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NEONATAL NECROTIZING
ENTEROCOLITIS: PATHOGENESIS,
CLASSIFICATION, AND SPECTRUM OF
ILLNESS

Although hundreds of new and important investigations have
been published on the epidemiology and pathophysiology of neo-
natal necrotizing enterocolitis (NEC) in the last decade, NEC remains
a disease of unknown etiology. Originally reported in the literature
in the later part of the 19th century, neonatal NEC has stimulated
increased interest with the advent of modern neonatal intensive care
units (NICUs) during the 1960s.'** " '®® Because of this disease’s pro-
pensity to affect low-birth-weight infants in neonatal intensive care
units, clinicians hypothesized that some factor or factors associated
with the care of sick premature infants caused or initiated the dis-
ease. This hypothesis generated a search for multiple risk factors
that were purported to contribute to the etiology of NEC. Early hy-
potheses suggested chorioamnionitis and swallowed pathogenic
bacteria at birth as additional risk factors. Finally an observation that
almost all infants with NEC were fed milk formula prior to the illness
focused attention on neonatal feeding practices, including the com-
position of the formula, total daily volume, and the rate at which
feedings were increased. In the 1980s we began to realize that neo-
natal NEC is a complex, and probably multifactorial, disease. None-
theless, the pathogenesis has yet to be determined.

Among hospitalized premature infants in neonatal intensive care
units NEC is the most common serious acquired gastrointestinal
tract disease.’”"'° Indeed in a recent study from the Medical Center
Hospital of San Antonio (Texas), which included 31,000 births, NEC
followed immediately behind respiratory distress syndrome (RDS) as
a significant cause of n&onatal mortality at that center.*” Respiratory
distress syndrome was the presumptive cause of death in 7% while
NEC accounted for 6% of deaths.* As a cause of intestinal perfora-
tion NEC exceeds gastrointestinal obstruction, spontaneous perfo-
ration of the bowel, Hirschsprung’s disease, feeding tube accidents,
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and meconium ileus.'” In the United States approximately 2,000

to 4,000 newborn infants each year develop NEC."''® Although
many of these infants develop the disease in an NICU during the
course of treatment of the diseases common to all premature
infants, an increasing number of patients are developing NEC or
a NEC-like illness in level I well-baby nurseries in community hos-
pitals.

In addition to being aware that the patient population at risk is no
longer limited to the sick premature infant, we also have begun to
realize that NEC may present as a broad spectrum of disease mani-
festations and severity.''° The spectrum extends from mildly affected
patients with abdominal distention and hematochezia to severely ill
patients who appear septic and develop bacteremia, disseminated
intravascular coagulation, intestinal perforation, peritonitis, and
shock.'"® The majority of infants with NEC, regardless of severity,
share the radiologic findings of pneumatosis intestinalis or hepatic
portal venous gas. Both roentgenographic signs are relatively specific
for NEC and are helpful in confirming the diagnosis (see below). Fur-
thermore, NEC may occur as an endemic or sporadic disease or may
occur as intermittent epidemics superimposed on the endemic rate.
In either form of disease, bacterial, viral, or fungal agents are isolated
from some patients but not others.'* %

Prior investigations have not always taken the spectrum of disease
or other associated covariables into consideration in investigations
of the epidemiology, etiology, or outcome of NEC. These variables
confound studies and can make it difficult to determine whether
NEC is caused by a single agent or whether the gastrointestinal
symptoms noted in NEC are a nonspecific end-organ response to
multiple agents or factors. Just as pneumonia is manifested as an
infiltrate on a chest roentgenogram, regardless of whether the un-
derlying etiology is viral, bacterial, fungal, parasitic, allergic, vasculi-
tic, or a foreign body, so may the neonatal bowel respond to a variety
of injurious agents with only a few stereotypic patterns of manifes-
tation, of which NEC is the most common.

This monograph reviews current understanding of the epidemiol-
ogy and pathogenesis of NEC. Topics related to neonatal gastrointes-
tinal physiology are discussed that are relevant to the proposed
etiologic factors for NEC, including enteric alimentation, gastrointes-
tinal ischemia, and gastrointestinal infectious diseases. A system is
presented to help classify the various different subgroups of disease
patterns that present as NEC. In addition, an expanded staging sys-
tem that combines systemic signs, intestinal signs, and radiologic
findings is discussed. With the use of these staging criteria, appro-
priate therapy can be initiated that corresponds to the severity of
the stage of NEC.
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EPIDEMIOLOGY

Neonatal NEC is predominantly a disease of premature infants
that develops during their hospitalization in a level III
NICU."® 8% 107,171,205 Ngnetheless, approximately 7% to 10% of patients
are not premature, but are full-term infants admitted to the NICU for
cyanotic heart disease, diarrhea, polycythemia, or antecedent ana-
tomical intestinal malformations.'””'* Some of these more mature
infants have had operative palliation of cyanotic heart disease or re-
pair of congenital gastrointestinal tract anomalies.

Recently, we and others have observed NEC developing in babies
in level I nurseries. These patients were either previously healthy
full-term infants or “larger” premature infants. This latter group in-
cludes premature infants who were ‘reverse transferred” back to a
level I nursery from a level III NICU. These premature infants were
recovering from the usual diseases of prematurity and most of these
infants required only additional time and nutritional care to “gain
and grow.” The other group of premature infants who have devel-
oped NEC in level I nurseries are those who were thought to be well
enough (on the basis of size, ability to feed, and the absence of sig-
nificant cardiopulmonary disease) to remain in a well-baby nursery.
It is important to emphasize that in addition to infants with docu-
mented classical NEC, other infants in these nurseries simulta-
neously have also developed milder gastrointestinal disturbances, of-
ten characterized by abdominal distention, occult biood, or frank
hematochezia.'”®

Among patients who develop NEC in level III neonatal units, the
average birth weight is 1,400 to 1,500 gm, and mean gestational age
is usually 30 to 32 weeks.'” "> When compared with the general
population of infants with neonatal problems admitted to the same
intensive care nursery, there are usually no differences in birth
weight or gestational age for patients with and without NEC. Thus,
it would appear that the disease affects premature infants in the
NICU indiscriminately.

The incidence of NEC varies from nursery to nursery and region
to region. Even within the same residency training center in the
same city serving four major hospitals, the incidence of NEC varies
between NICUs. Some of this variation may be due to intermittent
epidemics of NEC superimposed on a baseline endemic or sporadic
rate of one to two cases every 1 to 3 months. Nonetheless, many
large pediatric hospitals report no outbreaks of neonatal NEC.

The overall annual incidence of NEC in tertiary level neonatal in-
tensive care units is usually between 2% and 7% .°"'*'** The average
reported incidence is 5% . However, these data have many potentially
confounding factors. Most investigations of the incidence of neonatal
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have developed NEC on the first day of life. These infants tend to be
more mature, have no history of being fed, do not always demon-
strate pneumatosis intestinalis, and may be born to women with
preeclampsia.'”” In contrast to patients who develop NEC on the first
day of life, the usual interval between the initiation of feeding and
the onset of NEC is between 6 and 7 days.'” In these patients, en-
teric alimentation was usually begun on the second to fifth day of
life.

As stated previously, there are two distinct patterns of neonatal
NEC occurrence: endemic and epidemic. We and others have ob-
served endemic or sporadic cases of neonatal NEC, such as none to
two patients with disease during a 1- to 3-month time period. Su-
perimposed on this endemic rate may be intermittent epidemics of
cases clustered in location and time.'*”'** At our institution there
have been years with fewer than six cases that have been interrupted
by a 1-month epidemic of 10 to 12 cases of neonatal NEC. Although
seasonal epidemics have been suggested, there is a paucity of evi-
dence that suggests a consistent relationship between NEC and sea-
sonality.'”

Patient characteristics appear to be different during clustered
cases of NEC. Epidemic patients tend to be older or more mature,
have fewer antecedent neonatal diseases, develop NEC later, and
have been fed for a longer period of time than patients with endemic
NEC.107' 145

In the past, epidemics have been thought to be related to over-
crowding in the NICU, to suboptimal nurse-to-patient ratios, or to
large numbers of “very sick” infants. Nevertheless, these hypotheses
have not been proved. We were unable to document any changes in
patient acuity or crowding during previous epidemics at our insti-
tution.

No association has been found between necrotizing enterocolitis
and race, sex, or inborn vs. transport status. On rare occasions, NEC
has been reported in siblings during different pregnancies. Nonethe-
less, most studies do not demonstrate familial or genetic factors that
predispose patients to this disease. Twin status has been investi-
gated among patients with neonatal NEC. In an earlier report from
our hospital, 13 of 123 patients with NEC were from multiple gesta-
tions.'”” Of these infants, in only one set of twins did both infants
develop NEC within 24 hours of each other. Both infants also had
bacteremia with identical Escherichia coli. Multiple gestation is a
common cause of prematurity and the incidence of twins among
patients with neonatal NEC is not different than the incidence of
twins in the general population of premature infants who do not
develop NEC. In a study of NEC among multiple gestations, Samm
and colleagues investigated the epidemiology of NEC in twins and
demonstrated that the firstborn “A” twin was always the twin to
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NEC report the total number of cases of NEC in an NICU, and com-
pare that with the total number of patients admitted to that unit.
This includes many severely ill, premature infants who die in the
first three days of life due to complex cardiorespiratory diseases. The
vast majority (over 90%) of patients who develop neonatal NEC do
so after the initiation of enteric alimentation with milk feedings.
Thus, by including infants who die before a time when NEC would
usually develop, these figures underestimate the incidence of NEC
in the population at risk. The remaining at-risk group consists of the
surviving premature infants who are ready to initiate enteric milk
feedings. If infants who die early are excluded and only infants who
have been fed are included, the incidence of NEC in level III NICUs
approaches 15%.'"

Although the mean gestational age or birth weight of patients with
NEC is similar to the usual demography of the individual nursery,
some authors feel that the incidence of NEC is higher among the
smaller premature infants than among larger preterm patients.*'"?"
The incidence from their studies decreases as weight increases, from
patients below 1,000 gm, to those between 1,001 and 1,500 gm, and
to those above 1,500 gm. Nonetheless, because there are more pa-
tients who are admitted and who survive with birth weights above
1,000 gm, the weight group at greatest risk for NEC is usually be-
tween 1,000 and 1,500 gm.

