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Necrotising enterocolitis

Patricia W Lin, Barbara J Stoll

Necrotising enterocolitis is one of the most common gastrointestinal emergencies in newborn infants. Here we
review the epidemiology, clinical presentation, and pathophysiology of the disease, as well as strategies for diagnosis,
management, and prevention. Necrotising enterocolitis is one of the most devastating and unpredictable diseases
affecting premature infants. Despite decades of research, its pathogenesis remains unclear; diagnosis can be
difficult; and treatment is challenging. We will need to improve our understanding of intestinal defences in
premature infants, dietary and bacterial factors, and genetic effects that could predispose infants to necrotising
enterocolitis before we can develop new strategies for prevention and treatment.

Introduction

Necrotising enterocolitis is one of the most common
gastrointestinal emergencies in newborn infants. First
described over a century ago, this disease remains an
enigma. Pathogenesis is still unproven; treatment is
difficult and often proves inadequate; and no effective
prevention strategy has been agreed. The disease is
especially poignant because it mainly affects premature
infants who have survived the early neonatal period and
subsequently face a disease with high morbidity and
mortality. We also note that spontaneous intestinal
perforation has become an increasingly common gastro-
intestinal emergency in preterm infants. Although the
emergence of this disorder is of concern, it probably
represents a separate disease entity that is beyond the
scope of this Seminar.

Epidemiology

Although multiple case-control studies have attempted to
identify demographic or clinical risk factors (or both) for
the development of necrotising enterocolitis, prematurity
and low birthweight are the most consistently recorded
risk factors. Over 90% of infants who develop the disease
are born preterm, and the risk is inversely related to
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birthweight and gestational age."* Advances in obstetric
and neonatal care have improved survival rates for
smaller, more immature infants, and as more very low
birthweight (VLBW) preterm infants (<1500 g) survive
the early neonatal period, the population at risk for
necrotising enterocolitis increases.

The disease occurs postnatally; it is not seen in still-
born infants and is rare in infants who have never been
fed. Over 90% of infants with necrotising enterocolitis

Search strategy and selection criteria

We searched the Cochrane Library (1980 to present) and
MEDLINE (1980 to present) using the search terms
“necrotizing enterocolitis” or “NEC". We selected articles
published in English, focusing on publications from the past
5years, but including older publications that are commonly
referenced or highly regarded. We also searched the reference
lists of articles identified by this search strategy and selected
additional publications that we judged relevant. Several
reviews and book chapters were included because they
provide comprehensive overviews that are beyond the scope
of this Seminar.

patricia_lin@oz.ped.emory.edu

Author Year Study population Total numberstudied ~ Number %total Rateper % Overall CFR for CFR for Other findings
NEC 100 surgically ~ CFR* medically  surgically
cases livebirths treated treated NEC treated NEC
Holman® 2006 Hospital discharges in the Sample of all neonatal 4464 11 27% 15% 10% 29% Rates higher in VLBW
USA: 2000 kids' inpatient hospitalisations and in black infants
database (4058 814 livebirths)
Guilletand 2006  NICHD neonatal research 11936 VLBW 787 7% 50% 24% 11%T 36%t Use of antecedent H2
others® network blocker increased risk
Luigand 2005 New South Wales NICU study 4649 178 4% 39% 30% 24% 36% Immaturity and
Lui* (24-31 weeks' gestation) growth restriction
increased risk
Sankaran 2004 Canadian neonatal network 18234 (3628 VLBW) 336 7% 1.8 38% Rates higher in VLBW
and VLBW infants
others”
Guthrie 2003  Pediatrix medical group 15072 390 3% 37% 12% 5% 23% Rates higher in VLBW
and others® (23-34 weeks’ gestation) and in black infants
Llanosand 2002 New York state 117892 85 . 072 28% 19% Rates higher in VLBW
others* and black infants
*CFR=case-fatality rate among patients with NEC. tBased on coded cause of death; Guillet R, Glantz M, NICHD and RTI, personal communication.
Table: Epidemiology of necrotising enterocolitis (NEC)
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have received enteral feeds. Feeding human milk,
however, can be protective, with an estimated three-fold
to ten-fold risk reduction in infants fed human milk
compared with those fed formula milk.*

