Histologic chorioamnionitis is not necessarily associated
with adverse long-term outcomes and may be protective for late onset sepsis [129,130]. On the
other hand, if foetal inflammation is sufficiently damaging, it may predispose the neonate to
NEC through impairment of the epithelial barrier. As noted earlier, despite the importance of
intrauterine Ureaplasma and Mycoplasma as a risk factor for NEC, these microorganisms seem
not to colonise the intestinal tract [111]. Other bacteria, mainly E. faecalis, S. epidermidis and E.
coli, were the predominant species isolated from the meconium of healthy neonates by Jiménez
et al who noted that bacteria can be detected in umbilical cord blood, amniotic fluid and foetal
membranes in the absence of infection and inflammation [131]. Whether these antenatal
gastrointestinal colonisers have a specific role in NEC has not been explored. That NEC occurs
some days after birth suggests either additional microorganisms are required or the existing
microorganisms need time to multiply in order to reach significant numbers.

2.4. Crossing the epithelial barrier

Structure and function

As previously mentioned, motility patterns in the small bowel are poorly developed in the
preterm infant, particularly before 28 weeks gestation, with gastrointestinal transit times
ranging from 8-96 hours compared to 4-12 hours in adults [132]. Gastric acid production and
enterokinase levels are low in the premature infant, which may limit lipid and protein
digestion in the small intestine, and together with lowered intestinal motility may be
responsible for bacteria having substrate available for growth for longer periods. In 1990,
Carrion and Egan investigated supplementing the feeds of premature infants with hydro-
chloric acid. The results were promising, but this approach has not been widely adopted, and
appears not to have been investigated further [133]. It is postulated that bacterial fermenta-
tion of substrate (lactose) present in the infant gut damages the mucosa through the produc-
tion of gas, which increases intraluminal pressure. The ability of some commensal species to
ferment lactose is well known but there seems to be no correlation with NEC [58]. The surface
of the gastrointestinal tract must allow entry of molecules that are beneficial to the host while
at the same time preventing harmful microbes from crossing the barrier. Piena-Spoel et al
observed increased intestinal permeability in human neonates with severe NEC, compared
with control babies [134].

The intestinal epithelium from the stomach to the rectum is comprised of a single layer of
polarised epithelial cells. The main functions of these cells are to absorb nutrients and also
to prevent luminal bacteria and other antigens from crossing the intestinal barrier and
entering the bloodstream [88]. Extrinsic barriers including gastric acidity, intestinal peristal-

149



150

Preterm Birth

sis and the mucus layer limit the access and adhesion of bacteria to the epithelial surface. The
mucus layer is an organised extracellular matrix containing inorganic salts, non-specific
antimicrobials and specific antimicrobial immunoglobulins, water and large glycoproteins
(mucins) [135]. Mucins are produced by goblet cells within the crypts of the intestinal
epithelium and released either constitutively or in response to infecting organisms [135].
Intrinsic barriers, which include the selectively permeable epithelial cell plasma membrane
and the tight junctions that seal the intracellular spaces, block translocation of bacteria and
restrict diffusion of macromolecules. Both these barriers are underdeveloped in the prema-
ture infant and this coupled with immaturity of the immune or cellular defense mecha-
nisms may result in bacterial translocation leading to the inflammatory cascade resulting in
NEC, even without prior injury of the mucosa. This hypothesis is supported by the fact that
mice deficient in Muc2 have been shown both to be susceptible to infection and to develop
intestinal inflammation. These mice, as well as having a deficiency in mucus production, had
increased leakiness in the gut, which allowed microbes (both commensals and pathogens) to
transit the mucosa [136]. Bergstrom et al suggest that the epithelium may be subsequently
damaged either as a result of bacteria producing high concentrations of toxic metabolites or,
alternatively, the presence of the bacteria stimulates recruitment of large numbers of
polymorphonucleocytes to the site of infection resulting in epithelial cell death as neutro-
phils release cytotoxic mediators to control the infection [136]. The blooms of intestinal
Proteobacteria seen prior to the onset of NEC in some infants may directly increase their rate
of translocation via non-specific phagocytic uptake by epithelial cells lining the villi. Indige-
nous Enterobacteriaceae are considered to translocate with the greatest efficiency, S. epidermi-
dis with moderate efficiency and obligate anaerobes with the least efficiency [137].

Tight Junctions

Tight junctions and adherens junctions are critical for maintenance of gut permeability and
intestinal barrier function [138,139]. Tight junctions form a permeable barrier allowing the
passage of fluids and solutes but not the other contents of the intestinal lumen. These junctions
are made up of trans-membrane proteins (including occludins, claudins) and junctional
adhesion proteins as well as cytoplasmic proteins (zona occludens - ZO-1, ZO-2, ZO-3) [140].
Using an epithelial cell monolayer (Caco2 cells) as in vitro model intestinal barrier, Han et al
were able to demonstrate that proinflammatory cytokines interferon -y, tumor necrosis factor
- o and interleukin -1f3 could affect the expression of occludins and claudins involved in
formation of tight junctions [141]. Another study demonstrated that epidermal growth factor
prevented the disruption of tight junction proteins in an injury model using Caco-2 monolayers
[142]. The importance of occludins and claudins in the formation of functional tight junctions
has also been demonstrated in animal models of NEC where a positive correlation between
ileal occludin mRNA levels and the progression of ileal injury was noted [143]. Erythropoietin
(Epo), a component of human milk, has been suggested to have a physiological role in the
developing gut. In vitro studies undertaken by Shiou et al, demonstrated that Epo is able to
reverse the effect of IFN - vy and protect ZO-1 expression and barrier function [140]. In a rat
model of NEC the same authors demonstrated that oral administration of Epo was able to
reduce the incidence of NEC from 45% to 23%. If tight junctions are improperly formed or if
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they are damaged as a result of cytokine production in response to bacteria interacting with
intestinal epithelial cells then bacteria will be able to translocate into the tissue causing some
of the typical symptoms observed in NEC e.g. intramural gas. Reduced tight junction com-
plexes have been associated with chronic inflammation in diseases such as ulcerative colitis
and Crohn'’s disease. In these conditions there are often more bacteria found in association
with the epithelium [144].

Itis known that signals from the bacteria colonising the gut after birth play a role in maturation
of physiological, anatomical and biochemical functions of the intestinal epithelial barrier [145].
Comparisons between conventional and gnotobiotic animals have demonstrated that the
microbiota is involved in development, maintenance and repair of the intestinal mucosa
[139,145]. As outlined previously, colonisation of the gutin neonates is influenced by gestation,
postnatal age, environmental factors such as diet and the rearing environment, and adminis-
tration of antibiotics. Cilieborg et al conclude that genetically determined gut characteristics
(structure, function, immunity) and the time and mode of birth are the most crucial factors in
the development of the enteric microbiota, which may be of a beneficial or harmful nature in
terms of mucosal integrity [146]. C. sakazakii provides a good example of a potentially harmful
member of the microbiota in that it is believed to trigger intestinal disease by modulating
enterocyte-signalling pathways resulting in cell apoptosis [112]. This pathogen is also notable
for its ability to induce the disruption of the tight junctions between enterocytes [147].