An explanation for the more frequent occurrence of NEC in
smaller infants is the time needed to achieve postnatal intestinal ma-
turity. A premature infant born at 27 weeks may not develop a ma-
ture intestine until a gestational age of 36 to 40 weeks. This infant
requires an additional 9 to 13 weeks of extrauterine or postnatal life
to develop mature gastrointestinal defense mechanisms and diges-
tive function. It has been demonstrated that the onset of NEC may
be delayed among very immature infants.*'"*'? These infants may be
susceptible for a longer time than larger premature infants who are
more mature at birth and therefore need a shorter period to achieve
gut maturity. Alternate explanations for the older age at onset among
less mature infants could be (1) a delay in initiating enteral alimen-
tation in smaller, sicker premature infants; (2) a longer period of ex-
posure to NICU practices; or (3) a longer period of exposure to ab-
normal microbial flora, either endogenous fecal flora or that of the
NICU environment.

The mean day of onset of necrotizing enterocolitis is day 12 of
life.'°*'** The median day is the seventh day of life, while the most
common day (mode) was the third day of life. Infants may present
with disease from the first to the 99th day of their hospitalization. It
has been proposed that more mature infants born closer to term
develop NEC much sooner after the initiation of enteric alimentation
than less mature infants. Although a rare occurrence, some infants
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develop NEC.'” This was unexpected, because these authors hy-
pothesized that the “B,” or second twin, was at greater risk for de-
velopment of NEC due to increased perinatal stresses such as as-
phyxia. Prior to the onset of NEC it was thought that “A” twins were
more stable than their paired “B” twin. Furthermore, as will be dis-
cussed in detail later, the “A” twin may have been fed sooner and
more rapidly than the sicker “B” twin.

Risk factors for neonatal NEC will be discussed in more detail un-
der the sections on feeding, ischemia, and infection. Nonetheless, it
is important to note that many infants who develop NEC are similar
to those “A” twins reported by Samm and associates.'® They are
usually healthy “low-risk” infants who have mild antecedent ill-
nesses and receive enteric alimentation early during the course of
their hospitalization. They are often the “gainer and grower” in the
convalescent rather than the acutely ill premature infant receiving
respiratory support and multiple medication infusions in the sickest
area of the neonatal intensive care unit. Between 10% to 30% of pa-
tients who develop NEC have no identifiable risk factors other than
prematurity.'®” '** Indeed, the whole concept of risk factors for NEC
was generated by descriptive epidemiology without a comparative
control group. Thus, early reports of the preceding illnesses associ-
ated with infants who develop NEC included low Apgar scores, hy-
pothermia, RDS, patent ductus arteriosus, anemia, and umbilical ar-
tery catheterization. These are problems common to all patients in
the NICU and may not be specific risk factors for neonatal NEC.
When carefully designed controlled studies were performed and pa-
tients with neonatal NEC were matched with control patients by
gestational age, it became evident that there are few, if any, anteced-
ent identifiable risk factors that are consistently found to be more
frequent in patients with NEC than in the general population of pre-
mature infants in that NICU during the specific time of study.

DISEASE CHARACTERISTICS
Diagnosis and Pathology

Neonatal NEC is characterized by a broad spectrum of clinical
manifestations resulting in a wide range of severity, complications,
and mortality. The disease may present with mild signs and symp-
toms, such as mild abdominal distention and retained gastric aspi-
rates. On the other hand, the infant may present with marked ab-
dominal distention, tenderness, shock, and signs of peritonitis, and
rapidly progress to gastrointestinal perforation and death within 24
hours of the onset of the illness. The latter presentation may be in-
distinguishable from the acute, fulminant manifestations of neonatal
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sepsis. The diagnosis of neonatal NEC will be considered only after
more specific gastrointestinal manifestations have been identified.

Nonspecific signs of NEC may also be found in many neonatal
diseases, such as sepsis, hypoglycemia, and intraventricular hemor-
rhage. These signs include apnea, bradycardia, lethargy, temperature
instability, poor cutaneous circulation, and a “septic”’ appearance
(Table 1). More specific findings related to gastrointestinal dysfunc-
tion include, in order of decreasing frequency, abdominal distention,
abdominal tenderness, the presence of occult or frank blood in the
stools, anterior abdominal wall erythema, and a right lower quadrant
mass. When these latter manifestations are present the diagnosis of
NEC must be considered and a thorough evaluation performed (see
Table 1).

The hallmark for the diagnosis of NEC is documentation of abnor-
mal intestinal gas production as evidenced by pneumatosis intestin-
alis or hepatic venous portal gas on plain roentgenograms of the
abdomen'®*'**'* (Figs 1-6). Macroscopically, pneumatosis intestin-
alis appears as small, grape-sized, gas-filled submucosal or subse-
rosal cysts that may be present from the ileum to the rectum (see
Fig 1). The presence or degree of involvement on roentgenogram
does not predict the severity of the disease, but the presence of
pneumatosis intestinalis is essential in confirming the diagnosis of
NEC. Pneumatosis intestinalis is often confused with the bubbly in-
traluminal appearance of gas mixed with meconium in the meco-
nium ileus syndrome. Furthermore, blood mixed with intraluminal
gas may produce similar bubbles (see Figs 4 and 5). True pneuma-

TABLE 1.

Signs of Necrotizing Enterocolitis

Specific
Abdominal distention
Abdominal tenderness
Occult or frank blood in stool
Bilious emesis
Gastric aspirates
Abdominal wall erythema
Right lower quadrant mass
Diarrhea

Nonspecific
Apnea and bradycardia

, Shock

Lethargy
Acidosis
Temperature instability
Cyanosis
Acidosis
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FIG 1.
Resected specimen placed under water at the time of laparotomy to demonstrate pea-

sized bubbles or cysts of pneumatosis intestinalis. (From Walsh MC, Kliegman RM: Nec-
rotizing enterocolitis: Treatment based on staging criteria. Pediatr Clin North Am 1986;
33:179. Used by permission.)

FIG 2.
Abdominal distention, dilated loop of bowel, and the linear pattern of pneumatosis intesti-
nalis in the right lower quadrant (arrowheads) in a premature patient with NEC.
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FIG 3.
Another patient with NEC demonstrating two areas of linear pneumatosis intestinalis (ar-
rowheads) and a markedly abnormal bowel loop pattern (arrow) with distention.

tosis intestinalis appears as cystic lesions in a linear pattern along
the outside of the bowel for various lengths, which are seen in both
anterior-posterior and cross-table lateral roentgenographic posi-
tions. Hepatic portal venous gas appears as gas within the portal
venous system of the liver. Although some studies have suggested
that patients with hepatic gas have a more severe disease, other in-
vestigations have not been able to confirm this as a more serious
sign of disease.”

The gas present within the cysts is composed of the bacterial fer-
mentation products of malabsorbed formula, i.e., hydrogen, meth-
ane, and carbon dioxide.** As hydrogen cannot be produced by any
known human pathway of metabolism and because bacteria that fer-
ment carbohydrate are known to produce hydrogen, a causal rela-
tionship between intestihal bacteria and the etiology of NEC is sug-
gested (see below).*

Although pneumatosis intestinalis is the hallmark of NEC, many
patients who subsequently are documented as having NEC do not
demonstrate pneumatosis intestinalis or hepatic venous gas on plain
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FIG 4.

Cross table lateral radiogram demonstrating pneumatosis intestinalis in a linear pattern
(arrow) and the bubbly pattern (arrowhead). There is marked gastrointestinal distention
with dilated loops of bowel.

roentgenogram of the abdomen.'” In one study of patients with doc-
umented NEC, only 45% demonstrated pneumatosis intestinalis,
and 17% had portal venous gas.'® In a second study, 14% of patients
with documented NEC did not have these roentgenographic signs.'”
Furthermore, when NEC is suspected there is often disagreement
between observers on the interpretation of these roentgenograms as
to the presence or absence of pneumatosis intestinalis.'*

The diagnosis in many of these patients is confirmed at surgery
following intestinal perforation and subsequently supported by the
histopathologic evidence of NEC. Neonatal NEC is the most common
cause of intestinal perforation in the NICU." It is so common that
the diagnosis of NEC should be seriously considered in any patient
with evidence of pneumoperitoneum. Free gas within the abdomen
is best visualized with a cross-table lateral x-ray film, as pneumoper-
itoneum is difficult to appreciate with the usual flat plate of the ab-
domen (Figs 7 and 8). X

Some patients in whom NEC was not confirmed radiologically and
who subsequently died have had the diagnosis substantiated at au-
topsy. The pathologic findings of NEC have been described, for ob-
vious reasons, by examination of the sickest patients who died or
who had intestinal perforation and resection of necrotic gangrenous
bowel. Overall, 20% to 30% of patients with neonatal NEC will de-
velop intestinal perforation. The overall mortality is also between
20% and 40% . Thus, pathologic examinations have been available for
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FIG 5.
Radiograph demonstrating distention, bubbly pattern of pneumatosis intestinalis or blood
mixed with gas in the bowel lumen and the hepatic venous gas pattern (arrow).

fewer than 50% of the cases with NEC and, again, all of these pa-
tients were seriously ill.

The gross pathologic examination of patients with NEC reveals in-
volvement predominantly in the terminal ileum and proximal co-
lon.'* 5199183200 More severe cases demonstrate extensive involve-
ment with abnormalities of the bowel noted from the stomach to
the rectum. The bowel is distended and edematous and the bowel
wall width is attenuated, while the lumen contains hemorrhagic
fluid. There are obvious areas of hemorrhage within the bowel wall,
mixed with green to black areas of frank gangrene. In most but not
all patients, submucosal and subserosal gas-filled cysts are observed
macroscopically. In addition to the changes of the bowel wall there
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FIG 6. :
Contrast enema in a child with distention and bloody stools demonstrating pneumatosis
intestinalis predominantly along the transverse colon.

are often signs of fibrinous to purulent peritonitis and ascites. With
solitary or multifocal intestinal perforation, fecal material will also
stain the peritoneal surfaces of the bowel.