Although many single-centre studies have reported
rates of necrotising enterocolitis, few population-based
or multicentre studies have been reported (table). In
selected series, frequency ranges from fewer than 1% to
5% of neonatal intensive care unit (NICU) admissions,
or from 0-5 to five patients per 1000 livebirths.*** Both
the incidence of necrotising enterocolitis and its fatality
rates increase in inverse proportion to birthweight and
gestational age.>**"" Rates have remained stable for
VLBW infants born or cared for, or both, at the centres of
the National Institute of Child Health and Human
Development (NICHD) neonatal research network. In
the latest published NICHD neonatal network cohort
(1999-2001), about 7% of 11072 VLBW infants developed
proven necrotising enterocolitis (=stage II), with about
half undergoing surgery.® In this cohort, rates were
inversely related to birthweight, with necrotising
enterocolitis affecting 11-5% of infants weighing
401-750 g, 9% of infants 751-1000 g, 6% 1001-1250 g, and
4% 1251-1500 g. Several groups from the NICHD
neonatal network have reported that rates of the disease
varied across different clinical centres and periods,
ranging from 1% to 22% of VLBW infants between 1987
and 2000." A study from Canada showed variation in
crude rates from 0% to 13-3%, but there were no
significant differences in risk-adjusted rates across
centres (118488 VLBW infants from 362 centres).” The
Vermont Oxford network reported rates of necrotising
enterocolitis of 6-0% to 7-1% between 1991 and 1999.” A
Canadian population-based study (20488 admissions to
17 NICUs from 1996 to 1997) showed similar rates of 7%
in VLBW infants, with almost half needing surgery." The
New South Wales intensive care unit study showed that
the incidence of necrotising enterocolitis in infants of
less than 29 weeks' gestation decreased from 12% in
1992-93 to 6% in 1998-99," and the researchers noted
that this decline occurred despite increasing VLBW
admissions and survivors at NICUs. Mortality and
surgery rates remained stable. Although encouraging,
this is the only large study to report a decline in the rate
of the disease in VLBW preterm infants.

No consistent association between sex and rates of
necrotising enterocolitis has been identified. However,
male VLBW infants are at greater risk of death.” Several
studies have also reported an increased risk of necrotising
enterocolitis in black infants; this is most often attributed
to the high risk of prematurity in this group.*’
Furthermore, mortality associated with necrotising
enterocolitis has been shown to be higher for black
infants than other groups.” This reported racial disparity
in deaths from the disease remained significant even
after controlling for birthweight and other characteristics,
and needs further investigation.”

Mortality rates from necrotising enterocolitis range from
15% to 30%. Several studies have reported that higher
fatality rates are associated with falling birthweight and
gestational age.”" In 1979, the International Classification
of Diseases established a unique code for necrotising
enterocolitis that allowed investigators to distinguish the
disease from other gastrointestinal causes of death. On
this basis, Holman and colleagues” summarised the
relevant trends and risk factors for infant mortality in the
USA, reporting that, from 1979 to 1992, there were
6629 infant deaths associated with necrotising enterocolitis,
representing an average of 474 deaths per year. They
showed that the average yearly infant death rate was
12-4 deaths per 100000 livebirths, and that deaths from
necrotising enterocolitis were highest in VLBW infants
who were black and male.

Although most cases of necrotising enterocolitis are
managed medically, an estimated 20-40% of infants
undergo surgery.**?* The case fatality rate with surgical
intervention is as high as 50%, and is highest for the
smallest, least mature infants.** Mortality for this group
is related to underlying clinical status and surgical
treatment.”* Furthermore, infants needing surgery can
develop postoperative complications, including wound
dehiscences, intra-abdominal abscesses, and intestinal
strictures.”” The most serious long-term postoperative
complication that has been reported in infants that
undergo surgery for necrotising enterocolitis is short
bowel syndrome.”

Holman and colleagues’ provided the first estimates of
hospitalisation rates and mortality associated with
necrotising enterocolitis in the USA. They used the
2000 kids’ inpatient database to estimate that the rate of
hospitalisation associated with the disease was 1-1 per
1000 livebirths (4464 hospital admissions [SE 262]). 66% of
these infants weighed less than 1500 g and 27% weighed
1500-2499 g at birth. The rate of hospitalisation from
necrotising enterocolitis was highest in non-Hispanic
black infants, but did not differ by sex. The median length
of stay was 49 days, and in-hospital mortality was 15%.
Neonates who needed surgery (27%) were smaller, had a
longer length of stay, and higher mortality than those who
did not.’

Most cases of necrotising enterocolitis are sporadic, with
no clear seasonal distribution, but outbreaks do occur.*
Observations made during these epidemics suggest that
they are infectious outbreaks. No one infectious agent has
been linked to epidemic necrotising enterocolitis, but
common infectious agents have been isolated from blood,
stool, and peritoneal fluid during outbreaks. Outbreaks
have been recorded more commonly in crowded nurseries
and where there are high rates of gastrointestinal illness
among carers.”

Necrotising enterocolitis occurs rarely in full-term
infants.” In full-term infants the disease might differ from
that in preterm infants; the clinical and pathological
findings are similar, but the initiating events vary.*** In
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full-term infants, necrotising enterocolitis is usually
associated with predisposing or underlying disorders, such
as perinatal asphyxia, polycythaemia, respiratory distress,
and congenital anomalies, such as myelomeningocele and
congenital heart disease.”* Necrotising enterocolitis in
full-term infants can, however, result in much the same
morbidity and mortality as that in preterm infants, if not
recognised and treated early in the course of the disease.

