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Necrotizing enterocolitis (NEC) is a worldwide problem that has emerged in the past 25 years as the 
most common gastrointestinal emergency in neonatal intensive care units (NICU). In the United 
States the incidence ranges from 1 to 7.7% of NICU admissions. Ninety percent of the patients are 
premature infants. Mucosal injury, bacterial colonization and formula feeding are the three major 
pathogenetic factors that have been documented in most infants who have developed NEC. However, 
NEC may develop only if a threshold of injury, imposed by the coincidence of at least two of three 
events (intestinal ischemia, pathogenic bacteria, and excess of protein substrate) is exceeded. 
Immunological immaturity of the gut in premature babies may represent the crucial risk factor. 
0 Epidemiology, necrotizing enterocolitis, prematurity 
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NEC is a worldwide problem, with heterogeneous 
scholars from fields of clinical and basic science. After 
25 years, its pathogenesis and, more important, its 
prevention remain unclear. In the literature on NEC, 
anecdotal reports unfortunately outnumber the rigor- 
ous epidemiologic studies by a ratio of at least 100 to 1. 
In the present publication, I discuss the epidemiology of 
NEC and overview its two main theories of pathogen- 
esis: that of Santulli of New York ( 1 )  and that of 
Lawrence of Brisbane (2), with mention of my own 
(imperfect) attempts at a unifying hypothesis to explain 
outlying clinical phenomena (3, 4). 

NEC has emerged in the past 25 years as the most 
common gastrointestinal emergency in the neonatal 
intensive care units (NICU) of many (but not all) 
countries of the world (5). It is a syndrome character- 
ized by crepitant necrosis of the gut. Ninety percent of 
its victims are premature infants in the NICU, many of 
whom would have died in earlier times of respiratory 
complications. In the United States the incidence 
ranges from 1 to 3 cases per 1000 live births and 
1-7.7% of NICU admissions. The mortality has been 
calculated at 13.1 deaths per 100000 live births, or 
20-40% of cases (6). Clinically, NEC is characterized 
by the triad of abdominal distension, gastrointestinal 
bleeding, and pneumatosis intestinalis, i.e. air within 
the intestinal wall. In addition, infants with severe NEC 
may have air within the portal vein or pneumo- 
peritoneum following intestinal perforation. In one 
study at the University of New Mexico, we correlated 
the roentgenographic findings with outcome of NEC, 
employing a grading system for the pneumatosis 
intestinalis as mild, moderate, or severe. The mortality 
was 18%, 21% and 62% respectively. The presence of 
portal venous gas at diagnosis of NEC was associated 

with a 65% mortality. Infants with a combination of 
severe pneumatosis and portal venous gas had the 
worst prognosis: a mortality of 86% (7). The outcome 
of NEC was thus predicted by the initial findings on 
X-ray (Table 1). 

History 
Case reports of neonatal gastrointestinal perforations, 
by Siebold in 1825 (9) and by Genersich in 1891 (lo), 
probably represent the first reported instances of NEC. 
Thelander’s review in 1939 of the English, French, and 
German literature found 85 neonates with idiopathic 
gastrointestinal perforation; 84 of them died, some of 
whom probably had NEC (11). Colonic perforation 
after exchange transfusion was recognized in the 1950s 
and amply documented before the clinical syndrome of 
NEC had evolved (1 2, 13). 

The syndrome received its name after the report 
of Rossier in 1959, who described 15 infants, 14 of 
whom died, with “ulcerative-necrotic enterocolitis of 
the premature” (14). The clinical, radiographic, and 
pathologic entity of NEC was clearly described in the 
1960s by Berdon, Touloukian, Santulli, and associates 
from the Babies Hospital in New York (15, 16), one of 
the first North American centers with an NICU. Since 
the 197Os, the proliferation of NICU has been 
accompanied by an increasing occurrence of NEC, 
which has become the most common surgical emer- 
gency encountered in the neonate (1 7). 

In 1975 Santulli attributed NEC to the interaction of 
three “essential components to the development of the 
disease”: ( 1 )  injury to the intestinal mucosa, (2) the 
presence of bacteria, and (3) the availability of a 
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Tuble 1. Radiographic abnormalities and clinical outcome in 147 infants with Stage I1 and Stage 111 (8) necrotizing enterocolitis (from Kosloske 
et al. (7)). 