Microscopic examination of intestine from these severely affected
patients reveals mucosal edema, hemorrhage, coagulation necrosis,
and mucosal ulceration covered with a diphtheritic-like pseudo-
membrane of necrotic debris and fibrin.** 5" %% 183200 Although NEC is
initially a mucosal disease, severe cases demonstrate transmural co-
agulation necrosis and gangrene, which may result in intestinal per-
foration. Previous investigators often could not differentiate the se-
vere coagulation necrosis from postmortem autolysis; however, it is
well established that coagulation necrosis is typical of the bowel pa-
thology of neonatal NEC. Large or even small arterial or venous
thrombosis of the mesenteric or other vascular system is not com-
monly noted in patients with neonatal NEC.

Cystic gas-filled lesions are often seen in the early stages of the
disease. Bacteria may be present within the cyst or outside the cyst
wall. Gas may be produced locally by bacteria in contact with the
cyst or gas may dissect into the submucosa from intraluminal gas
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FIG 7.

Free intraperitoneal gas as demonstrated on an anterior-posterior film. Note gas around
the edge of the liver (arrow) and the appearance of gas on both sides of the bowel wall,
or double lumen sign.

production and overdistention of the intestinal lumen.** Although
bacterial gas production is associated with cyst formation and bac-
teria may be seen along the cyst wall and within the luminal cellular
debris, histologic examination of involved tissue often reveals a
paucity of inflammatory cells and eosinophils.

Interestingly, reparative processes are often noted juxtaposed to
areas of severe involvemént.”® Repair may be evident by the obser-
vation of fibrosis and epithelial proliferation (see below for discus-
sion of post-NEC strictures) during the acute stage of the disease.”

Pneumatosis intestinalis is currently required to confirm the di-
agnosis of NEC. However, as we have discussed, this radiologic sign
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FIG 8.
Pneumoperitoneum as demonstrated by a cross table lateral radiogram. Note the gas
above the liver (arrow).

may be subtle, short-lived, or even absent in infants who at patho-
logic examination are documented to have NEC. Furthermore, pneu-
matosis intestinalis is often confused with gaseous bubbles in stool
or blood within the bowel lumen.'**'®® Clearly, additional specific
and sensitive diagnostic tests need to be developed to separate pa-
tients who have neonatal NEC from those with more benign neona-
tal gastrointestinal disturbances.’®>'**'%® Several new diagnostic
methods are emerging that may add to our ability to detect the pres-
ence of pneumatosis intestinalis and portal venous gas. Upper gas-
trointestinal tract series with metrizamide contrast studies have
helped to identify gaseous blebs even before they were detectable on
plain roentgenograms.'”* Although metrizamide is isotonic, safe, and
without reported complications, we should remain cautious about
the use of this agent until further experience has been reported. Ul-
trasonographic demonstration of hepatic portal venous gas has been
a new, safe, and more sensitive method of detecting “microbubbles”
of gas that are below the resolution of the plain abdominal x-ray
film. Malin and co-workers'* originally described an incidental find-
ing of “microbubbles” entering the heart from below the diaphragm
in a child who developed fulminant NEC.™ Subsequent reports
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studied additional patients with neonatal NEC and demonstrated a
characteristic ultrasonographic pattern of intermittent “microbub-
bles” within the portal vein of the liver. In some patients plain x-ray
films showed no evidence of portal gas or pneumatosis intestinalis.
This method holds great promise as a new and sensitive tool for the
diagnosis of the abnormal intestinal gas production in NEC."® The
usefulness of ultrasound to detect intravascular gas must be inter-
preted with caution in patients with intravenous infusions in the
lower extremity. “Microbubbles” generated with such infusions may
result in false-positive signs of intravascular gas. Ultrasound is not
helpful in diagnosing pneumatosis intestinalis because the gaseous
distention of the bowel greatly interferes with the ability to identify
mucosal cysts. Additional radiologic tests to diagnose NEC include
radionucleotide scans with a radiolabel tagged to leukocytes or
platelets.* Although these new methods hold some promise, there
is concern about the dose of radioactive label and the overall sensi-
tivity and specificity of these scans. Much more work is required to
define the lowest (safest) radioactive dose possible and to determine
the false-positive and false-negative rate.

Another means to detect abnormal enteric bacterial gas produc-
tion is to measure the excretion of hydrogen by the respiratory sys-
tem.®®*'*” Undigested lactose enters the large colon where bacteria
ferment this substrate to organic acids and hydrogen gas. After pro-
duction by the intestinal bacteria, hydrogen gas is absorbed into the
circulation by the venous plexus of the bowel and transported to
the lungs for excretion. Breath hydrogen excretion is a well accepted
test to diagnose carbohydrate malabsorption. Because excessive hy-
drogen gas production may be part of the pathophysiology of neo-
natal NEC, as evidenced by the presence of hydrogen gas in the mu-
cosal blebs, hydrogen gas excretion has been proposed as a
potentially useful tool to diagnose NEC. Kirschner et al.'* have dem-
onstrated increased breath hydrogen excretion in a few patients
with NEC. However, other studies were unable to confirm the speci-
ficity of this test for neonatal NEC as many well premature infants
demonstrate excessive and prolonged breath hydrogen excretion fol-
lowing a lactose-containing formula feeding. Newborn infants often
demonstrate a persistently elevated hydrogen excretion with no ad-
ditional increase after, or fall before, the subsequent feeding. Breath
hydrogen levels as high as 70 to 100 ppm have been noted in normal
preterm infants. Hydrogen production is dependent on formula mal-
absorption plus bacteria that can ferment lactose to this gas. As
some bacteria do not produce hydrogen gas, this test may not be
helpful in every case of NEC. Infants who have NEC but do not dem-
onstrate pneumatosis intestinalis may also have bacteria that do not
produce hydrogen gas and thus do not develop mucosal blebs.®

p-Lactate is another fermentation product generated by the intes-
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tinal flora. This unusual organic acid is not produced by humans
and may be a marker for abnormal rates of colonic bacterial fermen-
tation. Garcia and colleagues were able to demonstrate increased
urinary excretion of p-lactate in nine infants with NEC.*** Nonethe-
less, this test, as well as enzyme markers such as hexosaminidase,
require special methods and much further testing with larger num-
bers of patients with documented NEC before the true usefulness of
their application can be determined.'®”

Examination of tissue to confirm the diagnosis of NEC is available
from all patients who have intestinal perforation and resection of the
involved segments of bowel. Obviously these patients have more se-
rious disease as evidenced by the presence of transmural necrosis
and perforation. The histopathologic findings in these patients may
represent a combination of events, e.g., those that initiated NEC and
those subsequent to perforation and secondary bacterial invasion or
peritonitis. Thus the initiating event or its pathological picture may
be masked in those patients undergoing intestinal resection or those
seen at autopsy. Furthermore, the majority of patients with NEC do
not require exploratory laparotomy because they do not have severe
disease that results in perforation. In an attempt to provide useful
information on the pathogenesis of NEC and to provide possible di-
agnostic criteria for this disease, many authors have studied endos-
copy and, on occasion, mucosal biopsy. Because NEC is predomi-
nantly (in the early stages) a mucosal disease, colonic or rectal
mucosal biopsy may provide useful diagnostic information for both
clinicians and epidemiologic investigators. Preliminary data from
Graham demonstrated severe colitis in a few patients thought to
have neonatal NEC.”® Subsequently, Taxman and co-workers*” inves-
tigated 41 newborn infants with rectal bleeding of unknown etiology
and ten infants with documented NEC with flexible proctosigmoid-
oscopy and colonic mucosal biopsy.*” Ninety percent of all the pa-
tients (NEC and non-NEC patients) demonstrated colitis of varying
severity by endoscopic visualization. Involvement varied from mild
erythema and edema to severe ulceration, exudation, spontaneous
hemorrhage, and friability. Half of the total population demonstrated
biopsy evidence of allergic colitis with mucosal eosinophilia. Eosin-
ophilic infiltration was also found in patients with biopsy evidence
of a severe inflammatory response with inflammatory cell infiltration
of the lamina propria.**' Interestingly, the blood eosinophil count,
the endoscopic appearance of the mucosa, the severity of mucosal
inflammation, or the presence of eosinophilic infiltration did not dif-
ferentiate patients with NEC from those with rectal bleeding of un-
known etiology. Although Silber and Klish'” and others have found
that sigmoidoscopy or colonoscopy with biopsy is helpful in differ-
entiating allergic from nonspecific colitis in older infants with rectal
bleeding, we cannot recommend its use in neonates with
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NEC.** %191 Colonoscopy may be beneficial in a few newborn infants
with persistent rectal bleeding of unknown etiology because a spe-
cific diagnosis may be made and specific therapy can be initiated,
especially in the presence of allergic colitis.>® *" %!

STAGING BASED ON- CLINICAL MANIFESTATIONS

Earlier, the broad range of severity of neonatal NEC was discussed.
The spectrum includes a mild or benign form of neonatal NEC with
no sequelae and excellent prognosis. However, neonatal NEC may
also present as an acute fulminant process mimicking septic shock,
with serious sequelae and a high mortality. The sequelae may in-
clude transmural intestinal necrosis, peritonitis, and even necrotic
gangrene and distention of the gallbladder.'® Usually, the severity of
the clinical course that NEC will follow is uncertain during the first
24 hours of the illness. However, during the next day the severity of
the disease process can be more accurately estimated. It is very un-
usual for an appropriately treated infant manifesting mild signs of
NEC for 24 to 48 hours, to suddenly deteriorate and develop septic
shock and intestinal perforation. Thus, an infant with slight abdom-
inal distention, mild abdominal tenderness, and pneumatosis intes-
tinalis, which persists for 24 to 48 hours, but who has no neutro-
penia, acidosis, thrombocytopenia, or hypotension, is unlikely to
advance to a more serious stage. Without therapy, and with contin-
ued stress of the gastrointestinal system by enteric feedings, a mild
illness may progress to a more serious stage. On the other hand,
most patients with severe NEC worsen rapidly and manifest an ex-
quisitely tender abdomen, acidosis, neutropenia, thrombocytopenia,
shock, and bacteremia within 24 to 48 hours of onset. Indeed the
mean time for development of documented intestinal perforation in
these seriously ill patients is 36 hours, while the median time is less
than 24 hours and the mode or most frequent time of perforation is
less than 12 hours after the onset of symptoms.'*®

Investigations of the therapy and pathogenesis of NEC have been
hindered by the failure to uniformly define the severity of the dis-
ease at the time of diagnosis. Just as there are grades of severity of
neonatal intraventricular hemorrhage, NEC should be staged accord-
ing to the severity of the systemic, gastrointestinal and radiologic
signs. Specific grading criteria will permit accurate comparisons of
patients with disease of similar severity. Staging according to severity
will also be useful in guiding therapeutic decisions (see following).
We have modified Bell’s initial staging criteria and included sys-
temic, intestinal, and radiographic signs to present uniform and
consistent descriptive and therapeutic criteria for neonatal NEC"
(Table 2).