Mechanisms

The mechanisms by which classical enteric pathogens cross the intestinal epithelial barrier
have been carefully studied as they provide putative targets for the prevention and treat-
ment of infectious diarrhoeal diseases. Adherence is generally the beginning of the colonisa-
tion process leading to infection and, for invasive pathogens such as Salmonella and the NEC
pathogen C. sakazakii, adherence is a prerequisite to internalisation in enterocytes. It is
generally assumed that NEC-associated bacteria adhere to enterocytes prior to the develop-
ment of the disease [148,149]. While direct evidence is lacking, animal studies support this
contention and, from a theoretical point of view, it could be an essential step [85]. Adher-
ence prevents bacteria being removed by luminal flow allowing them to deliver cytotoxic
molecules, endotoxin and other pro-inflammatory substances directly to the epithelium.
Features of the preterm intestine previously discussed such as scanty mucous, lack of
secretory IgA and delayed colonisation with inhibitory probiotic bacteria certainly provide
an opportunity for adherence of commensals to occur. When tested in an in vitro system, we
found Enterobacteriaceae isolated from stool samples of NEC infants could adhere to both large
(HT29) and small (CaCo-2) intestinal cell lines, although most did not adhere to the same
extent as the diarrhoeagenic E. coli O111 control [69,150]. Such adherent bacteria may act as
anchors for the formation of microcolonies on the mucosal surface, facilitating translocation
through interactions with the innate immune system.

There is potential for bacterial cytotoxins to assist translocation of bacteria in the gut lumen
through induction of enterocyte death. In a pilot study, we investigated 53 Enterobacteriaceae
colonies cultured from the stools of four infants with NEC (at time of diagnosis) and four
infants without NEC for cytotoxin production. The criteria for NEC diagnosis and selection of
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NEC -ve infants were as specified by Brooks et al [69]. Cell-free, broth culture supernatants
prepared from multiple bacterial colonies per stool sample were tested against a large bowel
tissue culture cell line, HT29, as previously described [151]. Cytotoxic supernatants were
diluted two-fold and re-tested to obtain the titre. All colonies were identified using API 20E
biochemical test strips (bioMérieux). A small minority of the supernatants showed cytotoxic
activity (Table 3), but there was no significant difference in their occurrence in NEC versus
non-NEC infants or in the amount of toxin produced. Toxin producers were identified as
Serratia marcescens (both groups), Klebsiella oxytoca (NEC positive group), Escherichia vulneris
and Klebsiella pneumoniae ss. pneumoniae (NEC negative group). Serratia marcescens is known to
produce pore-forming toxins, which may explain its cytotoxic activity for HT29 cells [152].
Cytotoxicactivity in Escherichia vulneris and Klebsiella pneumoniae ss. pneumoniae is not recorded
elsewhere. However, cytotoxin production in some strains of Klebsiella oxytoca has recently
been described [153].

Infants NEC positive (n=4) NEC negative (n=4)

Cytotoxin Positive Negative Positive Negative
Number of isolates 3 30 4 16
Toxin titre range 4-16 8-16

Table 3. Cytotoxin production in Enterobacteriaceae from stool samples of infants with and without necrotising
enterocolitis

3. Maturity of the gut and the innate immune response

As described in the previous section, the extrinsic barriers in the premature gut are not fully
developed. Goblet cells, found throughout the intestine, are responsible for the secretion of
mucus that protects the intestinal lining as well as providing some protections and nutrients
for the bacteria that colonise it. There are both secretory mucins (Muc2) and membrane bound
mucins (Muc3), which are co-secreted with trefoil factors (TFFs) [139]. The intestine can
respond to injury by increasing mucin production. Resident microbes in the gut can also induce
an increase in mucin production [154]. Mucins have been implicated in cellular signalling by
virtue of the fact that they are able to develop binding sites for lectins, adhesion molecules,
cytokines and chemokines. In the immature gut the coverage of mucin is scanty which may
facilitate bacterial adherence to the epithelial cells. Paneth cells in the small intestine are able
to secrete a wide spectrum of antimicrobial peptides against bacteria, fungi and viruses.
Microfold (M) cells in the intestine sample the intestinal environment and deliver antigens to
more specialised lymphoid tissue. Their role in disease in the premature neonate is unknown.
However, impaired production of both MUC2 and TFE3 has been reported in clinical and
experimental cases of NEC [139]. In a rat model of NEC Khailova et al demonstrated that when
rats were given a probiotic bacterial strain Bifidobacterium bifidum that regulation of the mucin
layer was observed with levels of mucin3 and TFF3 similar to those of control animals [139].
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The innate immune system of the intestinal epithelium barrier has to be able to distinguish
commensal bacteria from pathogens. Pattern recognition receptors on the intestinal epithelial
barrier (transmembrane Toll-like receptors and intracellular nucleotide binding oligomerisa-
tion domain -like (NOD) receptors) have to be able to recognise microbial ligands (lipopoly-
saccharide, flagellin, lipotechoic acid, peptidoglycans and formylated peptides) known as
microbial-associated molecular patterns (MAMPs). Depending on how the signal is perceived
anumber of responses can be generated - with commensal bacteria a protective response; with
pathogenic bacteria an inflammatory response; or it can be a response that triggers apoptosis
[145]. Commensal bacteria can dampen TLR-mediated inflammatory signals. The nuclear
factor kappa B (NF«B) transcriptional control pathway has both anti-inflammatory and pro-
inflammatory roles dependent on the microbial signal received [145]. Once the MAMP has
bound to its respective TLR, the TLR triggers recruitment of the myeloid differentiation
primary-response gene 88 (Myd88), which then recruits another protein known as IL-IR
associated protein kinase. Activation of this gene leads to activation of NFkB and other
regulators of gene expression. Along with the expression of inflammatory genes this is the
basis of the innate immune response in the gut [155]. Receptors of the innate immune system
are expressed on intestinal epithelial cells and also antigen presenting cells such as macro-
phages and denderitic cells. Discrimination of pathogenic bacteria from commensal bacteria is
mediated by the trans membrane TLRs and the intracellular NOD isoforms [155]. The gut
associated lymphoid tissue is made up of Peyers Patches, which can be described as mucosal
lymph nodes overlaid with M cells. M cells have endocytic organelles that facilitate uptake of
antigens from the intestinal lumen. Peyers Patches contain several types of antigen presenting
cells such as dendritic cells and B cells. The lamina propria of the gut contains antigen
presenting T cells, antibody secreting B cells, T cells and macrophages [156].

The microbiota, mucin and antibacterial products such as defensins and immunoglobulins
help protect the host against pathogens. In infants with NEC who have a poorly developed
gut with little mucin production and an abnormal microbiota compared to full term healthy
infants, the potential for bacteria to cross the intestinal barrier and initiate inflammatory
disease is much greater. Once we have a better understanding of the microbial-mucosal
signalling components of inflammatory pathways and the regulation of these by commensal
bacteria we may be able to find new ways of preventing NEC in premature infants. Alterna-
tively, or as well as, damage to the intestinal mucosa by enteric viruses, harmful members of
the gut microbiota, acidic or toxic luminal contents are likely to facilitate translocation. Injury
due to hypoxic-ischaemic events in late-onset NEC is generally considered to be transient and
unlikely to directly induce translocation. However, there may be subtle effects and when
severe, it could be a permissive factor [20].