Radiographic 
abnormality 

No. of 
infants 

No. with 
gangrene 

No. with 
pan-necrosis 

No. of 
deaths 

Pneumatosis, mild 51 (35) 23 (45) 4 (8) 9 (18) 
Pneumatosis, moderate 57 (39) 32 (56) 7 (12) 12 (21) 

Pneumoperitoneum 45 (31) 45 (1 00) 15 (33) 21 (47) 
Pneumatosis, severe 32 (22) 29 (91) 18 (58) 20 (62) 

Portal venous gas 23 (16) 23 (100) 14 (64) 15 (65) 
Pneumatosis, severe, 14 (10) 14 (100) I 1  (85) 12 (86) 

and portal venous gas 

Numbers in parentheses are percentages. The total number of infants is greater than 147 because some infants had two or three radiographic 
abnormalities. Six infants who survived and one who died had intestinal gangrene but no pneumatosis intestinalis. Pan-necrosis = necrosis 
involving 75% or more of total length of jejunum, ileum and colon. 

metabolic substrate, i.e., formula feedings, in the gut 
lumen (1). These three elements could be documented 
or inferred in most premature infants who developed 
NEC by the mechanisms outlined below. 

Mucosal injury 
Intestinal ischemic injury is the result of decreased 
perfusion. A variety of events, e.g., vasoconstriction, 
hypotension, low flow, or thrombosis, may initiate the 
process. Mucosal injury is widely attributed to “the 
diving reflex”, a mechanism of selective circulatory 
ischemia which occurs in response to asphyxia. 
Classical studies were performed by Scholander, a 
Scandinavian physiologist, who measured the cardio- 
vascular reflexes of diving mammals and birds (1 8). His 
favorite experimental model was the laboratory seal, 
immersed in cool water. During a simulated dive, the 
seal’s heart rate slowed from a normal of 80-90 beats/ 
min to 5-6 beats/min, with redistribution of blood flow 
to two organs: the heart and the brain. Peripheral 
arterial pressure decreased, and peripheral flow 
virtually ceased. When the seal surfaced, flow was 
restored to all the organs which had been ischemic, 
including the gut and the kidneys. Reactive hyperemia 
occurred. It is postulated that this reflex occurs in the 
premature infant whose gut is vulnerable to the 
ischemic insult, which initiates NEC. In 1969, Lloyd 
was the first to link the diving reflex to gastrointestinal 
perforations in the newborn, documenting a prior 
episode of asphyxia or shock in 80% of infants with 
perforations of the gastrointestinal tract (19). 

Prenatal circulatory events may predispose to NEC. 
Malcolm and associates monitored flow velocity in the 
umbilical artery during high-risk pregnancies, and 
found an increased risk for NEC among fetuses with 
absent or reversed end diastolic flow velocity, 53% of 
whom developed NEC, compared to a 6% occurrence 
among matched controls (20). 

Catheterization of the umbilical artery, an invasive 
yet common procedure for neonatal monitoring, may 

induce intestinal ischemia. Blanching or cyanosis of an 
infant’s lower extremities is a frequent occurrence after 
advancement of the catheter tip into the abdominal 
aorta. Such blanching or cyanosis promptly resolves 
when the catheter is removed. Similar vasospastic 
phenomena may be inferred for the intestine, but may 
escape clinical detection unless NEC occurs. In a 
statistical study by Bunton and associates, catheter- 
ization of the umbilical artery was implicated as a 
predisposing factor for NEC (21), particularly with 
prolonged or complicated catheterization. Tyson 
and associates found severe catheter-related throm- 
boatheromatous lesions at autopsy in 33 of 56 infants 
who had umbilical arterial catheters during life (22). 
Although major thrombosis of mesenteric arteries is 
rarely documented in NEC (23), small emboli from 
indwelling aortic catheters remain a risk, especially 
when the catheter tip is positioned above the orifices of 
the mesenteric arteries (24). Importance of catheter 
position remains controversial, however; an epidemio- 
logic study by Kempley et al. of 308 infants whose 
umbilical arterial catheter had been randomly allocated 
to the “high” or “low” position showed no significant 
difference in risk of NEC between the two positions (1 1 
cases of NEC in the “high” group; 9 in the “low” 
group) (25). Venous thromboemboli in the portal 
system have been implicated in cases of neonatal 
colonic perforation after exchange transfusion via an 
umbilical venous catheter (12, 13, 26). In some 
instances, hyperviscosity might initiate thrombosis 

Congenital heart disease is associated with NEC. 
Three logical mechanisms are invoked: (1) lowered 
perfusion pressure in lesions with left ventricular 
outflow obstruction, e.g., coarctation of the aorta, (2) 
“diastolic steal” from retrograde blood flow into the 
aorta, which has been documented during diastole in 
infants with patent ductus arteriosus (PDA) (28), or (3) 
intestinal injury from injection of hyperosmolar 
contrast media during cardiac catheterization (29). 
These mechanisms have yet to be proven, however. In 
Leung’s epidemiologic study of 22 risk factors among 

(27). 
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133 neonates with symptomatic congenital heart 
disease, there was no statistical link with left ventri- 
cular outflow obstruction, PDA, or cardiac catheter- 
ization (30). 