Stage I includes infants who are suspected or ‘“rule-out” NEC pa-
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tients. These infants have mild systemic signs or symptoms such as
temperature instability, apnea, bradycardia, or lethargy. Intestinal
manifestations are not specific and include mild abdominal disten-
tion, elevated gastric aspirate volume, emesis, and occult blood in
the stool. Radiologic signs demonstrate nonspecific ileus with or
without intestinal dilation. It should be noted that the first radio-
logic sign of neonatal NEC is not necessarily pneumatosis intestin-
alis or free abdominal gas, but rather dilated loops of bowel.

Some stage I infants, referred to as stage IB, also demonstrate
bright red blood per rectum. Although these infants may have NEC
in the absence of pneumatosis intestinalis, other diagnostic possibil-
ities need to be considered and include milk protein allergy; swal-
lowed maternal blood; lymphonodular hyperplasia; nonspecific col-
itis; infectious colitis caused by Salmonella, Shigella, or
Campylobacter; and true anatomical problems, such as Meckel’s di-
verticulum, midgut volvulus, and intussusception.

Most infants without frank hematochezia (stage 1A) probably have
diseases other than NEC. In all probability many of these patients
have neonatal feeding intolerance and not a serious gastrointestinal
illness. Nonetheless, it should be emphasized that during epidemics
of well-documented neonatal NEC the prevalence of stage IA and IB
disease also increases in parallel with the prevalence of true neona-
tal NEC.'”® This again underscores the wide spectrum of the illness,
which may appear as an apparently benign condition without spe-
cific radiographic findings or as a more severe gastrointestinal dis-
ease with definitive radiologic signs.

Stage II is definite neonatal NEC confirmed by the relatively spe-
cific radiologic signs of pneumatosis intestinalis.'**'*® Stage IIA is
similar to stage IB except that pneumatosis intestinalis is present
and the patient may manifest diminished to absent bowel sounds
and abdominal tenderness. Stage IIA has also been reported and
classified as benign neonatal pneumatosis coli (see following section
on classification).'®®

Case 1—A white baby girl (twin A), was born weighing 1,370 gm, after a
31-week gestation. The mother was a 25-year-old primigravida. Pregnancy
was uncomplicated until the onset of premature labor. Twins were deliv-
ered by cesarean section. Apgar scores were 7 at 1 minute and 8 at 5 min-
utes in both infants. The early neonatal course was complicated by mild
respiratory distress syndrome, which required supplemental inspired oxy-
gen. Maximum oxygen requirement was 35%, administered by hood. She
was in room air by day 4 of life. Feedings were begun on day 3 of life and
increased by 40-cc/kg/day increments. On day 8, lethargy, abdominal disten-
tion, bilious nasogastric drainage, and guaiac-positive stools developed. A
complete evaluation for sepsis was performed. The white blood cell (WBC)
count was 14,800 with 40% polymorphonuclear forms, and 10% band forms.
Lumbar puncture was unremarkable, as was an arterial blood gas analysis.
An anterior-posterior portable roentgenogram of the abdomen revealed a
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discrete area of pneumatosis intestinalis in the descending colon, with gen-
eralized distention of the bowel. The cross-table lateral examination
showed no free air. The infant was given nothing by mouth (NPO), the
bowel was decompressed with nasogastric drainage, and intravenous ad-
ministration of ticarcillin and gentamicin was started. Serial complete blood
cell counts and blood gas analyses were performed, and cross-table lateral
roentgenograms of the abdomen were performed every 6 hours. The leu-
kocyte count was stable. Twelve hours after the acute onset, an x-ray
showed the pneumatosis to be resolved. The infant clinically was more
alert, but still had mild tenderness to abdominal palpation. She appeared
completely well 48 hours after presentation. She was treated with bowel
rest and intravenous antibiotics for 10 days. Feedings were resumed with
an elemental formula and increased to 150 cc/kg/day over 10 days without
difficulty. The infant was discharged to home weighing 2.0 kg at 9 weeks’
chronologic age, 2 1/2 weeks after her sibling was discharged.”

Stage 1IB patients are moderately ill and have more advanced dis-
ease than patients with benign NEC in stage IIA. In stage IIB, a mild
metabolic acidosis or thrombocytopenia may be present in addition
to more serious abdominal signs, such as abdominal wall cellulitis
or a right lower quadrant mass. The latter represents matted loops
of inflamed bowel or, more rarely, a sealed-off microperforation of
the terminal ileum with local peritonitis. Portal venous gas may be
present in stage IIB in addition to ascites.

Advanced neonatal NEC has the greatest risk for intestinal perfo-
ration, adverse long-term sequelae and death. Stage IIIA consists of
severely ill patients without evidence of intestinal perforation who
often, but not always, progress to intestinal perforation, which de-
fines stage IIIB. These seriously ill infants manifest hypotension, aci-
dosis, apnea, respiratory failure, disseminated intravascular coagu-
lation, thrombocytopenia, and neutropenia. Abdominal examination
reveals a rigid, tender abdomen, even prior to perforation. More ma-
ture infants with stage IIIA NEC lie still with their legs motionless,
as every slight movement elicits pain. Radiologic studies of stage IIIA
infants often demonstrate a gasless abdomen or floating bowel and
distended flanks, suggestive of tense ascites, while the signs of free
gas in the abdomen predominate among infants with stage IIIB NEC.

Case 2—A black baby boy was born weighing 1,580 gm, after a 34-week
gestation. The mother was a 22-year-old woman, whose pregnancy had
been complicated only by premature labor. The infant was delivered vagi-
nally. Apgar scores were 7 at 1 minute and 9 at 5 minutes. There was no
respiratory distress. Evaluation for sepsis was unrevealing, however ampi-
cillin and gentamicin were administered until negative culture results were
available. No umbilical catheterization was performed. The infant began oral
feedings on day 3 of life and advanced to 140 cc/kg/day over 72 hours. The
infant developed abdominal distention and stool positive for reducing sub-
stances. Feedings were discontinued. The infant then developed hemato-
chezia, bilious gastric drainage, lethargy, apnea, and bradycardia. Stools be-
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came progressively melanotic and, finally, frankly bloody. The abdomen was
markedly distended and tender to palpation. Hematocrit fell over the next
6 hours from 38% to 31% while the WBC count rose from 15,100 to 31,300.
Platelets were then 150,000. An anterior-posterior roentgenogram of the ab-
domen revealed distended loops of bowel with extensive pneumatosis in-
testinalis. Cross-table lateral examination at this time showed no free air.
Serial arterial blood gas analyses revealed a mixed respiratory and meta-
bolic acidosis. The infant was intubated and placed on mechanical ventila-
tion. Following culture of the blood and spinal fluid, intravenous ticarcillin
and gentamicin were administered. Pediatric surgical consultation was ob-
tained and followed with serial examinations. Serial cross-table lateral
roentgenograms, complete blood cell counts, and arterial blood gas analy-
ses were performed every 4 hours. Twelve hours after presentation, a cross-
table roentgenogram revealed a pneumoperitoneum. The infant was taken
immediately to the operating room where a gangrenous perforated bowel
was found. Twenty centimeters of terminal ileum and ascending colon were
resected, and a colostomy and ileostomy were created. Postoperatively, the
infant required volume resuscitation to counteract third-space fluid losses.
Disseminated intravascular coagulation responded to therapy with fresh-
frozen plasma and platelet transfusions. The infant remained NPO and re-
ceived intravenous ticarcillin and gentamicin for a total of 14 days. He was
supported with hyperalimentation during this period. Extubation was per-
formed on postoperative day 4.

Feedings were cautiously initiated on day 5, and advanced slowly over
the next 2 weeks. The infant tolerated this without complications. Four
weeks following the acute illness, a barium study revealed a 3-cm stricture
proximal to the ostomy site (Fig 9). The infant underwent resection of the

FIG 9.
Stricture formation in right lower quadrant. Patient presented with obstipation, distention,
and emesis.
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stricture and reanastomosis of bowel. He was discharged home to be cared
for by his pediatrician with consultation by his pediatric surgeon and neon-
atologist. When seen at follow-up at 8 months, he had a normal motor and
mental developmental examination, and normal growth parameters.

Progression from stage IIA to further stages is extremely rare.
Nonetheless, stage IIB and, more often, stage IIIA, may progress to
intestinal perforation within 12 to 48 hours of onset. We have cared
for patients who had stage IIIA neonatal NEC, who developed a gas-
less abdomen with ascites. Ascites persisted for 5 to 7 days before
gastrointestinal perforation was documented on radiologic exami-
nation. These patients were atypical because, as stated earlier, most
infants with neonatal NEC suffer perforation within 48 hours after
the onset of symptoms.

CLASSIFICATION OF NEONATAL NECROTIZING
ENTEROCOLITIS

Through the use of staging criteria we can gain a better apprecia-
tion of the wide range of severity of neonatal NEC. In addition to
staging the severity of the disease process, there is an additional
need to classify NEC according to the clinical patterns of this dis-
ease.''’ Necrotizing enterocolitis has been reported to present with
different, but characteristic, clinical patterns. Furthermore, many
neonatal gastrointestinal illnesses are not NEC but may mimic NEC,
and need to be considered in the differential diagnoses. We propose
to subdivide NEC on the basis of the preceding historical events, the
clinical presentation, and the pattern of the disease. This is not the
same as staging, which basically considers the severity of the illness,
but does not address differing etiologies. Many of the subgroups
within this classification system represent a distinct clinical and
pathological entity. This classification will also include illnesses that
are clinically distinct, and have pneumatosis intestinalis and more
or less severe intestinal and systemic signs compatible with classical
NEC. Such a classification system will permit accurate comparison
of studies on the epidemiology or treatment of NEC. The present
situation may be analogous to the state of oncology in previous years
when all leukemia was lumped together in one disease category. To-
day, using sophisticated methods, we can subdivide the leukemias
on the basis of cell type, cell markers, and other properties. Specific
treatment protocols for the specific types of leukemia have increased
survival from this serious illness.