4. The inflammatory response

The initial step in any infection is the adherence of a microorganism to a host surface. As
previously discussed, this binding may trigger a number of host responses such as chemokine
and cytokine release, alterations in intracellular signalling pathways and induction of apop-
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tosis. Cytokines play an important role in the regulation of inflammation. In cases of NEC
several cytokines have been identified as being associated with the disease. A number of pro-
inflammatory cytokines (IL-1f, IL-6, IL-12, IL-18 and TNF-a), an anti-inflammatory cytokine
(IL-10) and platelet activating factor (PAF) have been associated with NEC pathogenesis and
neonatal sepsis in both infants and in animal models of NEC [157-159].

Pro-inflammatory cytokines can cause increased production of nitric oxide which is known to
modulate various physiological processes including inflammation [88,141,]. Nitric oxide is
produced from arginine by nitric oxide synthases of which there are three isoforms one of
which is inducible (iNOS). This inducible isoform is expressed at high levels during inflam-
mation and is activated by cytokines such as gamma interferon and by bacterial lipopolysac-
charide [88,160]. Nitric oxide may cause damage either directly or through its toxic
intermediate, ONOO' resulting in a direct cytopathic effect on the cells (apoptosis) and
inhibiting enterocyte proliferation and migration so that the intestinal mucosa cannot repair
itself [88]. iNOS knockout mice have been shown to be more susceptible to infection with a
number of microorganisms including Porphyomonas gingivalis and Salmonella [160]. Intestinal
iNOS expression increased in the terminal ileum in a rat model of NEC with concurrent
enterocyte apoptosis and decreased IL-12 production [161]. IL-12 is involved in bacterial
clearance. Surgical specimens from infants with acute NEC have also demonstrated increased
levels of iNOS and gamma interferon mRNA [157].

Platelet activating factor (PAF) has also been implicated in cases of NEC. This pro-inflamma-
tory lipid mediator has been associated with intestinal mucosal injury and bowel necrosis in
animal models of NEC and neonates with NEC [162,163]. A two-step enzymatic process is used
to produce PAF [163]. Experimental animal model research has suggested that both PAF and
intestinal bacteria are required to cause NEC as PAF alone cannot induce experimental NEC
in a rodent model in the absence of the intestinal microflora [164,165]. PAF is released in
response to hypoxia, infection or local injury and Soliman et al hypothesise that this then results
in up-regulation of TLR4 in the intestinal epithelium allowing excessive bacterial activation of
the intestinal inflammatory response [163]. Another group has also demonstrated that when
PAF degrading enzyme is given in association with enteral feeding in a rat model of NEC that
initiation of NEC is prevented [166].

IL-10 plays a protective role in the pathogenesis of NEC. Using wild type and IL-10 knockout
mice Emami et al have demonstrated that in IL-10 deficient mice there is more evidence of
epithelial apoptosis and dissociation of tight junctions compared to wild type animals [159].
In addition, when IL-10 knockout mouse pups were treated with IL-10 or phosphate buffered
saline, pups given IL-10 had a greater rate of survival than the PBS treated pups and improved
intestinal villus architecture. IL-10 can suppress the secretion of pro-inflammatory cytokines
such as IL-2, TNF-a and gamma interferon. This cytokine is found in human breast milk and
has been postulated to be one of the protective factors preventing the development of NEC.
In addition, IL-10 can suppress expression of iNOS at the mucosal level in macrophages [167].
As described above, high levels of iNOS have been associated with cases of NEC. Lee and Chau
have demonstrated that the enzyme heme-oxygenase -1 is induced by IL-10 and that this
enzyme is required to mediate the action of IL-10 both in vitro and in vivo. When an HO
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inhibitor was given to mice, IL-10 mediated protection against LPS-induced septic shock was
decreased [167]. IL-10 protection appears to be the result of down regulation of iNOS expres-
sion leading to less damage of the intestinal surface. However, if levels of HO-1 are reduced
or absent IL-10 is not able to control iNOS expression. Further evidence for the role of NO in
NEC has been provided by Ford et al who examined levels of inflammatory cytokines and NO
in samples of intestine obtained from infants undergoing surgical resection for NEC and who
demonstrated that NO was produced in large amounts by enterocytes in the intestinal wall
leading to apoptosis of enterocytes in apical villi through peroxynitrite formation [157].

4.1. Signaling pathways

One of the newer approaches to understanding the pathology of NEC has been at a molecular
level and examines the relationship between the intestinal epithelium and commensal bacteria.
This research has identified a class of bacterial receptors known as Toll-like receptors (TLRs),
in particular TLR 4, whose ability to respond to bacteria associated with the intestinal epithe-
lium may in part explain why some premature infants are susceptible to NEC. More than ten
TLRs have so far been identified in humans [168]. These receptors form part of the innate
immune response and interact with different components of bacteria and viruses. TLR4, for
example, is known to be the receptor for bacterial lipopolysaccharide. As NEC has often been
shown to develop after gut colonisation with Gram-negative strains of bacteria, a putative role
for TLR4 in the pathogenesis of this disease has been suggested. Mice with mutations in TLR4
or lacking TLR4 do not develop NEC [24,165]. Activation of enterocyte TLR4 leads to increased
death of cells in the intestine through the mechanism of apoptosis [169]. TLR4 activation results
in stimulation of IL-1R kinase via adaptor molecules MyD88 and MD?2 resulting in activation
through NF«B and up-regulation of pro-inflammatory cytokines [24]. Gribar et al have
demonstrated that TLR4 expression is higher during gestation in the mouse and falls off shortly
before birth [170]. They have also postulated a link between TLR4 levels and TLR9 levels in
the pathogenesis of NEC. TLR9 recognises bacterial DNA as opposed to LPS recognised by
TLR4. TLR4 levels are increased in the bowel of infants with NEC compared to control bowel
samples [24]. In a mouse model of NEC, Leaphart et al demonstrated that physiological
stressors such as hypoxia and LPS associated with the development of NEC sensitise the
epithelium to LPS through the up-regulation of TLR4 and that if animals had a mutation in
TLR4 the severity of NEC was reduced due to increased healing capacity of the epithelium [24].
Thus the effect of TLR4 appears to be two-fold by promoting damage to the small intestine
through up-regulation of inflammatory cytokines and in reducing mucosal repair. As reported
in the last section, there is also a known relationship between TLR4 up-regulation and PAF,
one of the molecules implicated in the pathogenesis of NEC.

The relationship between TLR4 and TLR 9 and the signalling from both these receptors has an
important role to play in the development of NEC [170]. In cases of NEC, in both humans and
mice, increased TLR4 and decreased TLRY expression was measured. TLR9 recognises CpG
motifs of bacterial DNA. Bacterial DNA differs from human DNA in that is enriched with CpG
motifs and is largely unmethylated [170]. Using a murine model of NEC, Gibrar et al demon-
strated that NEC occurs when there is increased TLR4 and decreased TLRY expression in
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developing intestinal mucosa. Furthermore, they were able to show that activation of TLR9
with CpG-DNA inhibited TLR4 mediated signalling in enterocytes. The mechanism of
inhibition was dependent upon the inhibitory signalling molecule IL-1R kinase. When CpG-
DNA was administered to newborn mice the incidence of experimental NEC was significantly
reduced. Other studies have also implicated TLR2 in the pathogenesis of NEC. TLR2 mRNA
expression was increased along with TLR4 mRNA and activated NF«B in a neonatal rat model
of NEC 48 hours prior to lesions being identified histologically [171,172]. TLR2 mediates host
response to Gram-positive bacteria and yeasts through the NFkB pathway [173].