VLBW survivors of necrotising enterocolitis are at
increased risk for neurodevelopmental, neurosensory, and
functional disabilities.** Stoll and colleagues” reported
that between 18 and 22 months of corrected gestational
age, infants with sepsis and necrotising enterocolitis were
at high risk for adverse outcomes, including poor growth,
cerebral palsy, vision and hearing impairment, and low
scores on the Bayley scales of infant development. The
need for surgical intervention might be used as a surrogate
marker for severity of the disease.**® In a cohort study of
almost 3000 extremely low birthweight (ELBW) infants
(<1000 g), 245 of whom survived necrotising enterocolitis,
Hintz and colleagues® showed that infants who were
surgically treated were more likely to have growth
impairment and adverse neurodevelopmental outcomes at
18-22 months of corrected gestational age than infants
without the disease, or those that could be treated
medically.

Pathophysiology

The pathophysiology of necrotising enterocolitis remains
poorly understood. Premature infants are at high risk
because of developmental immaturity of key functions, in
particular gastrointestinal motility, digestive ability,
circulatory regulation, intestinal barrier function, and
immune defence. Other potential contributing factors
include hypoxic-ischaemic injury, feeding with formula
milk, and colonisation by pathological bacteria (figure 1).'*

Immature intestinal motility and digestion
Immature intestinal motility and digestion might
predispose preterm infants to necrotising enterocolitis.

Prematurity

!

Circulatory
regulation

|

——p NEC ¢—

Figure 1: Pathophysiology of necrotising enterocolitis (NEC)
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Fetal studies in both people and animals suggest that
development of gastrointestinal motility begins in the
second trimester, but matures in the third trimester."*
Studies of intestinal motility have shown that premature
infants can have immature motility patterns when
compared with full-term infants, but that enteral feeding
can mature these responses.“* Maternal-fetal disease
states, including intrauterine growth restriction, might
contribute to immature motility since studies in people
and animals have shown that fetal hypoxia or perinatal
asphyxia can further reduce postnatal intestinal
motility.®® In addition to impaired intestinal motility,
premature infants have not yet developed the ability to
digest and absorb nutrients,” and incompletely digested
molecules could contribute to intestinal injury.”** Thus,
impaired digestion of nutrients, coupled with delayed
transit time, could result in injury of intestines with
immature host and barrier defences.

Immature intestinal circulatory regulation
Hypoxic-ischaemic injury might play a part in the
pathogenesis of necrotising enterocolitis. One plausible
mechanism that is often cited is the so-called diving
reflex, whereby blood flow is preferentially diverted to the
heart and brain in preference to less vital organs.
Although the disease occurs mainly in premature infants,
full-term infants at increased risk for necrotising
enterocolitis often have comorbidities that cause hypoxic
or ischaemic states, such as cyanotic congenital heart
disease or post-bypass surgery.”** For many years, basic
science research in necrotising enterocolitis has relied on
animal models that utilise hypoxic or ischaemic injury, or
both, to induce pathological changes resembling
necrotising enterocolitis in people. Although hypoxic-
ischaemic stress can cause intestinal injury, the
hypothesis that this stress is the primary inciting factor
in the pathogenesis of necrotising enterocolitis has been
seriously questioned.”* In fact, studies show a stronger
association with prematurity, rapid feeding, abnormal
intestinal colonisation, and inflammatory mediators than
with asphyxia or ischaemia.***”* Hypoxia-ischaemia
might contribute to the pathogenesis of necrotising
enterocolitis, but it probably has a secondary role. In this
respect, another animal model, which induces similar
symptoms by injection of certain solutions into the
intestine, might prove more useful.”

Immature regulation of intestinal circulation might
lead to intestinal hypoxia-ischaemia in response to
feeding or to the presence of abnormal bacteria. Some
studies indicate that immature animals have altered
circulatory regulation in response to ischaemia or
haemorrhage; others suggest that they do not.** Reduced
endothelial production of nitric oxide might result in an
impaired transition of the premature intestinal circulation
from the prenatal to the postnatal state, and produce a
predisposition to ischaemic injury.**** Work in people
and new animal models for studying necrotising
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enterocolitis should help to establish the role of intestinal
circulatory regulation in this disease process.

Immature intestinal barrier function

If either the structural or biochemical component of the
intestinal epithelial barrier is not fully developed, bacteria
could gain access to deeper tissues and cause inflammation.
Intestinal epithelia need to exist symbiotically with
commensal bacteria and to protect against potential
pathogens.”* Intestinal epithelia are joined by tight
junctional complexes, which form by 10 weeks’ gestation.””
When fully developed, the intestinal epithelial barrier can
allow selective permeability to small ions, absorption of
nutrients, and control of bidirectional fluid flow. By
selectively controlling the movement of small ions across
the epithelial monolayer, enterocytes use Cl- ions and
water secretion (secretory diarrhoea) to flush unwanted
pathogens or toxins from the intestinal lumen.” These
functions tend to be underdeveloped in the preterm infant
since fetal intestinal secretion and absorption mature
gradually, under the influence of amniotic fluid, from
26 weeks’ gestation to full-term.” Therefore, pathogens or
toxins might not be efficiently washed from the intestinal
lumen in preterm infants (figure 2).