Classical NEC, as described previously, presents within a broad
spectrum of severity, but also has a typical clinical course. Further-
more, there are both endemic or sporadic and epidemic cases of
classical NEC. Endemic (sporadic) cases occur infrequently, are
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not clustered in place or time, and have no common pathogen iso-
lated from patient materials. Epidemic NEC is common in some
NICUs.** "' In an epidemic, the severity of the illness is usually
similar among patients. Epidemics of mild or severe disease have
been witnessed at the same neonatal intensive care unit at different
time periods. During epidemics of well-documented NEC there is
often an increased incidence of other neonatal gastrointestinal or
systemic diseases. Hemorrhagic colitis, without pneumatosis intes-
tinalis, is a milder form of gastrointestinal disease than NEC. Hem-
orrhagic colitis is characterized by frank, bright red blood per rec-
tum and minimal abdominal distention. In one study of an epidemic
of neonatal NEC due to rotavirus A, there was also an increased
prevalence of hemorrhagic colitis.'”® Other investigators have also
noted concomitant epidemics of NEC and hemorrhagic colitis
caused not by rotavirus A, but by an unidentified infectious agent.
Additionally, NEC due to enterovirus has been reported during neo-
natal intensive care unit epidemics.'® In this report, NEC was only
one manifestation of enteroviral disease; other patients manifested
viral sepsis, myocarditis, or hepatitis.

Because of the complexity and possible multifactorial etiology of
NEC it is important that future reports of NEC provide data on the
endemic vs. epidemic nature of this disease. As discussed previ-
ously, it appears that the patient populations in whom neonatal
NEC develops during epidemic periods differ from the patient pop-
ulations seen during endemic periods.'*® Furthermore, our own ex-
perience suggests that covariable factors, such as enteric alimenta-
tion practices, probably have a greater influence on patients with
endemic NEC than on patients during an epidemic.

One distinct clinical entity of NEC has been called benign neonatal
pneumatosis coli.'**'*® This is a mild condition, corresponding to
stage IIA disease. This entity characteristically occurs in larger, more
mature, or even term infants who present with bright red blood per
rectum. An abdominal flat-plate x-ray film reveals pneumatosis in-
testinalis, which may be localized to the rectosigmoid region. Leon-
idas and Hall*** originally described seven infants with this typical
constellation of mild systemic signs, gross bright red blood per rec-
tum, and pneumatosis intestinalis limited to distal colonic areas.'*
Patients subsequently reported with this mild variant usually re-
sponded to standard medical care within 24 hours. Intestinal perfo-
ration or other signs of serious disease have never been reported in
patients with benign NEC. Although colonic stricture is a very re-
mote possibility, it is very uncommon following benign NEC. Overall
the prognosis for this milder form of NEC is excellent.

Necrotizing enterocolitis following exchange transfusion also ap-
pears to have a distinct clinical presentation and clinical
course.*> 19199187 These patients are also larger at birth and of a
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more mature gestational age than the usual newborn infant with
classical NEC. Most require exchange transfusion for ABO incompat-
ibility or Rh group disease during the first week of life. They usually
have no other medical problems except for the possible concomitant
occurrence of anemia, often associated with the severe forms of
hemolysis. Almost all of the exchange transfusions were performed
through the umbilical vessels, usually the umbilical vein and rarely
the umbilical artery. Studies in preterm infants have demonstrated
marked changes of heart rate and blood pressure during withdrawal
and infusion of transfused blood during the exchange transfusion
Studies in newborn mammals have demonstrated shunting of blood
away from the portal and mesenteric circulations alternating with
marked increases of portal venous pressure during a simulated ex-
change transfusion. These data suggest that the changes of both
blood pressure and flow during the exchange process or the loca-
tion of the catheter tip may result in mesenteric ischemia. Necrotiz-
ing enterocolitis often presents acutely within 12 to 24 hours after
the exchange transfusion.*'® Sudden onset of abdominal disten-
tion precedes intestinal perforation that occurs commonly in these
patients. The pathologic finding is often localized to a small area of
the colon, which is very suggestive of an embolic phenomenon. Un-
less there is acute perforation or colonic surgery, the morbidity and
mortality are usually low among patients with NEC following ex-
change transfusion. Despite evidence of a relationship between ex-
change transfusion and NEC, covariables may also be important in
the etiology of NEC in these infants. Shapiro et al.'*” described an
epidemic of NEC associated with an enteritis of unknown etiology
affecting other neonatal patients.'® A single transfusion team had
performed 269 exchange transfusions in several wards in a hospital.
Necrotizing enterocolitis occurred following exchange transfusion
only in infants in one ward, in which a diarrhea epidemic occurred.
Similar observations were made by Karayalcin and co-workers in up-
state New York,'” where a clustering of cases of NEC occurred in
patients undergoing exchange transfusion.'” Although NEC follow-
ing exchange transfusion appears to affect a specific population of
infants and appears to follow a typical pattern, additional variables
may predispose these infants to more serious gastrointestinal dis-
ease. '
Agents that cause intestinal mucosal injury may also cause a dis-
ease characterized by pneumatosis intestinalis and other features
similar to classical NEC. These will be discussed in more detail in
the following section on pathogenesis, specifically related to neona-
tal feeding practices. Nonetheless, hypertonic formula feeding, poly-
cythemia, chronic nonspecific diarrhea, and administration of drugs
may all have direct or indirect effects on mucosal integrity. In addi-
tion, the role of cow’s or soy milk protein allergy in neonatal eosin-
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ophilic colitis should be considered as another etiologic variable in
an unusual subgroup of patients with NEC.*®® Typically, patients
with milk protein allergy are older infants between 2 to 6 months of
age who manifest anemia, occult or gross blood loss in the stool,
and other signs of allergic phenomena such as eczema, gastroesoph-
ageal reflux, or wheezing.”* These infants develp a direct immune
response toward milk protein with immunologic injury to specific
organs, such as the colon."*”?* Few, if any, of these full-term pa-
tients have development of pneumatosis intestinalis and NEC. None-
theless, Powell'® and Aziz® have independently reported term in-
fants with bloody diarrhea and pneumatosis intestinalis that was
thought to be due to milk protein allergy. Other workers have also
observed milk protein allergy associated with pneumatosis intestin-
alis and eosinophilic colitis. Although most newborn infants with
eosinophilic colitis do not manifest pneumatosis intestinalis or NEC,
some premature patients with NEC have been reported to have eo-
sinophilic infiltration of the colonic mucosa.*® Hemagglutinin titers
to soy or cow’s milk protein may be present in cord blood and may
produce antigen-antibody complexes that mediate immune injury to
the immature colon.'”® Furthermore, breast milk may contain small
but significant quantities of cow’s milk antigen if the mother con-
sumes cow’s milk products.'” Such an immune-mediated colonic
injury should be considered in all term infants with bloody stools
and in premature infants with any gastrointestinal illness who have
peripheral blood eosinophilia, eosinophils in the stool, or eosino-
philic infiltration of the epithelial cells of the colonic mucosa. Spe-
cific protein-free formula will prevent recurrence of each of these
disease processes.

Pneumatosis intestinalis is often seen in infants sometimes before,
but more often after, the patient has undergone surgery for a struc-
tural gastrointestinal obstruction. Midgut volvulus, Hirschsprung's
colitis, ileal atresia, “Christmas tree” deformity, and pyloric stenosis
may all be associated with obstruction, intestinal perforation, enter-
ocolitis, and, on rare occasion, pneumatosis intestinalis with
NEC'™* (Table 3). These diseases represent a small proportion of
intestinal perforations in an NICU, but should be considered in a
newborn infant who presents with signs more typical of an anatom-
ical obstruction than of NEC. Clues to the diagnosis of an anatomical
obstruction may include excessive amniotic fluid or polyhydram-
nios, bile-stained emesis, and abdominal distention within the first
day of life, obstipation, intermittent episodes of distention, intra-ab-
dominal calcifications, or distention without abdominal tenderness.
Necrotizing enterocolitis is unusual on the first day of life, usually
presents with blood in the stool, does not have a saltatory pattern of
progression, and is usually characterized by abdominal distention
with tenderness. Nonetheless, NEC with pneumatosis intestinalis
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TABLE 3.

Differential Diagnosis of Necrotizing Enterocolitis

Sepsis

Dissecting pneumothorax with pneumoperitoneumn
Volvulus

“Christmas tree” deformity
Pseudomembranous colitis
Hirschsprung’s colitis

Reduplication

Intussusception

Postasphyxial bowel necrosis
Umbilical catheter thromboembolism
Spontaneous bowel perforation
Hepatic-splenic-adrenal hemorrhage
Stress ulcers

Meconium ileus

Esophagitis

Milk protein intolerance

can complicate the preoperative, but more often the postoperative,
course of neonatal patients with anatomical bowel disease.

Spontaneous perforation of the intestine is another entity that
some authors hypothesize is related to NEC."”” Spontaneous perfo-
ration usually occurs in previously healthy term infants on the first
day of life.'” *” Isolated perforation along the greater curvature of the
stomach is the most frequent site, followed by colonic and ileal per-
forations.'” '*” Microscopic examination reveals a small isolated area
of perforation with or without hemorrhagic coagulation necrosis.'*
Pneumatosis intestinalis is never observed as the only radiographic
evidence of intestinal disease in pneumoperitoneum. Spontaneous
gastric perforation is the second most common cause of a perforated
viscus. We believe that spontaneous intestinal perforation is not the
same disease process as NEC. The former may be due to congenital
weakness of the bowel wall or other unidentified factors. Additional
important causes of gastrointestinal perforation include feeding tube
accidents and gastrointestinal perforation among infants receiving
positive-pressure ventilation through nasal prongs or a face mask.*

Inflammation of the appendix during the neonatal period is an-
other disease that simulates NEC."'> Whether this is a true. appen-
dicitis as seen in older patients, or represents NEC localized to the
appendix is uncertain. Patients may be preterm or term and present
with various nonspecific signs that may delay the appropriate diag-
nosis. Mortality is usually very high with this intra-abdominal catas-
trophe, as the condition is often unrecognized until severe peritoni-
tis develops. Pneumatosis intestinalis is not usually observed in
patients with neonatal appendicitis.