Bacterial signals [ Bacterial peptidoglycan ]
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lipotechoic acid, flagellin)
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Nucleotide-binding oligomerisation
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ad
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Cytokines
Inflammatory
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Figure 1. Effects of microbial stimulation on cellular outputs. Toll-like receptors (TLR) and nucleotide-binding oligo-
merisation domain-like (NOD) receptors recognise patterns of bacterial signals. The outcome of this interaction is vari-
able depending on the commensal or pathogenic status of the bacteria.
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Signalling pathways of the innate immune system therefore play an important role in the
development of NEC. Understanding of the interactions in this system may lead to the
development of new therapeutic treatments for NEC e.g. probiotics with known effects on
signalling pathways, anti-inflammatory molecules.

4.2. Cell damage

When pieces of bowel are removed during surgery for NEC and examined histologically, a
large number of apoptotic nuclei signifying programmed cell death are observed in the tissues
[157]. Studies using an animal model of NEC have demonstrated that apoptosis occurs prior
to gross histological damage. When apoptosis was prevented using caspase inhibitors, the
development of NEC was significantly reduced [174]. Also, the neonatal pathogen C. sakaza-
kii is known to induce apoptosis in enterocytes. As the predominant anatomic lesion of NEC
is coagulative or ischaemic necrosis, the contribution of apoptosis requires some explanation
[2]. Necrosis is a term currently used by cell biologists for non-apoptotic, accidental cell death
and by pathologists to denote the presence of dead tissue or cells regardless of how they have
died. In the absence of efficient phagocytosis, apoptotic bodies may lose their integrity and
proceed to secondary or apoptotic necrosis. Thus the presence of necrosis indicates cell death
has occurred, but does not necessarily indicate how [175].

5. Hypothetical model of NEC

NEC is a complex disease influenced by several risk factors that may act alone and together.
The innate immune system appears to play a large role in the establishment of NEC. We
propose that in the preterm infant susceptible to NEC, scanty mucus production allows
interaction between commensal bacteria and TLR triggering the innate immune response
leading to loosening of intercellular tight junctions, enterocyte apoptosis and necrosis,
resulting in translocation of bacteria (Figure 2a). Additional factors may also increase trans-
location, including infection with enteric viruses, presence of microbial cytotoxins or other
toxic substances, and a bloom of certain bacteria in the gut lumen causing increased phagocytic
uptake by enterocytes. In comparison, the intestinal epithelium of the healthy term neonate
secretes adequate muecus, trapping enteric bacteria in the upper layers. In addition, the
presence of sIgA and other antimicrobial substance inhibit bacterial colonisation of entero-
cytes, and any commensal bacteria that do adhere are recognised as not harmful, dampening
TLR-mediated inflammatory signals (Figure 2b). In essence, a pivotal event in the development
of NEC may be whether the innate immune system of the preterm infant intestine views
bacteria reaching the enterocyte surface as friend or foe.

6. Probiotics

Microbial succession ensures that the intestines of healthy neonates are readily colonised with
probiotic bacteria such as Bifidobacterium and Lactobacillus. In contrast, colonisation with these

157
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bacteria is delayed in preterm infants [6]. Probiotic bacteria are avirulent, generally of human
origin, and purported to have a number of beneficial effects. They are used both prophylacti-
cally and as a treatment for certain infections but claims they can colonise the bowel are more
controversial, probably because this depends on the specific probiotic. Enteric probiotics may
reduce the incidence and severity of diarrhoea due to enteric pathogens through competitive
inhibition and/or production of antimicrobial substances. They have been shown to attenuate
nitric oxide production, increase antioxidant activities, improve the mucosal barrier, upregu-
late anti-inflammatory and downregulate pro-inflammatory responses [6-8,176]. Additional
probiotic effects, such as regulation of apoptosis and prevention of intestinal injury by C.
sakazakii have been demonstrated in animal models of NEC [6]. All of these effects are relevant
to the prevention of NEC and suggest that probiotics are the ideal, low-cost intervention for
preterm and low birth-weight infants. The main difficulty in assessing the efficacy of probiotics
for the prevention of NEC is that different bacterial species or strains with different probiotic
effects are used in each study, so that the optimum probiotic for NEC, and the biological
characteristics that it should possess, have not been well defined.

Trials of probiotics in preterm infants have had varying results. Those reporting a reduction
in NEC have often employed Bifidobacterium, a dominant genus in the intestines of healthy
infants, with or without other probiotic genera [177]. Efficacy in a rat model of NEC has also
been demonstrated [139]. Administration of Bifidobacterium together with Lactobacillus is
known to promote the growth of indigenous lactic acid bacteria through the production of
short-chain fatty acids [178]. Administration of Lactobacillus alone does not appear to prevent
NEC and Deshpande et al caution against its use [179]. In the NICU at Dunedin Hospital,
Infloran, a probiotic mix of Bifidobacterium infantis and Lactobacillus acidophilus, is prescribed
for infants <1500 g. It has performed well in trials, reducing the incidence of NEC by more than
50% [8]. A recent meta-analysis demonstrated that prophylactic probiotic therapy reduced the
incidence of NEC by 30% overall, confirming the significant benefits of supplementation [179].
The risk that in critically ill neonates, or those with compromised gut integrity, probiotics may
translocate into the bloodstream has been considered and this is an area requiring further
investigation [178,180]. Nevertheless, probiotics are regarded as a promising approach for the
prevention of neonatal NEC [7,8].

Cario et al demonstrated that TLR -2 was able to control mucosal inflammation in both in vivo
and in vitro models by preserving TJ associated barrier assembly against stress-induced
damage via MyD88. When colitis was induced in wild type mice using dextran sodium
sulphate followed by treatment with a TLR-2 agonist, clinical signs of colitis were abrogated
in all animals when compared to mice which didn’t undergo treatment [181]. The probiotic
Bifidobactrium bifidum was shown to up-regulate expression of TLR-2 in the ileum in a rat model
of NEC and this was associated with significantly reduced epithelial apoptosis [139].