Preterm infants might also have immature goblet cells.
These specialised enterocytes secrete gram quantities of
mucins, forming a thick protective layer over the intestinal
mucosa. This mucus layer hampers direct microbial-
epithelial binding, aggregates adherent bacteria, and
enhances bacterial removal.”” Developmental expression of
mucin genes changes throughout the intestine and seems
to mimic adult pattern expression between 23 and 27 weeks’
gestation”” An immature mucin layer might lead to
increased intestinal permeability and enhanced bacterial
adherence, potentially resulting in a breach of the intestinal
epithelial barrier, and increasing susceptibility to injury by
pathogenic or even non-pathogenic stimuli (figure 2).

Another aspect of the intestinal epithelial barrier that
may not be functioning correctly in preterm infants
consists of biochemical defences. Paneth cells, which are
specialised secretory enterocytes located at the base of

| Immature intestinal barrier function |
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Figure 2: Immature intestinal barrier function

small intestinal crypts, secrete lysozyme, phospholipase
A,, and small antimicrobial peptides (also secreted by
absorptive enterocytes) that can regulate the composition
and distribution of bacterial populations.*”* The two main
families of antimicrobial peptides produced by intestinal
cells are the defensins (a and ) and cathelicidins.™”
Paneth cells secrete a-defensins in response to microbial
stimuli.”” Intestinal epithelial cells mainly secrete
B-defensins, and some cells can upregulate expression of
defensins in response to pro-inflammatory stimuli.**”
These antimicrobial peptides have bioactivity against a
wide range of microbes, including bacteria, viruses, fungi,
protozoa, and spirochaetes, and the immature intestine
may be vulnerable to such pathogens (figure 2).75%#

In-vitro studies have also shown that some antimicrobial
peptides have a pro-inflammatory role (in secreting
cytokines and recruiting immune cells) and Cl- secretory
activity (presumably in flushing the crypt of unwanted
pathogens and toxins).”* A better understanding of the
way defensin and cathelicidin modulate host immune
defences in vivo should contribute to understanding the
pathophysiology of necrotising enterocolitis.

Studies in mice and people have elucidated how
developmental regulation alters the expression of
a-defensin by Paneth cells.*¥ Paneth cell number and
a-defensin expression are lower in the intestines of
premature infants (24 weeks' gestation) than in adults.
Furthermore, although pathological specimens from
infants undergoing surgery for necrotising enterocolitis
have high numbers of Paneth cells and a-defensin
transcripts, the amounts of a-defensin are lower in the
Paneth cell than in controls.* The question is, can
developmental disorders in a-defensin translation explain
the low peptide levels detected in these infants, or their
susceptibility to necrotising enterocolitis?

Prostaglandins have a role in restitution of the intestinal
barrier, as measured by increased paracellular resistance
through tight junctions. This might partly explain the
link between indometacin, which is a prostaglandin
inhibitor, and spontaneous perforation of the intestine.*
Evidence suggests that excessive production of nitric
oxide by enterocytes causes intestinal barrier failure,
increasing susceptibility to necrotising enterocolitis.”
Studies show that intestinal permeability is highest in
premature infants, particularly in those diagnosed with
the disease.”* However, the clinical markers used to
measure intestinal permeability, such as lactulose or
mannitol, are not ideal; we need to find and use better
markers. Research on the ontogeny of the intestinal
epithelial barrier and its functional and biochemical
regulation will probably provide insights into the
pathogenesis of this disease.

Abnormal bacterial colonisation

Commensal bacteria interact symbiotically with the
mammalian intestine to regulate the expression of genes
important for Dbarrier function, digestion, and
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Figure 3: Abnormal bacterial colonisation

angiogenesis (figure 3).” Pathogenic host-bacterial
interactions have been well characterised: a family of
pattern recognition receptors (PRRs) transmits signals
from microbial-associated molecular patterns (MAMPs)
to induce pro-inflammatory and pro-apoptotic and anti-
apoptotic responses in host cells, as in the NF-kB
signalling pathway (figure 4).*°" The neonatal intestine
does not encounter MAMPs in utero and is instantly
challenged at birth with the introduction of normal flora.
Since necrotising enterocolitis does not occur in utero,
intestinal bacteria might have a role in its pathogenesis,
especially if abnormal colonisation occurs. Little is
known about the functional status of innate immune
signalling pathways during prenatal and postnatal
development in vivo, but intestinal colonisation might
affect maturation."”