Pseudomembranous colitis is another gastrointestinal disease that
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may resemble NEC. Pseudomembranous colitis is a common disease
in adults receiving antibiotics such as clindamycin or ampicil-
lin.® "' Toxin or toxins produced by Clostridium difficile in the
fecal flora result in hemorrhage, mucosal ulceration, and pseudo-
membrane formation.””?*'?*2%2 Thijs bacterium is not frequently
found in normal adults and has been reported as a contagious
pathogen in adults.”” ' In contrast, C. difficile and its toxin are often
recovered from stool specimens from normal asymptomatic preterm
or term infants>*'"*'%® Pseudomembranous colitis has been re-
ported in newborn infants with or without previous antibiotic treat-
ment.'®® Although pseudomembrane formation is a component of
the pathology of NEC, pseudomembranous colitis involves only the
mucosa, while severe NEC may involve all layers of the intestine. In
general, pseudomembranous colitis is probably very rare in newborn
infants with bloody stools regardless of prior antibiotic treatment.'**
Furthermore, although toxin or C. difficile may be isolated from a
patient, the presence of the organism and/or the toxin is so common
among asymptomatic neonatal patients that we question the possi-
bility of a true pseudomembranous colitis in newborn pa-
tients.> """ '*® Proper documentation of pseudomembranous colitis
must include the endoscopic description of the mucosa together
with biopsy and recovery of both the organism and the toxin. When
this syndrome had been described in newborn patients, the patients
always had mild symptoms and did not demonstrate evidence of
pneumatosis intestinalis.

Of interest are the many isolated reports of nonneonatal pneu-
matosis intestinalis in older pediatric patients and adults.***'®
Many of these cases are cancer patients who are immunosup-
pressed and neutropenic.****'® Other associated conditions in-
clude cardiac surgery, hypotension, cystic fibrosis, transplantation,
collagen vascular disease, inflammatory bowel disease, trauma,
pseudo-obstruction, and ischemic enteritis.”>*'* Pneumatosis intes-
tinalis and enterocolitis in these immunocompromised patients is a
serious disorder that does not always respond to intestinal de-
compression or broad-spectrum antibiotics.

The differential diagnosis of NEC has been discussed in part in
the preceding sections and also in Table 3. Sepsis, with an ileus, in
addition to other intestinal diseases such as volvulus, are important
disorders that require specific therapy. If a pneumothorax or pneu-
momediastinum dissects below the diaphragm, it may cause pneu-
moperitoneum and abdominal distention with or without tender-
ness. This problem often raises important clinical decisions of
whether to perform exploratory laparotomy or to just observe the
patient carefully and concentrate on the problem in the thorax and
not the abdomen. The history is often helpful, as is documentation
of an intrathoracic air leak. Many of these seriously ill patients are
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on high ventilator settings, are not being fed, and thus are not the
usual patients in whom NEC develops. Indeed, most patients with
NEC have had little or only mild RDS and usually do not develop
NEC during the acute phase of respiratory management.''? Although
contrast dye studies have been proposed for identifying the sus-
pected site of intestinal perforation, we feel this is unnecessary in
most cases associated with pneumothorax. Given the nature of the
pulmonary disease with an intrathoracic air leak, the pneumoperi-
toneum can be managed conservatively, as it poses no serious threat
to the patient. Peritonitis is not likely because there is no intestinal
perforation.

PATHOGENESIS

Presently, the cause of neonatal necrotizing enterocolitis is un-
known and there is no unifying etiologic theory that takes into con-
sideration potential contributing or predisposing factors.?" %!
Early theories considered the etiology of NEC as a multifactorial pro-
cess involving previous episodes of intestinal ischemia, enteric ali-
mentation and secondary bacterial invasion as contributing fac-
tors.’**®% It was proposed that the many diseases and treatments of
the high-risk premature infant could produce intestinal ischemia.
After the mucosal barrier was damaged from the antecedent hy-
poxia, bacteria (in the presence of formula as a substrate for bacterial
growth) would become secondary invaders of the unprotected mu-
cosa. Abnormal and excessive intestinal gas would then be pro-
duced, causing distention. Distention could produce increased lu-
minal pressure and further deterioration of mucosal blood flow.
Severe abdominal distention has also been shown to reduce sys-
temic blood pressure and renal blood flow.

More recently, NEC has been noted to occur in both term and
preterm infants in the absence of risk factors that could produce
gastrointestinal ischemia.'®®***'®* In addition, as will be discussed
in more detail in a later section, the multiple neonatal disease states
present before the onset of NEC probably do not represent risk fac-
tors because they are seen with the same frequency in neonatal pa-
tients who never develop NEC.

It is possible that NEC is caused by a single microbiologic agent,
which, to date, has not been identified. Glass”' has recently reviewed
the major epidemiologic advances in the last decade on diseases of
unknown but suspected infectious etiology. Acquired immunodefi-
ciency syndrome (AIDS), toxic shock syndrome, Lyme disease, and
legionnaires’ syndrome are all infectious diseases whose causative
agent required considerable time and effort to eventually discover.
Glass considers neonatal NEC to be one of the next diseases for
which a specific agent will be identified.
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An alternate hypothesis is that NEC is the final common pathway
for multiple initiating and propagating disease processes of infec-
tious, toxic, immunologic, or circulatory origin. As alluded to earlier,
an analogy between the radiographic findings of a pneumonic infil-
trate and the radiographic findings of pneumatosis intestinalis is
possible, as both pneumonia with tachypnea and rales and NEC
with bloody stool and abdominal distention produce signs that do
not connote a specific diagnosis. Pneumonic infiltrates may be
caused by bacteria, viruses, fungi, parasites, toxins, foreign bodies, or
immunologic mechanisms. Pneumatosis intestinalis, like an infiltrate
on a chest roentgenogram, may signal a diseased organ but may not
be specific for any one etiologic agent. In the following three sec-
tions the proposed pathophysiologic relationships between bowel
ischemia, enteric alimentation, and gastrointestinal infectious dis-
ease processes and the etiology of NEC are explored.

Hypoxia-Ischemia as a Risk for Necrotizing Enterocolitis

All previous theories of the etiology of NEC invoked some preced-
ing event that produced gastrointestinal ischemia or hypoxia as im-
portant contributing factors for NEC®" 132144183204 (Taple 4). Some au-
thors hypothesized that gastrointestinal ischemia was the only
initiating variable producing NEC.>' These theories were based on
the similarity between the histopathology of NEC and that observed
in ischemic gastroenteritis among adults and animal models.®"'*®
Additional supportive evidence of the role of systemic hypoxia is the
physiologic response of the mammalian fetus to hypoxia. This re-
sponse, similar to that observed in diving mammals, has been called
the “dive reflex.” In response to in utero hypoxia the fetus redistrib-
utes the circulation from nonvital organs such as the skin, lungs,
kidneys, and intestines to vital organs, such as the placenta, brain,
heart, and adrenal gland >*** Additional animal models of fetal or neo-

TABLE 4.

Purported Hypoxic-Ischemic Risks for
Necrotizing Enterocolitis

Asphyxia

RDS (hypoxia)

Umbilical catheterization
sExchange transfusion
Shock

Patent ductus arteriosus
Congenital heart disease
Polycythemia
Thrombocytosis

Anemia
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natal hypoxia demonstrate even more shunting of blood away from
the intestinal mucosa than the rest of the bowel wall.** Reduction
of mesenteric blood flow is due to local vasoconstriction. The initial
period of intense vasoconstriction may not directly affect the intes-
tine. However, once vasoconstriction has abated, reperfusion of the
ischemic bowel, possibly in combination with free radical oxygen or
superoxide generation, may result in tissue damage. Cytoprotection
or cellular preservation with free-radical “scavengers” has been pro-
posed to be beneficial in animal models of reperfusion-induced in-
testinal disease. This potential ischemic-hypoxic gastrointestinal in-
jury may result in a breakdown of the protective glycocalyx layer
overlying the mucosal cells. This breakdown could render the ex-
posed and damaged mucosa susceptible to bacterial invasion or the
effects of bacterial toxins. The role of bacteria in experimental isch-
emic bowel injury is critial because germ-free animals do not de-
velop severe bowel disease while animals contaminated with bacte-
ria have a much faster demise than germ-free animals.*'®

Systemic or selective gastrointestinal ischemia-hypoxia may occur
in the perinatal period during episodes of intrauterine fetal distress,
birth asphyxia, RDS, umbilical catheter placement in the aorta, hy-
potension, patent ductus arteriosus, cyanotic heart disease, or neo-
natal exchange transfusion.>®'® Previous uncontrolled descriptive
reports of patients with NEC reported that many of these risk factors
were common among patients with NEC.'*”'*® However, these con-
ditions are common neonatal problems and probably representative
of all premature patients in the NICU. Since the original reports,
there has been additional evidence to suggest that there are very
few, if any, truly identifiable ischemic risk factors for NEC. Necrotiz-
ing enterocolitis has been identified in premature and full-term in-
fants who have no known risk other than low gestational age. In
addition, over a dozen case- or cohort-controlled studies to date
have been unable to consistently identify RDS, patent ductus arter-
iosus, exchange transfusion, cyanotic heart disease, apnea of pre-
maturity, asphyxia, hypothermia, hypotension, or umbilical vessel
catheterization as being more common in patients who developed
NEC than in an age- and time-matched group of unaffected high-
I'iSk infantS'SZ, 49, 67, 83, 112, 145, 156, 175, 182, 195, 198, 209, 216 These' data Suggest
that most purported risk factors are common to the entire popula-
tion of low-birth-weight infants and are not specific antecedent
events for the pathogenesis of NEC.