Whether probiotic therapy in preterm infants should include supplementation with prebiotics
is open to question. Prebiotics promoting the growth of bifidobacteria and lactobacilli are
naturally present as oligosaccharides in human milk [8]. The few existing trials of prebiotics
in preterm infant have indicated an increase in stool counts of bifidobacteria and lactobacilli
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occurs. However, until more data is available, routine feed supplementation with prebiotics

or synbiotics (probiotic, prebiotic mixtures) is not recommended [6].
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Figure 2. a) Progression of events leading to necrotising enterocolitis in the preterm infant. A bloom of bacteria due
to low intestinal motility increases phagocytic uptake. Scanty mucus and reduced antimicrobial factors allow bacteria
to adhere to enterocytes, activating NFKB via TRL leading to enterocyte apoptosis, necrosis and loosening of tight
junctions. Bacterial translocation may be increased by presence of enteric viruses or microbial and other toxins. b) In-
testinal epithelium of the healthy, term neonate. Diversity of enteric microbiota and normal gut motility prevent a
bloom of one type of bacteria. Thick mucus, sIgA and other antimicrobial factors inhibit bacterial adherence.
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7. Future directions

An article rather pessimistically entitled ‘Necrotizing enterocolitis — 150 years of fruitless
search for the cause’ was published in 2011 [14]. We believe the search has been fruitful
and a fuller picture of NEC is now beginning to emerge. NEC is a far more complex disease
than early researchers anticipated, involving intrinsic gastrointestinal barriers, the innate
immune response, signalling pathways and bacterial colonisation patterns. It seems likely
that in individual cases of NEC there will be differences in both the aetiology and
pathogenesis. Research into this disease will always be hampered by the fragility and
vulnerability of the patients and ethical considerations, leading to a greater dependence on
in vitro and animal model experimentation than is usual. Although necessary, antibiotic
therapy is often a confounding factor in NEC research because it may eliminate the
microbes that initiated the infection. Prospective studies represent a promising avenue of
research especially when combined with DNA or RNA based methods for studying changes
in the enteric microbiota, initiation of the inflammatory pathway and cell signalling.
Through increasing our understanding of NEC, new targets for intervention will be
identified. Further investigation of the mechanisms of action of probiotic bacteria will
hopefully identify the ideal probiotic for NEC prevention. There is every reason not to be
pessimistic about our ability to treat, and more importantly to prevent, this potentially

devastating disease of preterm infants in the future.
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1. Introduction

Preterm birth rates have been reported as 12% in the United States and 5-8% in Europe, e.g.
in The Netherlands [1, 2]. Mortality rates in preterm children decreased considerably in the
last decades, especially for the extreme preterm born children < 28 weeks’ gestation [3].
However, 80-90% of the preterm children are born between 32 and 37 weeks’ gestation:
increasing birth rates in this subgroup have been reported for the last decades [4]. Therefore,
the number of surviving children increases, and morbidity and developmental outcome of
these children become more important: for the children and their families, but also for societies.
All preterm children are at increased risk for developmental problems, in all domains of
development, with a gradient effect that children born earlier are at greater risk [5].

In recent years, more attention has been given to the development of moderate preterm born
children. Moderate preterm birth between 32 and 36+6 weeks occurs in 6-9% of all births [1,
2], which implies that many families are affected each year. Moderate preterm birth also
constitutes an insult for the still immature brain of the infant. Several studies reported on
outcome of moderate preterm children born between 32 through 36+6 weeks.

A review showed that, overall, more school problems, less advanced cognitive function-
ing, more behavior problems, and a higher prevalence of psychiatric disorders was
found in moderate and late preterm born infants, children, and adults compared with
their full term peers [6].
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Despite the fact that the risk for developmental problems of moderate preterm born children
has become increasingly clear, not many systematic and long term follow up monitoring is
done as yet. Further study is needed on the processes and factors that may shape the devel-
opmental trajectories of moderate preterm born children. Such information needs to provide
guidelines to design an adequate monitoring program.

We studied a sample in The Netherlands of 377 moderate preterm born 7-9 year old children,
who were not referred for neonatal intensive care treatment. Cognitive and emotional
regulation difficulties were found to affect their functioning, as school problems, a slightly
lower IQ, attention and behavioral problems appeared when the moderate preterm children
were compared with 182 term born children [7]. Lower educational attainment and more
specifically attention and learning difficulties, arose as a core problem for these children. The
outcome of the children at school age showed that for some children developmental problems
already were identified, because of their attendance of schools for special education or need
for grade retention. Other behavioral problems or psychopathology, also may already have
been identified by school age, through use of regular care facilities by parents or schools.

In this chapter will be presented for how many moderate preterm children at school age
diagnoses or worries concerning developmental and learning problems were indicated
by their parents or teachers. Next, the subgroups of moderate preterm children with and
without such problems will be compared concerning their neonatal characteristics. In ad-
dition their functioning at school age will be compared on the measurements used in our
study regarding IQ, sustained attention, and behavior problems. This information may
elucidate what kind of developmental problems are found among moderate preterm chil-
dren and what neonatal characteristics may carry a higher risk. In addition, it may clari-
fy if most children identified through our measurements with low IQ or problems with
sustained attention or behavioral problems, were already identified by their parents or
teachers, in that they already had a diagnosis or a need for school adjustment before we
examined them around 8 years of age. These analyses may result in important informa-
tion for the design of follow up studies or monitoring procedures of moderate preterm
children.

2. Methods

2.1. Participants

Selection criteria for the preterm children consisted of: a gestational age at birth of 32 through
36 weeks + 6 days, no dysmaturity (<P10), no NICU admittance needed, no severe congenital
malformations, 7-9 years old. The sample was described in detail in an earlier publication [7].
In short, it consisted of 377 children, 52% boys, with a mean gestation of 34.7 (1.2) weeks and
a mean birth weight of 2425 (455) grams. The distribution of 32, 33, 34, 35 and 36 completed
weeks of gestation in the preterm group consisted of respectively 6%, 11%, 20%, 28% and 36%.
Birth weight was below 2500 grams in 56% with two cases below 1500 grams.
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2.2. Instruments

All parents completed a background information questionnaire concerning school situation of
the index child, family circumstances, life style during pregnancy, and delivery characteristics.
Neonatal data of the preterm children were collected from the hospital files. Cognitive abilities
of the children were assessed with the Revised Amsterdam Children’s Intelligence Test
(RAKIT, short version) for 4 to 11 years [26]. The norm score (IQ score) is 100 (SD = 15) and the
mean for the subtests is 15 (5D=5). The test has good psychometric characteristics with an
internal consistency coefficient of: 92 and a test-retest coefficient of: 85. A correlation of: 81 was
found with a Dutch version of the Wechsler intelligence test — revised [8].

To measure sustained selective attention, the Bourdon-Vos test was used [9]. On a page with
33 horizontal rows of 24 small figures made of three, four or five dots, the children are asked
to mark the configurations that consist of four dots, as quickly as possible. Time to complete
the rows and the total page is recorded and norm scores have been provided. The validity,
sensitivity, and reliability of the test have been found acceptable by the Dutch COTAN
organisation that checks test characteristics [10].

Both parents and teachers were asked to complete a questionnaire on competences and
behavior problems, the Child Behavior Check List (CBCL) or Teacher Report Form (TRF) [11].
The CBCL and TREF are parallel forms with good psychometric qualities. Scoring provides an
assessment of total number of problems, as well as separate scores for internalizing and
externalizing behavior problems. A T-score of 60 indicates a cut off for children with many
behavior problems, as was found for 15% of the norm population. A further division allows
separate results for dimensions of anxious/depressed behavior, physical complaints, social
problems, thought problems, attention problems and aggressive behavior.

Information on school outcome (i.e. attending a grade appropriate for age, grade retention, or
attending a school for special education) was obtained from the parental background ques-
tionnaire or the CBCL and TRF questionnaires. School problems were defined as either
attending a school for special education, or having repeated a grade in the regular primary
school.

Diagnoses or worries related to daily functioning of the children were indicated by parents on
the background questionnaire, or in comments to the test leaders who could note such
information as particularities of the child. Based upon the information provided in these
comments, difficulties in functioning were differentiated into 11 specific problems.