Commensal Dbacteria can inhibit inflammatory
pathways and perhaps contribute to the maintenance of

Intestinal lumen

MAMP

PRR
G XD

Cytoplasm l
|
|

Nucleus m

Figure 4: NF-kB signalling pathway in intestinal epithelial cells

PRRs transmit signals that activate NF-kB by freeing it from its inhibitor (IkB).
NF-kB then enters the nucleus and induces transcription of proinflammatory
and antiapoptotic genes.
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homoeostasis. In vitro experiments show that a wide
range of commensal bacteria can reduce inflammatory
signalling in intestinal epithelia by inhibition of the
NF-«B signalling pathway (figure 4).%%*

Conceivably, hyperactive inflammation in premature
infants could be caused by inadequate or altered
colonisation by commensal bacteria, and a subsequent
lack of bacterially-mediated dampening of inflammatory
pathways. In fact, investigators have reported that
duodenal colonisation of Enterobacteriaceae is abnormal
in VLBW infants and that early abnormal colonisation of
stools with Clostridium perfringens is correlated with later
development of necrotising enterocolitis.”" Premature
infants are especially susceptible to intestinal colonisation
by pathological bacteria because of their daily exposure to
nosocomial flora and the likelihood of exposure to
antibiotics on admission to NICUs." Furthermore,
reports indicate that pathogenic stimuli, including
Salmonella and Escherichia coli, produce exaggerated pro-
inflammatory responses in immature intestinal epithelial
cells.™  Abnormal expression of certain pattern
recognition receptors (which recognise microbial
signatures or MAMPs) might also affect the way in which
the intestine in premature infants responds to bacterial
colonisation." Inrats, intestinal epithelial cells upregulate
expression of a PRR known as toll-like receptor 4 (TLR4)
in response to stress-induced production of platelet
activating factor (PAF); upregulation of TLR4 might
explain how necrotising enterocolitis develops in this
animal model."

Immature intestinal innate immunity

A series of events probably induces the inflammatory
response that ultimately causes the mucosal oedema,
coagulation necrosis, and haemorrhage that characterise
necrotising enterocolitis (figure 5).”" Inflammatory
mediators implicated in the pathogenesis of necrotising
enterocolitis include PAF, tumour necrosis factor (TNFa),
and interleukins (IL-1, IL-6, IL-8, IL-10, IL-12, and
IL-18)."5 Inflammation is a tightly regulated and
programmed host response that recruits leucocytes to aid
in the defence against potential pathogens and in the

| Immature intestinal innate immunity |
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Figure 5: Immature intestinal innate immunity
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initial response to damaged tissue. The inflammatory
process begins when signals of potential danger induce
local release of soluble inflammatory mediators and
chemotactic agents that increase vascular permeability
and attract inflammatory cells.

Long-term survival requires inflammation as a key
defence mechanism in the microbe-rich environment of
the intestine. However, the inflammatory response results
in collateral damage caused by the release of neutrophil-
derived oxidants and proteases. These molecules can
cause barrier damage and allow opportunistic access for
micro-organisms that cannot normally breach the
epithelial barrier. These organisms could further stimulate
pro-inflammatory activation and tissue damage. Some in-
vitro studies suggest that immature intestinal cells seem
to have a propensity for exaggerated inflammatory
responses to pathogenic stimuli,®" and researchers
postulate that developmentally deficient expression of the
NF-kB inhibitor IkB might allow greater NF-kB activity. In
this model, an exaggerated inflammatory response (which
might be caused by immature or abnormal PRR signalling)
could cause increased cellular inflammation and
potentially uncontrolled tissue damage. For instance,
some researchers suggest that abnormal expression of
certain PRRs (such as TLR4) may cause exaggerated
intestinal pro-inflammatory responses." They hypothesise
that abnormal upregulation of intestinal epithelial TLR4
in response to stress (hypoxia and formula feeding) causes
increased inflammatory signalling in response to normal
bacterial colonisation." But this study was conducted in
an animal model of necrotising enterocolitis; studies in
human infants are needed to elucidate how PRR
expression might affect intestinal epithelial responses.

By contrast, another possible mechanism for the
pathophysiology of the disease is that reduced inflammatory
signalling could allow bacterial overgrowth. Failure to
activate inflammatory pathways in premature infants
might prejudice induction of anti-apoptotic, cytoprotective
factors.” In mice with gut enterocytes that are conditionally
null for NF-kB activation, epithelial apoptosis ensues in
response to transient hypoxia.” Thus, developmental
immaturity of the inflammatory response could increase
susceptibility to apoptosis when cells are challenged by
environmental stress. Host health is dependent on the
balance between exaggerated pro-inflammatory activation
(causing tissue injury and clinical sequelae) and insufficient
inflammation (leaving mucosa vulnerable to uncontrolled
bacterial growth, poised to self-destruct, or both).” In a rat
model of necrotising enterocolitis, early apoptosis proved a
factor in the pathogenesis of the disease.” We need to
know whether excessive or hypoactive inflammation in
vivo has a greater role in pathogenesis. Both could be
important during different clinical scenarios or distinct
stages of pathogenesis. Once epithelial damage is initiated
and propagated, inflammation could result in the
syndrome of lesions recognised as necrotising
enterocolitis.