Umbilical artery catheterization has been implicated as a poten-
tially ischemic event that might predispose patients to NEC.'** The
catheter could directly occlude the mesenteric orifices in the aorta
or serve as a nidus for thromboembolism. Furthermore, plasticizer
may be leached from the catheter and produce vasospasm.” None-
theless, largg-vessel thrombi or thromboemboli in the mesenteric
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circulation have been a rare and inconsistently observed finding in
patients with NEC. If the arterial catheter is an important factor,
then infants with catheters placed below the orifices of the mesen-
teric vessels should have a lower incidence of NEC than those with
catheters above the mesenteric orifices. In a recent prospective ran-
domized study of umbilical artery catheter placement allocated to
high or low aortic position among 341 high-risk infants, we were
unable to find any difference in the incidence of NEC between the
two catheter positions.'?*

Lehmiller and Kanto' had previously postulated that enteric
feeding with an umbilical artery catheter in place may be responsi-
ble for some cases of NEC. Evidence for mesenteric thromboembo-
lism in their study was obtained from a retrospective review of pa-
thology cases in an institution that apparently did not always
employ heparinized infusions through the umbilical arterial cathe-
ter. Thirty percent of never-fed infants with a catheter in place had
evidence of mesenteric thromboembolism while 73% (11/15) of all
infants (e.g., those with NEC and controls) fed orally with a catheter
in place had mesenteric thrombi. Nonetheless, there was no statis-
tical relationship between oral feedings and mesenteric thromboem-
bolism. Thrombosis was also evident on the venous side of the cir-
culation as 36% had pulmonary emboli. These data suggest that
thromboembolism in these patients could relate to other factors
such as unheparinized infusion solutions or coagulopathy. Indeed,
over half of the patients in the study had evidence of abnormal co-
agulation status as demonstrated by a prolonged partial thrombo-
plastin time and thrombocytopenia. Experience in our nursery from
1984 to 1986 does not support a relationship between enteric ali-
mentation and the development of NEC. In our NICU very-low-birth-
weight infants may receive full caloric nutrition by intermittent or
continuous nasogastric feeding while also receiving ventilator ther-
apy with an umbilical artery catheter in place for 1 to 3 weeks. We
have seen no cases of NEC during this feeding regimen even when
the umbilical artery catheter is in situ. If NEC developed in these
patients it occurred after the catheter was removed and the infant
was off the ventilator. The incidence of NEC was similar whether the
patients were fed with an umbilical catheter in place or not.

Although most preceding or concomitant systemic hypoxic isch-
emic events have not consistently been associated with NEC in well-
controlled studies, polycythemia does appear to be a potential risk
factor for NEC."””® It is presently unclear whether NEC is due to the
stasis and sluggish meésenteric microcirculation caused by polycy-
themia-hyperviscosity or to the exchange transfusion required to
treat the polycythemia. LeBlanc and colleagues'®! suggest polycythe-
mia contributes to a bowel disease like NEC in newborn puppies. In
another study, Black and associates'® report an increased incidence

Curr Probl Pediatr, April 1987 249



of NEC among term infants treated with partial exchange transfu-
sions compared with term polycythemic infants who were random-
ized to conservative management without exchange transfusion. In
the latter study, 81% of polycythemic infants who received exchange
transfusion developed some gastrointestinal problem while only
58% of polycythemic infants who had no exchange transfusion had
intestinal symptoms. These symptoms included bloody stools, dis-
tention, and poor feeding. Thus, although exchange transfusion may
contribute to the gastrointestinal morbidity of polycythemia, there is
also a high rate of gastrointestinal disturbances in the group of pa-
tients with polycythemia alone who have not undergone exchange
transfusion.

Although many of the previously purported risk factors that may
produce systemic and local mesenteric ischemia or hypoxia have
not been found to be significant contributing variables in the path-
ogenesis of NEC, abnormalities may be caused by alterations of the
normal mesenteric vascular responses to digestion. In adult mam-
mals local blood flow to the bowel significantly increases during a
meal. Blood flow increases specifically to the intestinal mucosa dur-
ing a standard feeding. This mucosal hyperemia assists the digestion
and absorption of nutrients and is due in part to local vasodilation
reflexes, humoral signals, and specific metabolic changes associated
with nutrient absorption. These may also be mediated by vasodilator
agents such as prostacyclin or glucagon. The result is increased lo-
cal mucosal flow, oxygen extraction, and oxygen consumption.®®. A
similar response has been noted in some, but not all, neonatal mam-
mals as evidenced by postprandial intestinal hyperemia.*® Presently,
there is a paucity of comparative physiologic studies on the matu-
ration of intestinal blood flow or on the potential relationship be-
tween abnormalities of the regulation of intestinal blood flow and
serious neonatal gastrointestinal diseases such as NEC.

One indirect measure of circulatory changes during a feeding is to
determine perturbations of extremity or calf blood flow.'®* Term in-
fants respond to an enteric feeding with a decreased blood flow to
the calf while in marked contrast, preterm infants demonstrate no
significant change of calf flow during a feeding. The peripheral vas-
cular response of full-term infants indirectly suggests shunting of
blood to the intestines, while the response of premature infants, al-
though circumstantial, suggests poor intestinal autoregulation with
no increase of intestinal blood flow during a feeding. Combining
these preliminary data with the consistent absence of evidence for
preceding episodes of documented ischemia in the pathogenesis of
NEC, we can only begin to speculate on the role of immature gas-
trointestinal circulatory reflexes in the etiology of neonatal bowel
disease.
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Enteric Alimentation as a Risk for Necrotizing Enterocolitis

GASTROINTESTINAL IMMATURITY

There is a major transition for the intestine after birth among all
newborn mammals.'*® Enteric nutritional absorption is not a signifi-
cant source of fuels for the fetus as the placenta provides almost all
the nutrient needs. Within minutes after birth the gastrointestinal
system of the newborn infant must become functional for energy
and water homeostasis and future growth. Although most viable pre-
mature infants can be fed effectively by the enteric route, very im-
mature infants demonstrate marked instability of gastrointestinal
function compared with term infants. Qualitatively the intestinal
anatomy (both gross and microscopic) is not very different in the
preterm and the term infant. However, enzyme, hormonal, and func-
tional immaturity are all present in the former, as evidenced by the
high incidence of feeding problems among preterm infants.

Gastrointestinal motility is determined by local myoenteric re-
flexes, with autonomic nervous system input, and is modulated by
gastrointestinal hormones.'” Although the fetus must swallow am-
niotic fluid to maintain amniotic fluid balance, the actions of suck-
ing, glottal closure, and esophageal motility are not well coordinated
in the preterm infant before 30 to 32 weeks' gestational age. This
dyscoordination necessitates tube feeding, usually by oral or naso-
gastric tube. Tube feeding also raises the possibility of the many
technical problems associated with tube placement; esophageal ir-
ritation, perforation, bacterial colonization, reflux, and aspiration
pneumonia. Gastric emptying is less well-coordinated in the new-
born than the adult and the gastric emptying time is prolonged in
premature infants and newborns with gastroesophageal reflux, com-
pared with normal term infants.'®® Systemic illnesses such as RDS
may also delay gastric emptying."*® Formula composition may also
effect gastric emptying, as long-chain fatty acids delay emptying
while medium-chain fatty acids, or high caloric density, usually have
no effect.'®

The development of the enteric nervous system helps determine
enteric motor activity in the newborn infant. Peristalsis is present in
utero, as evidenced by fetal swallowing of amniotic fluid and the
presence of contrast material in the midtrimester fetal intestine after
intra-amniotic injection to outline the fetal abdomen during intra-
uterine transfusion for erythroblastosis. “Hunger contractions” are
present in the term sleeping newborn, while colonic peristaltic
waves have been observed in the first-trimester fetus. Duodenal mo-
tility, as studied by intraluminal manometry, is immature prior to 29
weeks gestational age.'*” Thereafter, the number of contractions, the
rate of contractions, and the luminal pressure generated increase.
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The premature newborn infant has a normal distribution of intes-
tinal ganglion cells. During the time of development from the first
trimester to term the intestine elongates 1,000-fold and at term the
small intestine is six times that of the colon. In term infants the
small bowel is approximately three times the length of the infant.
Despite these early developmental observations there is a paucity of
data about the role of the enteric nervous system and human neo-
natal gastrointestinal disease.

In addition to a specific enteric nervous system, there are local
enteric hormones that have a marked influence on intestinal func-
tion.” One persistent observation among newborn infants is a greatly
elevated plasma gastrin level in the presence of a paradoxically de-
creased gastric acid secretion during the first few days after birth."*
This physiologic hypergastrinemia may be an important stimulant
for mucosal cell growth, may be a result of the neonatal diet, or
result from a functional hyporesponsiveness of the parietal cells.'*

Additional enteric hormones associated with postnatal adaption
to postnatal enteric alimentation have been reviewed by Aynsley-
Green.’ There is a marked rise of blood levels of enteroglucagon, mo-
tilin, neurotensin, gastric inhibitory polypeptide (GIP), and pan-
creatic polypeptide in preterm infants after the onset of enteral ali-
mentation. This increase of local “gut” hormones does not occur in
infants kept NPO and fed with intravenous alimentation. These hor-
mones are important regulators of gastrointestinal function and per-
haps mucosal growth. Motilin may increase gastrointestinal motility
and gastric emptying while gastrin and enteroglucagon may stimu-
late mucosal cell growth. Corticosteroids may also have a direct ef-
fect on intestinal maturation. Alterations of “gut” hormone physiol-
ogy during prolonged periods of abstinence from enteric
alimentation may place the immature intestine in jeopardy for feed-
ing intolerance or serious gastrointestinal disease such as NEC.

An interesting and related observation in mammals is the devel-
opment of intestinal mucosal atrophy during prolonged periods of
total parenteral alimentation (TPN).* Despite body growth and posi-
tive nitrogen balance during TPN, enteric cell proliferation de-
creases, resulting in the histologic appearance of flattened villi and
decreased intestinal surface area. We recently hypothesized that en-
teric alimentation (even in small “trophic” quantities) could enhance
neonatal gastrointestinal function in very small sick premature in-
fants during the first week of life.** Prior to this study, most sick
infants in our nursery were kept NPO during their acute medical
illnesses. To provide “gut stimulation” (as the nurses named our in-
vestigation), we fed very-low-birth-weight infants small hypocaloric
quantities of regular premature formula and compared these infants
with a randomized group who remained NPO for 10 days. The “gut
stimulation” group had significantly lower indirect bilirubin levels,
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required less phototherapy, and had lower incidences of cholestatic
jaundice and of severely elevated serum alkaline phosphatase lev-
els.”® There were no complications and NEC was seen with equal
frequency in both groups. These data suggest that early hypocaloric
feeds have a beneficial effect on the gastrointestinal function of the
very-low-birth-weight infant.