1. ‘Health’ concerned problems like asthma, diabetes, eczema.

2. ‘Senses’ reflected need for hearing aids or glasses.

3. ’Motor problems’ indicated illness of Perthes, difficulties in sitting.
4

‘Concentration problems” were noted when difficulties with sustained attention were
mentioned.

o

‘Learning problems’ reflected a developmental delay or use of Remedial Teaching.

6. ’‘Dyslexia’ was mentioned as such.

177



178

Preterm Birth

7. ‘Language problems’ indicated treatment by a speech therapist, but also problems in
reading, spelling or speech.

8. “‘ADHD’ was mentioned as such.

9. ‘Social emotional problems’ reflected anxiety, worries concerning sensitivity and it was
mentioned as such.

10. ‘Autistic Spectrum’ was mentioned as problems within the autistic spectrum.

11. ‘Behavioral Adjustment problems’” indicated adaptation problems and (hyper)-active
behavior.

Although for some children more than one problem was indicated, the information was
summarized by an experienced health psychologist (ALvB) into one exclusive code that
seemed to represent the most important problem for the child: e.g. when a child was attending
a school for children with motor problems and both motor problems and concentration
problems were indicated, a final code of “Motor problems’” was assigned.

These problems were summarized into three main developmental domains, distinguishing: 1)
the somatic domain (difficulties related to chronic health problems, senses of perception, motor
functioning), 2) the cognitive domain (attention deficit hyperactivity disorder (ADHD),
concentration problems, learning difficulties, dyslexia, and language problems), and 3) the
social-emotional domain (diagnoses within the autistic spectrum, and social-emotional
difficulties). In addition a separate code was entered for problems appearing in school
functioning (need for special education, grade retention).

Finally a separate code was entered to identify the children that either had any school problem,
or any other problem in one of the domains, as described above, creating two subgroups of
children with or without any problems.

2.3. Procedure

The participating preterm children were born between 1996 and 1998 in one of seven general
hospitals in the south of The Netherlands. The preterm children were selected based upon the
hospitals’ archives. Their addresses were traced and their parents were contacted and asked
for participation.

The study was approved by the Committee of Medical Ethics of the St. Elisabeth hospital in
Tilburg and by the committees of the other participating hospitals. The parents gave their
written informed consent.

3. Statistical analyses

Descriptive information of the groups with and without developmental problems was
compared using analyses of variance and chi-square analyses. Group comparisons concerning



Moderate Preterm Children Born at 32-36 Weeks Gestational Age Around 8 Years of Age...
http://dx.doi.org/10.5772/54623

the different outcome measures were done using multivariate and univariate analyses of
variance or crossstabs. All analyses were done with SPSS 20.0.

Higible
n=647

Agreed to participate Not participating

n=2377 n=270
— . ould not be located (42%)
Any problem No problem QGould not be studied within time frame
n=125 n=252 (34%
Parentsrefused to participate (5%)
No reason known (19%)

Figure 1. Flow chart of the study design

4. Results

Figure 1 presents the flow chart of the study design. It shows that for 252 children no problems
and for 125 children any problem had been indicated by parents or teachers when they entered
our study. For 13 out of 87 children (15%) more than one problem had been indicated, e.g.
ADHD and behavior problems (coded as ADHD) or motor problems and concentration
difficulties (coded as motor problems), but only one code was given.

The amount and kind of developmental problems identified in the moderate preterm
children through their school situation and through the diagnoses and worries indicated
by parents and teachers are presented in Table 1 per developmental domain and specific
kind of problems.

For one third of the moderate preterm children a school or any other developmental problem
was found. For 23% of the total group of preterm children a problem in one of the three domains
was identified and for 22.6% a school problem was found.

Of the children for whom a specific problem in the somatic, cognitive or social-emotional
domain was indicated, 47 (54%) were also found to have a school problem: 22 (25%) of these
children attended a special school and 35 (40%) (also) had experienced grade retention. For 40
(46%) of these children no school problems were found.
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For 22 (76%) of the children that attended a special school, and for 35 (50%) of the children that
had had a grade retention, a specific problem was identified. For 38 (45%) of the children with
school problems, no specific problem in one of the domains was indicated.

Forty children, 14% of all preterm children without school problems, were identified with a
specific problem in one of the domains.

Domain Problem N % of preterm children
Somatic Health 16 4.24
Senses 10 2.65
Motor functioning 3 0.80
Cognitive Concentration 8 2.12
Learning 19 5.04
Dyslexia 5 1.33
Language 4 1.06
ADHD' 3 0.80
Social emotional Social emotional problems 5 1.33
Autistic spectrum 8 2.12
Behavioral adjustment 6 1.59
Subtotal 87 23.08
School Special education 29 7.69
Grade retention 70 18.57
Subtotal 85 22.55
School or other problem 125 332

TADHD = Attention Deficit/Hyperactivity Disorder

Table 1. Identified problems

In Table 2, the background characteristics and neonatal complications are presented for the
subgroups with and without any identified developmental problem. In the subgroup of
preterm children with any problem (n = 125) significantly more boys were found, chi-square=
11.80, df=1, p=.000.

A marginally significant effect was found regarding the need for oxygen at any time in the
neonatal treatment period, which was needed by more children in the group with any problem,
chi-square= 3.75, df=1, p=.053. In the total group of preterm children, oxygen was needed by
23% of the children, and for 9% was indicated that they only needed it right after birth. Fifteen
children needed oxygen for 3 - 7 days. For the groups with and without problems respectively
oxygen only right after birth was needed in 12 (11.3%) versus 16 (7.8%) children, and need for
oxygen for 3-7 days in 6 (5.6%) versus 9 (4.4%) children.
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No differences between the subgroups with and without any problem were found for other
indicators of neonatal complications like gestational age, birth weight, hypoglycaemia, need
for phototherapy or the duration of hospital treatment. Distribution of 32, 33, 34, 35 and 36
completed weeks of gestation was for the group with problems respectively 8%, 13%, 23%,
26% and 30%, and for the group without problems 4%, 10%, 21%, 30% and 34%, a non
significant difference.

The subgroups did differ in parental education of mothers, in that parents of children with
problems were less often highly educated; for mothers chi-square= 7.07, df=2, p=.029; for
fathers chi-square= 5.86, df=2, p=.053.

These characteristics of the children and their parents were also compared per domain of
development, i.e. somatic, cognitive, or social emotional problems, but this did not show any
statistically significant differences.