Advances and questions in pathophysiology
Investigation of factors that might cause a genetic
predisposition for necrotising enterocolitis might
eventually allow specific treatments or preventive strategies
for the infants most at risk for this disease. A family of
intracytoplasmic PRRs have been shown to sense invading
bacteria and activate gene transcription pathways that
regulate immune and inflammatory responses.” In a
recent clinical study, VLBW infants with mutations in a
member of this family, NOD2, demonstrated increased
susceptibility to bacterial sepsis.” NOD2 mutations have
been shown to confer a predisposition to Crohn’s disease,””
but a link to necrotising enterocolitis has not yet been
established.” Another possible genetic factor is TNFa,
which is one of many cytokines shown to be released
during the development of the disease. In animal models,
pretreatment with anti-TNFa reduces the incidence and
severity of necrotising enterocolitis.™* However,
investigators have not so far reported a genetic link
between TNFa gene variants and the disease.” On the
other hand, IL-4 receptor alpha-chain genetic variants
might confer a protective effect.”

Clinical presentation

Necrotising enterocolitis presents with both gastro-
intestinal and systemic signs.”™ Age at presentation is
inversely related to gestational age at birth,*** with full-
term infants often presenting in the first few days of
life. ™ Neonates most commonly present with feeding
intolerance, delayed gastric emptying, abdominal
distention or tenderness (or both), occult or gross blood in
the stool, lethargy, apnoea, respiratory distress, or poor
perfusion. Because early signs of this disease are non-
specific, sepsis may be suspected before necrotising
enterocolitis. Infants might either have a benign disease
with mainly gastrointestinal symptoms or a catastrophic
illness characterised by sudden fulminant onset with
circulatory compromise, respiratory and metabolic
acidosis, disseminated intravascular coagulopathy, grossly
bloody stools, and multiorgan system failure.” In severe
cases of the disease, there is intestinal perforation,
peritonitis, and profound shock. In 1978, Bell and
colleagues™ proposed a system for the uniform clinical
staging of infants with necrotising enterocolitis. They
classified infants as having stage I (suspect), stage II
(definite), or stage III (advanced) disease (panel 1).*¢
Guidelines for management of necrotising enterocolitis
are based on diagnosis according to these criteria.

Diagnosis and management

When necrotising enterocolitis is clinically suspected,
radiological and laboratory studies should be obtained to
confirm the diagnosis and to aid in management (figure 6).
Clinicians examine serial abdominal films (supine
anterioposterior view) for signs of the disease. A horizontal
view can reveal free air (supine cross-table lateral or a left-
side down decubitus). Early non-specific signs include
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diffuse distention and asymmetric bowel gas pattern.
Definite  signs include pneumatosis intestinalis
(intramural air) and portal venous gas. Pneumatosis can
have a linear appearance when intramural air is subserosal
or a bubbly appearance when the intramural air is
submucosal. Submucosal intramural gas can be confused
with stool, but the radiographic appearance of colonic
stool is rare in premature infants younger than 2 weeks.
Subsequent films (demonstrating either movement of
stool or a fixed pattern of bubbly pneumatosis) and prone
films can help in distinguishing between intramural gas
and stool.”*" Portal venous gas appears as linear, branching
lucencies overlying the liver, and can be detected on cross-
table lateral films and on ultrasound.” Clinicians can
also use serial films to follow disease progression and
guide clinical management, especially if the infant fails to
respond to treatment or deteriorates.

No one laboratory examination is diagnostic of
necrotising enterocolitis, but haematological studies and
blood chemistry tests can lend support to the diagnosis
(figure 6). Severe or persistent thrombocytopenia,
neutropenia, coagulopathy, or acidosis might indicate
severe disease.”' Serial C-reactive protein could be useful
in the management of the disease, and Pourcyrous and
colleagues have successfully used serial C-reactive
protein to distinguish Bell’s stage I necrotising enterocolitis
from ileus or benign pneumatosis. They showed that
persistently high C-reactive protein indicated developing
complications, such as stricture or abscess, or the need for
surgical intervention."