Bacteria 
Necrotizing enterocolitis occurs after birth, usually 
during the first or second week of life. A continuum 
may exist between intestinal atresia, which is the most 
common congenital anomaly of the gastrointestinal 
tract, and NEC, the most common neonatal emer- 
gency. In the sterile prenatal intestine, vascular 
insufficiency produces atresia. Postnatally, after the 
intestine is colonized with bacteria, the process is 
analogous to wet gangrene. Pathologic sections of late 
strictures of the intestine following NEC may bear a 
striking resemblance to sections from infants with 
atresia (3 1) .  

Bacterial colonization of the neonatal gut begins by 
contact with the vaginal flora and is propagated further 
by oral feedings and exposure to the environment. 
Normal infants are colonized with a range of aerobic 
and anaerobic flora by 10 days of age (32). In the 
aseptic conditions of the NICU, however, infants 
undergo delayed colonization with a limited number 
of bacterial species (2, 33), which tend to be virulent. 
Hoy, Millar and associates observed both a quantita- 
tive and qualitative change in the fecal flora prior to 
onset of NEC, with a decline in numbers of species and 
a shift to the Enterobacteriaceae (34, 35). 

Although an infectious etiology has been suspected, 
no common microorganism is linked with NEC. The 
bacteria isolated are members of the normal flora of the 
neonatal gut, most commonly Klebsiella (36, 37) E. coli 
(36, 38) and Clostridia (39,40). Clostridium perfringens, 
which produces potent exotoxins, is associated with a 
fulminant, highly lethal form of NEC (41-44). Cases of 
NEC usually occur sporadically, but are sometimes 
clustered in an epidemic form. A recognized pathogen 
is occasionally isolated in such epidemics, e.g. Salmo- 
nella (45), rotavirus (46), coronavirus (47). 

Substrate 
Most infants who develop NEC were fed a cow’s milk 
formula. Enteric bacteria, acting on formula as a 
substrate in the intestinal lumen, produce the blebs of 
pneumatosis intestinalis (48). Conversely, pneumatosis 
is found in only 57% of unfed infants who develop 
NEC (49). Some investigators who believe that over- 
feeding premature infants in order to meet their high 
caloric requirements may contribute to the develop- 
ment of NEC, advocate a restricted feeding schedule to 
decrease the incidence of NEC (50, 51). Two prospec- 
tive studies, however, showed no difference in the 

incidence of NEC between infants on a restrictive or 
rapidly increasing feeding schedule (52, 53). Formulas 
which are hyperosmolar may inflict direct injury to the 
mucosa (54, 55). 

NEC is rare among infants fed breast milk alone. In 
the animal model of Barlow et al. (56), breast milk 
protected against NEC in newborn rats. In humans, 
breast milk plays a role in passive immunity of the 
neonatal intestine, and contains beneficial factors, 
including macrophages, secretory immunoglobulin A, 
lactoferrin and other substances. The prospective 
multicenter study of Lucas and Cole showed that 
NEC was 6-10 times more common among formula- 
fed babies than those fed breast milk alone, and three 
times more common in those who received formula plus 
breast milk, compared to those fed breast milk alone 
(57). 

The Lawrence hypothesis 
In 1982, Lawrence et al. (2) proposed an alternative 
hypothesis for pathogenesis for NEC, based on the 
aberrant colonization of NICU infants and on the 
vulnerability of the premature gut. These Australian 
investigators demonstrated delayed gut colonization 
with limited numbers and species of bacteria in the 
antiseptic NICU environment. They proposed that 
damage to the immature ileum, which absorbs bacterial 
toxins intact, initiated NEC. Their hypothesis was 
supported by Lawrence’s model of necrotic enteritis in 
the germ-free neonatal rat, by introduction of toxin- 
forming bacterial strains. The rat model, however, 
inexplicably ceased to work about one year later (58). 