Preterm No problems Any problem
Total group N=252 N=125
Boys, n (%) 197 (52) 116 (46) 81 (65)*
Mean gestation (sd), weeks, range 34.7 (1.2) 34.8(1.1) 34.6(1.3)
32-36 32-36 32-36
Mean birth weight (sd), grams, range 2425 (455) 2448 (432) 2380 (497)
1340-4130 1340-3564 1530-4130
Mean days hospital (sd) 15.7 (10.0) 15.2(9.7) 16.8 (10.5)
range 2-51 2-49 2-51
Oxygen needed, n (%)* 71(22.6) 40(19.2) 31(29.2)
Phototherapy, n (%) 162 (43.3) 103 (41) 59 (48)
Hypoglycemia, n (%) 41(13.2) 30(14.3) 11(10.9)
Multiples, n (%) 85(22.5) 64 (25.4) 21(16.8)
Mothers education, n (%)*
Primary level 16 (4.4) 8(3.3) 8(6.7)
Secondary level 283(78.2) 183 (75.9) 100 (82.6)
Tertiary level 63(17.4) 50 (20.7) 13(10.8)
Fathers education n (%)*
Primary level 11(3) 5(2.1) 6(5.5)
Secondary level 235 (67) 155(64.9) 80(72.7)
Tertiary level 103 (29)* 78(32.8) 25(22.5)

Note. Analyses of variance and Chi-square analyses comparing the no problem and any problem groups

*p <.05

Table 2. Neonatal and demographic characteristics based upon identified problems
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In Table 3 results are presented for the measurements of intelligence and behavioral
problems, when the children were around 8 years old. The results are presented for the
subgroups with and without any problem in the first two columns, as well as for the
subgroups according to main domain of problems in the last three columns. The number
of children that actually show a worrisome level of functioning, i.e. that scored at least
one standard deviation below the norm IQ score, or above the cut off for a worrisome
level of behavior problems, is presented too.

No problems Any problem Somatic Cognitive Social emotional

domain domain domain
M (sd)? M (sd) M (sd) M (sd) M (sd)
1Q? 107 (13.8) 95 (14.6)* 95 (16.0) 91(16.6) 101 (13.4)
Sustained Attention 6.8 (2.9) 8.1(2.5)* 7.7 (2.3) 7.7 (2.8) 8.2(2.8)
CBCL* Total - Mothers 50(9.2) 57 (10.0)* 53(9.4) 58(9.6) 65.(8.1)
CBCL Total — Fathers 47 (9.6) 53(10.3)* 51(10.4) 55(9.5) 58(12.4)
TRF® Total — Teachers 50(8.2) 55 (8.7)* 52(8.4) 57(8.2) 62 (8.4)
N (%) N (%) N (%) N (%) N (%)
1Q <85 13(5.2) 29 (23.6)* 7(24.1) 13(33.3) 3(16.7)
Sustained Attention > 8 decile 93(37.1) 69 (58.5)* 15(51.7) 20(57.1) 11(64.7)
CBCL Mothers T> 60 39(16.2) 45 (37.5)* 4(14.8) 17 (43.6) 14(73.7)*
CBCL Fathers T> 60 19(8.3) 26 (25)* 4(18.1) 11(33.3) 7 (46.6)
TRF Teachers T > 60 34 (14.7) 38 (34.9)* 6(23) 18 (48.6) 11(64.7)*

*Difference between subgroups with or without any problem = p<.01
™M = Mean

?sd = Standard deviation

31Q = Intelligence Quotient

4CBCL = Child Behavior Checklist

>TRF = Teacher Report Form

Table 3. Developmental outcome by subgroup based upon identified problems

The subgroups with and without problems differ significantly in all measurements, with lower
IQ and more attention and behavior problems for the children whose problems already were
identified by parents or teachers (Table 3). This was shown by a multivariate analyses of
variance (MANOVA), corrected for sex and maternal education: F(5,283)=13.62, p<.001, partial
eta squared=.194. Univariate analyses of variance showed significant differences for all
measurements to the disadvantage of the subgroup with problems.
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In addition, more children in the group with identified problems actually showed a worrisome
level of functioning on the IQ test, the sustained attention task and the behavior problem
questionnaires answered by mothers, fathers and teachers, as chi-square analyses showed
significant differences.

A MANOVA corrected for sex and maternal education showed no significant differences
between the subgroups with problems in different domains F(10,112)=1.33, p=.225, partial eta
squared=.106. Univariate comparisons did show a difference for the assessment of behavior
problems by the mothers, F(2,82)=9.85, p<.001, and by the teachers, F(2,77)=7.69, p=.001. These
differences indicate that the children with problems in the social emotional domain have more
behavior problems than the children who have a main problem in the somatic domain.

As shown by significant chi-square analyses according to mothers and teachers the children
who had problems in the somatic domain had less worrisome levels of behavior problems,
compared to the children who had a main problem in the cognitive or social-emotional domain.

Only a limited number of children that had a low IQ score (5.2%) or a high problem score on
the behavior problem questionnaire (ranging from 8% to 16%) were not identified through the
comments of their mothers or teachers (Table 3).

On the sustained attention task, many children in the subgroup without problems (37%) also
did show difficulties. Attention problems seem to form a general problem for all moderate
preterm children.

5. Discussion

In this chapter was studied for how many of the 377 moderate preterm children examined at
school age, developmental problems had already been identified by parents, teachers or school
situation. The developmental problems focussed at, appeared through the children’s school
problems, placement in special schools, earlier diagnoses, or worries concerning daily
functioning as indicated by parents and teachers. For a large subgroup, one third of the
moderate preterm children studied, school problems or any developmental problem was
indeed identified. For 23% of the children a specific problem was indicated. These problems
consisted for 10% of cognitive difficulties, for 5% of social-emotional difficulties, and for 8%
of difficulties in somatic functioning. Attendance of a special school or grade retention was
found in 22% of the preterm children. More than half of the children that were identified with
a specific problem, also had a school problem. And, the other way around, for most of the
children (76%) that attended a special school, and 50% of the children that had experienced a
grade retention, also a specific problem was indicated.

For many children, the difficulties related to school functioning formed their most obvious
problem. Beside clear indicators like attendance of a special school, or grade retention, learning
problems were also often indicated by parents and teachers and described as difficulties of the
child in following the lessons at school. In addition, concentration problems were described
in this context. For some children the focus of the description of their problems was put upon
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behavioral adjustment problems. Few children actually already had a formal diagnosis like
ADHD or Dyslexia. A number of children (4%) had mainly health problems, like Asthma, or
eczema. This number is not high in view of an estimated prevalence of Asthma in 5-10% of the
Dutch population [12].

Therefore it is concluded that most difficulties of moderate preterm children at school
age are captured by an indication of school problems. Several other studies also found a
greater risk for difficulties in educational attainment. Preschool readiness testing in Flori-
da in the USA showed that at 5 years of age, 13.6% of 22.552 late preterm children
(34-37 weeks) versus 11.8% of 164.628 term born children needed special education [13].
In England, risk for not reaching a good level of overall school achievement at age 5 was
found to be 12% and 8% higher in respectively moderate preterm and late preterm chil-
dren compared to term born peers [14]. Children aged 5-7 years and born late preterm
in the UK, were also less likely to be successful in school attainment assessments [15]. In
a Dutch study, small but significant differences between moderate preterm and term
groups were found regarding intelligence, attention and executive functioning at 7 years
of age, but no differences appeared for verbal memory, and visuomotor and motor skills
[16]. Effects were largest in children with low parental education. For somewhat older
moderate and late preterm children in England, aged between 8-11 years, was reported
that they more often needed extra educational support at primary school than their term
peers, but their IQ scores were similar to those of the full term children [17].

Some other studies also looked at specific learning capacities. Concerning 9-13 year old
moderate preterm children in New York city, it was found that they had a 30-50% higher risk
of needing special education than full term children. They also had lower adjusted math and
English scores than full term children [18]. Also in Scotland, moderate preterm children were
found to have a 53% higher risk of special education needs at primary and secondary school
(<19 years of age) compared to term born children [19]. Nomura et al. [20] studied a randomly
selected birth cohort (N=1,619) that was followed into adulthood: IQ and learning abilities
were measured in childhood and educational attainment was measured in adulthood.
Moderate prematurity was associated with lower educational attainment. In adulthood,
approximately one-fifth of the cohort had not completed high school, while one-eighth had
some college education.