When necrotising enterocolitis is suspected, infants
are given bowel rest (ie, nil by mouth), bowel
decompression (low-intermittent orogastric suction), and
broad-spectrum antibiotics (after cultures are obtained).
Anaerobic coverage should be considered, especially if
pneumoperitoneum is suspected or confirmed. The
patient should be closely monitored during confirmation
of the diagnosis. Adjunctive therapy includes cardio-
vascular support (pressors, volume), pulmonary support
(oxygen, ventilation), and haematological support (blood
product transfusion) as clinically indicated. If the clinical
course and results from radiological and laboratory tests
remain consistent with suspected necrotising enterocolitis
or Bell's stage I disease, the length of medical treatment
will usually be dictated by clinical judgment. If definite
necrotising enterocolitis or Bell's stage II disease is
confirmed, medical treatment should be continued for
7 to 14 days while monitoring for severe disease. If Bell’s
stage III disease is suspected or confirmed, intensive
cardiovascular and respiratory support might be required
and surgical intervention should be considered. The
decision to operate is difficult, since pneumoperitoneum,
an indication of bowel perforation, is the only clear
indication for surgery. However, some radiological signs
(persistent fixed loop, portal venous gas, ascites, or
generalised intestinal distention progressing to
asymmetrical intestinal distention®) and laboratory
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Panel 1: Bell's stages of necrotising enterocolitis

1. Suspected disease

Mild systemic signs (apnoea, bradycardia, temperature instability)

Mild intestinal signs (abdominal distention, gastric residuals, bloody stools)

Non-specific or normal radiological signs

II. Definite disease
Mild to moderate systemic signs

Additional intestinal signs (absent bowel sounds, abdominal tenderness)
Specific radiologic signs (pneumatosis intestinalis or portal venous air)

Laboratory changes (metabolic acidosis, thrombocytopaenia)

1ll. Advanced disease
Severe systemic illness (hypotension)

Additional intestinal signs (striking abdominal distention, peritonitis)

Severe radiological signs (pneumoperitoneum)

Additional laboratory changes (metabolic and respiratory acidosis, disseminated

intravascular coagulopathy)

features (severe thrombocytopenia, neutropenia, or
acidosis) also might indicate sufficiently severe disease to
warrant surgical intervention. Portal venous gas alone,
however, might not indicate more severe disease, as
previously believed. " Ultimately, neonatal paedia-
tricians must use radiological tests in conjunction
with clinical course, laboratory studies, and consultation
with radiologists and surgeons when making decisions
on the diagnosis and management of necrotising entero-
colitis.

| Clinical concern for NEC

v
Bowel rest NPO
Low-intermittent orogastric suction
Obtain cultures
Antibiotics
Serial radiographs
Haematological studies, blood chemistry tests
Support clinically as indicated

* A

v

1. Suspected disease II. Definite disease

Medical treatment Medical treatment 7-14 days
(Course determined by
clinical judgment)

1Il. Advanced disease
Intensive cardiovascular
and respiratory support

Consider surgical
intervention

!

Surgical indications
Radiological signs:
Pneumoperitoneum
Persistent fixed loop
Portal venous air
Ascites

Laboratory signs:

Severe thrombocytopenia
Severe neutropenia
Severe acidosis

Figure 6: Suggested management of necrotising enterocolitis
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Advances and questions in diagnosis and management
Some infants present so acutely and severely that
morbidity or mortality cannot be avoided despite best
treatment. Identification of a biological marker for early
disease should allow more timely diagnosis and
treatment, but no ideal marker has yet been identified.
The serum of symptomatic infants tends to contain high
concentrations of certain cytokines, such as IL-8, IL-10,
and IL-1 receptor antagonist.” Some studies suggest that
serum concentrations of fatty acid binding protein in the
intestine and liver (I-FABP and L-FABP, respectively)
could also be wused as markers for necrotising
enterocolitis.*'* L-FABP concentrations at the onset of
clinical signs are highest in infants later diagnosed with
stage I necrotising enterocolitis, and I-FABP
concentrations are highest in infants who later develop
stage III necrotising enterocolitis."* The identification
of other markers, which can be used before the onset of
symptoms should allow earlier intervention, and
improved outcomes.

More sensitive and accurate imaging studies, such as
ultrasonography, could become helpful adjuncts to
abdominal films in the diagnosis of necrotising
enterocolitis. Ultrasound can be used to detect portal
venous gas, necrotic bowel, and other signs that are not
easily diagnosed by abdominal films (which can be
negative for pneumatosis). Ultrasound with Doppler
might be more sensitive than abdominal films for
detecting necrotic bowel requiring surgical intervention,
and routine abdominal ultrasound might also be used to
diagnose early necrotising enterocolitis from the presence
of echogenic dots or dense granular echogenicities."*"

There is insufficient work on new approaches for the
medical management of necrotising enterocolitis that
might prevent the progression of disease. By contrast,
surgical management is being actively investigated. The
decision to do peritoneal drainage as an alternative to
laparotomy is controversial and under investigation.”**"*
Some advocate resection and primary anastomosis as an
alternative intervention.” We need further research to
determine how to improve surgical outcome and reduce
complications such as short bowel syndrome.