Epidemiologic studies have evaluated multiple pre- 
disposing factors, both maternal and neonatal, which 
were believed to be associated with NEC. Ryder et al. 
(59) carried out an exhaustive epidemiologic study from 
13 different neonatal centers which evaluated 400 
possible predisposing factors in 11 1 patients and 1 1  1 
controls; 390 variables did not correlate with NEC. The 
10 variables which appeared to correlate could have 
been the statistical result of chance alone. Stoll et al. 
(60), working in a single center, studied 1 13 variables in 
35 cases and 98 controls. None of the variables 
correlated with NEC. The only consistent finding, in 
89% of cases, was prematurity. Such studies generally 
support the Lawrence hypothesis, which implicates a 
unique vulnerability of the premature intestine. 

The immature intestine lacks secretory immunoglo- 
bulin A (IgA), which is important in the development of 
the mucosal barrier to invasion. Further, intestinal B 
and T lymphocytes are decreased in number in the 
newborn infant (61). A study by Bell et al. showed 
increased serum levels of IgA in infants with NEC, 
compared to a control group, (62), which might infer a 
decrease in secretory IgA at the mucosal border. Bauer 
et al. identified a decreased incidence of NEC among 
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babies born after prenatal corticosteroid therapy to 
prevent RDS (63). Prevention of NEC has been 
reported by enhancement of the gastrointestinal host 
defense with human milk (57), immunoglobulin feeding 
(64), and corticosteroid administration (65). 

Threshold of injury 
Neither the Santulli theory nor the Lawrence hypo- 
thesis explains all cases of NEC. Ten percent of cases 
occur in term infants, usually considered at low risk for 
NEC. The syndrome may occur after the first two 
weeks of life, when gut colonization is usually complete 
(32) and the intestinal mucosa is no longer permeable to 
macromolecules (66). NEC has been reported in infants 
fed breast milk exclusively (67) and in infants who were 
never fed at all (49, 68). Most important, neither the 
theory of Santulli nor that of Lawrence addresses the 
question of why NEC has not developed in the majority 
of infants in the NICU, whose stress, environment, 
colonization, feedings and immaturity were no different 
from the 2-4% of infants in the NICU who developed 
the disease. 

In an attempt to explain these phenomena, a unifying 
hypothesis derived from the Santulli theory was offered 
in 1984 as follows: NEC is caused by the coincidence of 
at least two of these three events: (1) intestinal ischemia, 
(2) colonization of the gut by pathogenic bacteria, and 
(3) excess protein substrate in the lumen. NEC is most 
likely to appear following quantitative extremes of 
these three elements, i.e. severe ischemia, highly 
pathogenic flora or a marked excess of substrate. 
NEC develops only if a threshold of injury sufficient to 
initiate intestinal necrosis is exceeded (3). The hypoth- 
esis was subsequently modified to consider the 
immunological immaturity of the premature gut (4). 
An experimental model was developed in germ-free and 
gnotobiotic rats for evaluation of the comparative 
effects of ischemia, bacteria, and substrate. In the 
pathogenesis of intestinal necrosis by this model, the 
most important of the three factors was bacteria (69). 
A mathematical model for NEC was subsequently 
proposed in an attempt to describe the contribution of 
various pathogenetic factors to ischemic bowel mass 
and mortality (70). 

years in the Journal of Pediatrics, published in St Louis, 
Missouri, USA. In Shimura’s survey of 52 neontatal 
centers in Japan, only 89 cases of NEC were identified 
from 1985 to 1989 among 32 790 admissions of infants 
under 2500 g (0.3%) (71). The Japanese incidence was 
thus 0.27%, i.e., 4 to 28 times lower than that reported 
for the United States (6). In general, nations with low 
premature birth rates see very little NEC. Because 
epidemics of NEC occur, any epidemiologic 
investigations of NEC should employ simultaneous 
controls. Historical controls may yield deceptive data, 
i.e., an intervention which was introduced as an 
epidemic subsided could be credited with preventive 
powers, which, in fact, were false. And, sometimes, 
paradoxically, NEC seems to go away just as we are 
ready to begin the perfect prospective study in our 
nursery. 

In conclusion, NEC is the most common gastro- 
intestinal emergency in the NICU; however, the 
involved pathogenetic mechanisms as well as the 
appropriate preventive measures remain unclear. 
Epidemiologic studies are necessary to elucidate 
the responsible factors and mechanisms leading to 
NEC, in order to pick up those premature babies 
who are at risk for developing this life threatening 
disease. 
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