Other developmental problems are also found more frequently within groups of moderate
preterm born children. Data from Danish registers of 20.934 children between 2 and 18 years
of age, showed that 37 (6,4%) of 581 preterm children, with gestational ages of 34-36 completed
weeks, had a clinically verified hyperkinetic disorder [21]. Other studies on behavior problems
showed higher scores on all Child Behavior Checklist (CBCL) scales for preschool aged
moderate preterm children compared to term born children, particularly for girls [22].

In our study on the moderate preterm children whose problems already had been indi-
cated by parents and teachers at 8 years, we looked also at outcomes of the systematic
measures that were used in our follow up study, including the CBCL, IQ tests and meas-
ure of attention [7]. The subgroups of children with and without any problem indeed
clearly differed on all these measures, as shown in Table 3. A large, 12 point difference
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in IQ emerged to the disadvantage of the group with problems. In addition all mean to-
tal problem scores on the CBCL as assessed by mothers and by fathers and on the TRF
reported by the teachers were more than half a standard deviation higher in the group
with problems. On the sustained attention task the subgroup with problems also clearly
showed more problems. Therefore, the outcome of these measures seems to validate the
worries of the parents and teachers and the school situation of most children.

In relation to the specific domain of problems within the subgroup of children with
problems only univariate analyses showed subgroup differences. This may partly be the
result from statistical power problems. Large differences in some mean scores did ap-
pear: e.g. a 10 point difference in IQ to the advantage of the 19 children with mainly so-
cial emotional problems, compared to the 39 children with mainly cognitive problems.
On a univariate level the children with mainly health problems were found to have less
behavior problems as assessed by their mothers and teachers.

A limitation of this study is that the information regarding earlier diagnoses or worries
of parents and teachers concerning the children’s development was acquired through
rather indirect comments. A more systematic way of measurement, using a specific inter-
view or questionnaire, might have revealed more, or other worries of parents and teach-
ers in greater detail. Nevertheless it seemed important to study this indirect information
in order to check what kind of difficulties worried parent and teachers, and if unexpect-
ed problems would arise. No such unexpected problems were found, and it is concluded
that the general protocol used in the follow up study, that focused upon cognitive ca-
pacities, attention and behavior problems, actually reflected the worries of the parents
and teachers and the problems of the children.

Another limitation of this study was that the data on neonatal complications had to be collected
retrospectively from the hospital files. Nowadays, this information is collected digitally, which
may improve systematic reporting. Nevertheless, our findings concerning neonatal compli-
cations are similar to other reports, e.g. our sample showed hypoglycemia in 13% which
compares to the 16% recently reported by Gouyon et al. [23].

In respect to neonatal outcomes, it has been found that in general infants born at 35 to 36+6
weeks (also indicated as late preterm birth) have more medical problems compared to full-
term infants [24]. In the current study, neonatal characteristics and complications of the groups
with and without problems were also compared. Regarding neonatal complications, a small
effect was found indicating that the number of children who had needed oxygen was higher
in the subgroup with problems. It could be that these early problems in oxygen supply
contributed to less optimal brain development which probably has contributed to the devel-
opmental problems of these children. Alternatively, other subtle underlying difficulties may
have resulted in the premature birth in itself, or in difficulties adapting to extra uterine life
(e.g. need for oxygen), which also caused problems in other areas. No other neonatal compli-
cations, like hypoglycaemia or need for phototherapy, systematically differed between the two
subgroups. Although a trend could be seen that somewhat more children of a younger
gestational age were in the subgroup with developmental problems, this was not a statistically
significant effect
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An important finding of this study may be that, despite a clear difference between the
subgroups with and without problems in the sustained attention task, still many children in
the subgroup withéut identified problems had worrisome scores on this task. Attention and
concentration problems seem to form a core problem in functioning of moderate preterm
children. Other studies also found difficulties in attention capacities of moderate preterm
children [6, 16]. Sustained selective attention difficulties have already been found to partially
mediate the relation between premature birth and developmental outcome [25].

With regard to characteristics of the children, male sex was more frequently seen in the
subgroup of moderate preterm children with problems. Many studies have reported higher
risk for preterm boys. Adverse neurodevelopmental outcomes, including moderate to severe
Cerebral Palsy, mental and psychomotor developmental indices lower than two standard
deviations below the norm, were significantly more likely in extremely low birth weight boys
than in girls [5]. In Scotland moderate preterm born boys were found to show a more than two
times higher risk of special education needs [19]. Possibly boys are more susceptible for
neonatal complications that may affect their brain development. Boys are also more often born
preterm than girls, as a 7.2% excess of males was reported for white singleton preterm births
and this effect was roughly constant for 20-37 weeks’ gestation [26]. Further research on the
influence of sex hormones on brain development, starting in the fetal period, and more
extensive study on perinatal risk factors in relation to sex of the children, is indicated.

In addition, caretaking processes may differ between boys and girls. Girls may be more
sensitive to socialization and stimulation efforts, which may also contribute to differences in
developmental outcome, especially in groups at risk. Such processes may also affect develop-
ment and reinforce or buffer the influence of risk factors.

Another difference found between the subgroups with and without developmental problems
concerned parental education. A relationship between developmental outcome and parental
education, with more problems in children of lower educated parents, has been reported more
frequently. In the study by Cserjesi et al. [16], for instance, small but significant differences
between moderate preterm and term groups regarding intelligence, attention and executive
functioning were largest in children with low parental education. The relationship with
parental education may come about through caretaking and education processes. Parental
education however also reflects potentially important genetic and hereditary influences.
Further research regarding genetic processes in preterm children is therefore indicated too.

In the group without problems only a limited number of children that had low IQ’s or high
behavior problem scores were not identified, either through grade retention, need for a special
school or explicitly indicated worries of their parents or teachers. An important finding is that
many children showed difficulties in the sustained attention task, also in the group without
problems. This may indicate that development of attention processes is a sensitive area for all
moderate preterm children and further study in this regard is necessary. We did not find many
children who had an explicit diagnosis of ADHD, despite the difficulties in attention of many
children. Others also found many with attention difficulties, but not with a diagnosis of ADHD,
among adolescents born with very low birth weight [27]. Therefore the difficulties in attention
skills may be specific for children born with perinatal risk. Further study into specific charac-
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teristics of attention processes in relation to perinatal risk factors needs to be done, preferably
already at a young age.

Although it is clear that relatively more very preterm children are affected by developmental
problems than moderate preterm children, as reported in the literature [5], many moderate
preterm children do show serious difficulties. Therefore, it is important to identify such
problems as soon as possible, in order to start preventive activities or treatments. Monitoring
of development of moderate preterm children in regular follow up programs is necessary.
Follow up should be done at younger ages than school age. A systematic follow up procedure
should start already in infancy and at toddler age in order to reduce the consequences wherever
possible. Development should be followed in all domains. Especially more extensive moni-
toring should be done of attention development, as most moderate preterm children are found
to suffer from difficulties with sustained attention.
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