Prevention

Strategies to prevent necrotising enterocolitis should
improve both short-term and long-term outcomes for
VLBW preterm infants (panel 2). Feeding of human
milk and conservative feeding practices, especially in
infants suspected to be at higher risk, can reduce the
incidence of the disease.®””™ However, researchers do
not agree on whether human milk from a donor is as
protective as mother’s milk.**' Antenatal steroids,™ IgA
supplementation,”*  arginine supplementation,”
erythropoietin,”” and oral antiobiotics®*'” might also
reduce the incidence or severity of necrotising
enterocolitis, but no authoritative recommendations can
yet be made about any of these preventive strategies.

When making decisions about introducing feeds, it
should be remembered that diet plays an important role
in intestinal development and defence, and that non-
nutritive dietary substances, such as epidermal growth
factor and polyamines, stimulate intestinal epithelial
growth."® Furthermore, some nutrients (such as
glutamine, arginine, and omega-3 fatty acids) counteract
pro-inflammatory activation.” Therefore, many advocate
the initiation of trophic feeds rather than extended
bowel rest, which can lead to gut atrophy and worsened
inflammatory responses. Trophic feeds improve the
activity of digestive enzymes, enhance the release of
digestive hormones, and increase intestinal blood flow
and digestive motility in premature infants.®' In
addition, infants given early trophic feeds seem to have
better feeding tolerance, improved growth, reduced
period of hospitalisation, and decreased likelihood of
sepsis compared with infants who are not. Furthermore,
early trophic feeds do not increase susceptibility to
developing necrotising enterocolitis.**** However,
studies have not yet clearly delineated the best feeding
strategies for premature infants.

Since bacterial colonisation can affect the course of
many intestinal diseases, probiotics are emerging as a
promising therapy. Probiotics are “living micro-
organisms, which upon digestion in sufficient numbers,
exert health benefits beyond basic nutrition”.* Micro-
organisms that are commonly used in therapies include
Lactobacilli, Bifidobacterium, and Saccharomyces. Clinical
trials show that probiotic supplements can reduce the
incidence and severity of necrotising enterocolitis.'*"**
Larger follow-up studies are needed to confirm this
beneficial effect before wider use can be recommended.
Some patient populations have reportedly suffered
invasive disease as a result of probiotic administration,
but this has not yet been reported in VLBW infants.'*>*®

Another potential preventative strategy is to administer
prebiotics—non-digestible dietary supplements, such as
long-chain carbohydrates or mucins, which promote
proliferation of beneficial commensal bacteria."”
Preliminary studies show increased Bifidobacterium stool
colonisation and decreased pathogenic bacterial

Panel 2: Potential preventive strategies

Common practice
Human milk feedings
Conservative feeding
Trophic feeding

Research needed
Antenatal steroids

IgA supplemtation
Arginine supplementation
Erythropoietin

Oral antibiotics

Probiotics
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colonisation in preterm infants fed with formula
containing prebiotics (90% short-chain galacto-oligo-
saccharide, 10% long-chain fructo-oligosaccharide)
compared with infants fed control formula."
Furthermore, prebiotic treatment may have a positive
effect on host immune function. Because prebiotic
supplements do not contain live micro-organisms, they
carry less risk of infection than probiotic therapies.
However, prebiotic administration has also been
associated with unwanted (but reversible) side-effects
such as flatulence, bloating, and diarrhoea.'”

Another potential therapy involves bacterial metabolites
or postbiotics, such as butyric acid, a short-chain fatty
acid produced by commensal bacteria in the colon
through anaerobic catabolism of complex carbohydrates.
Butyrate is a major energy source for colonic enterocytes
and has a widely recognised but poorly understood role
in intestinal growth and differentiation,”"" inflammatory
suppression,”™ and apoptosis.”"* Butyrate and other
small molecule products might generate some of the
beneficial effects of the normal flora (and exogenous
probiotics and prebiotics), and could be a safe alternative
therapeutic strategy. Butyrate has been administered
with limited success in human inflammatory bowel
disease,” but there are as yet no studies in neonates.

Other products of commensal bacteria can induce
protective responses (such as those mediated by toll-like
receptors) that promote intestinal health.” The
beneficial effects of probiotic bacteria can be replicated
by treatment with isolated MAMPs—eg, in mice,
unmethylated probiotic CpG DNA ameliorates colitis
induced by dextran sodium sulphate.® Oral
administration of inactivated probiotics (heat-killed
commensals) or bio-available toll-like receptor ligands
could potentially induce Dbeneficial TLR-mediated
protective effects without carrying the infectious risk of
probiotic therapies. But the neonatal epithelia may not
respond to MAMPs from the normal flora in the same
manner and intensity as the mature epithelium. We
need to improve our understanding of the disease to find
out whether probiotics (live or inactivated), prebiotics, or
some alternative medical or surgical treatment will be
beneficial and safe to use in the prevention and treatment
of necrotising enterocolitis in preterm infants.
Prematurity and low birthweight are the most important
risk factors for the disease. Strategies to address these
problems will have the greatest effect in preventing
necrotising enterocolitis in newborn infants.
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