Enteral Feedings

Five factors related to enteric feeding have been proposed as being
implicated in the pathogenesis of NEC: the osmolality of the formula,
the absence of immunoprotective factors in commercial milks, the
volume or rate of feeding, the role of formula malabsorption and
resulting enteric gas production, and abnormal milk protein immu-
nologic responses (Table 5).

Hypertonic formulas have been implicated in the pathogenesis of
NEC. Book and colleagues® described a series of infants fed a hy-
perosmolar formula (osmolality of 650 mOsm/L) who developed NEC.
deLemos and co-workers® demonstrated that hypertonic formula
could produce severe mucosal lesions in the intestines of newborn
goats. Presently, hypertonic formulas are rarely employed in the
NICU. Nonetheless, many oral medications are formulated in syrups
or elixirs that are very hypertonic and could contribute to “hidden”
osmoles during enteric therapy.?*”?°® These hypertonic medications
may produce mucosal injury by a direct local effect. Such hypertonic
preparations include acetaminophen, calcium glubionate, chloral
hydrate, dexamethasone, digoxin, ferrous sulfate, furosemide, mul-
tivitamins, phenobarbital, potassium chloride, vitamins D, and E,
theophylline, and Kayexalate. Hypertonic substances may directly ir-
ritate or injure the gastrointestinal mucosa. Hypertonic solutions
may also result in a requirement for increased gastrointestinal blood
flow, which may possibly contribute to altered mucosal function in
a sick premature infant.

In addition to the carrier solution, which may produce mucosal

TABLE 5.

Feeding Risks for Neonatal Necrotizing
Enterocolitis

Hypertonic formula
Hypertonic medication
Medication direct—toxic
Feed too much

Feed too fast
Non-breast milk formula
Nasojejunal feeding
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injury, the drug itself may produce gastrointestinal damage. Xan-
thines have been associated with the development of NEC in uncon-
trolled studies.” Davis and co-workers, however, were not able to
confirm that NEC was due to theophylline therapy in newborn in-
fants.* Interestingly, the theophylline-treated group consisted of
younger and more immature patients; thus, as a group they would
be expected to have a higher incidence of NEC. It may not always
be the drug that is responsible for NEC; for example, apnea, for
which theophylline is given, may itself be an early presentation of
NEC. Other drugs associated with the onset of NEC include indo-
methacin and vitamin E.****' Although the evidence for the former
is not convincing, preliminary data suggest that vitamin E therapy
may place the premature infant at risk for both septicemia and
NEC.*® Excessively high serum vitamin E levels may interfere with
neutrophil oxidant action and increase susceptibility to infection.
Human breast milk feeding had been proposed as possible protec-
tion against the development of NEC.”**®'® Human milk, with its
many immunoprotective properties, has been thought to be effective
in preventing many infectious diseases, including upper respiratory
tract infections, gastroenteritis, neonatal sepsis, and, possibly,
NEC.”> 8124213 At birth there is a paucity of local intestinal secretory
IgA present. Human milk is a rich source of IgA and other immu-
noprotective factors, such as lysozyme, lactoperoxidase, lactoferrin,
interferon, bifidus factor, and a high carbohydrate composition,
which decreases luminal pH.** The alteration of luminal pH en-
hances the growth of Lactobacillus bifidus, which inhibits the growth
of gram-negative pathogens. In addition to these components, hu-
man milk also contains neutrophils, lymphocytes, and macrophages.
The latter cell represents 80% to 90% of breast milk cells. The mac-
rophage is thought to be the most active immunoprotective cell in
human milk. Animal models of NEC suggest that breast milk but not
formula can protect newborn pups.” Fresh, but not frozen, breast
milk was protective. Further studies determined that the breast milk
macrophage was the factor that prevented the experimental NEC in
this newborn animal model. However, we should always be careful
when extrapolating animal data to those related to human disease.
Necrotizing enterocolitis has been reported in preterm infants fed
exclusively with fresh pasteurized or frozen human milk % 1'% 146166
The nature and the incidence of NEC in patients fed refrigerated
human milk was not different than that in formula-fed infants.''* In
the other studies, the mode of treatment of the milk may be a factor
as freezing, pasteurizing, or boiling human milk will interfere with
or destroy the various immunologic components of fresh milk.
Nonetheless, it would appear that feeding even immunologically in-
tact human milk does not decrease the incidence or severity of NEC.
Bauchner and go-workers®’ have critically reviewed the literature on
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the effectiveness of breast feeding in prevention of many other infec-
tious diseases of the older infant. After eliminating many poorly con-
trolled studies these authors concluded that there was little if any
strong evidence that breast-feeding reduces the incidence of infec-
tions in term infants in an industrialized society.’ Breast-feeding also
had no effect on the incidence of rotavirus enteritis compared with
that in formula-fed infants. Thus, although there are many beneficial
effects of breast-feeding, there is little evidence to support the hy-
pothesis that the absence of human milk feedings contributes to the
etiology of neonatal NEC.

Another hypothesis concerning the relationship between enteral
alimentation and the etiology of neonatal NEC relates to the timing,
volume, and rate of formula feeding of low-birth-weight in-
fants.*” *"''* In most NICUs prior to the mid-1980s, the sick very-low-
birth-weight neonates received parenteral alimentation for the first
week of life and more mature infants for shorter periods.*”* ** The
mean time from birth to onset of feeding (almost always intermittent
or continuous nasogastric) even now is usually modified by size of
the infant, even a more important factor is the severity of illness.
Once enteral alimentation is initiated it has been recommended that
the rate of feeding increment should be slow, so that full enteral
alimentation is not achieved until 1 to 2 weeks after the start of oral
feeding.*

Because more than 95% of patients who develop neonatal NEC
have been fed, many nurseries have attempted to prevent NEC by
delaying enteral alimentation. In a well-controlled investigation,
which compared the efficacy of enteral vs. parenteral alimentation
to support neonatal growth, one serendipitous result was a lower
incidence of NEC among those patients randomized to NPO and
TPA. This lower incidence of NEC was isolated to the study period;
once enteral alimentation was initiated among the parenterally fed
infants, NEC then developed among these infants. Thus, parenteral
alimentation may not prevent neonatal NEC but only delay its onset.
Similar observations were noted by Ostertag and co-workers'* in an-
other prospective study comparing high-risk infants fed initially with
a diluted formula with those who received parenteral alimentation
alone.*

Brown and Sweet have advocated a very cautious and slow feeding
schedule to prevent neonatal NEC.>**' These experienced neonatol-
ogists suggested that the rate of feeding and the absolute volume of
individual feedings may place the “high-risk” infant at risk for NEC.
Although most of their assumptions are based on retrospective
analyses of their data from one hospital, they claim that the inci-
dence of NEC decreased substantially in their nursery after the in-
troduction of this very conservative feeding protocol. For example,
they propose that a typical 1,000-gm infant should be fed slowly and
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not advanced to full feedings by mouth until 2 weeks into his feed-
ing schedule. Signs of feeding intolerance, distention, Hematest-pos-
itive stools, or apnea warrants the discontinuation of enteric alimen-
tation for various periods of time. Goldman also reported that the
incidence of NEC increased in his nursery when large feeding incre-
ments or large absolute daily volumes were given to preterm in-
fants.” The maximal volume increase was greater than 60 ml/kg/day
and maximum total daily feeding was greater than 150 ml/kg/day.
Book and co-workers also suspected that a change in the feeding
policy in their nursery resulted in an increased incidence of NEC.*!
During the period with a higher incidence of NEC the rate of incre-
ment of feeding advancement increased from 8.6 ml/kg/day to 20 ml/
kg/day. In a small prospective study of 29 patients comparing a slow
increment of formula feeding of 10 ml’kg/day with a moderate incre-
ment of 20 ml/kg/day, Book and colleagues were unable to demon-
strate an increased incidence of NEC in their more rapidly fed
group. We recently evaluated the effects of feeding practices on en-
demic cases of NEC in a case-controlled study (unpublished data,
1986). Although average day-to-day feeding practices were not differ-
ent between patients with NEC and their time and gestational age-
matched controls, we observed that very significant differences were
hidden by averaging. When the data were reanalyzed it became evi-
dent that the patients who developed NEC were fed greater volumes
of formula and at a faster rate than age-matched controls. The day
of maximum feeding increment was day 3 of feeding; on that day,
patients with NEC received an increase of 57 ml/kg/day compared
with an increment of 22 ml/kg/day in patients who did not develop
NEC. The day of life of maximum feed volume was day 8; on that
day, patients who developed NEC received 124 ml/kg/day with a day-
to-day increment of 28 ml/kg/day vs. a total of 83 ml/kg/day and an
increment of 17 ml/kg/day in controls. Both our data and previous
reports also found a relationship between total fluid intake and NEC.
Patients who developed NEC also had a greater total (intravenous
plus enteric) intake than controls. These data strongly suggest that
the total volume given to very-low-birth-weight infants should be
monitored carefully and that daily increments of greater than 25 ml/
kg/day may stress the immature gastrointestinal system. Although
this was not a randomized study, the control group and NEC pa-
tients were equivalent in terms of birth weight and other significant
“risk factors.” We conclude from all these data that the very small
premature infant should be fed cautiously during the first 1 to 2
weeks of life. We recommend avoiding large day-to-day volume in-
crements and gradually advancing the feeding schedule. A recom-
mended feeding protocol is presented in Table 6.

The mechanism by which excessive feeding volumes predispose
the premature infant to development of NEC is not certain. Excessive
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TABLE 6.
Simplified Feeding Protocol for Premature Infants*

WEIGHT

500-750 GM 751-1,000 GM 1,001-1,500 GM 1,501-2,000 cMm
FEEDING INTERVAL

2 HR 2 HR 2 HR 3 HR
CONCENTRATION VOLUME-DURATION VOLUME-DURATION VOLUME-DURATION VOLUME-DURATION

PERIOD I: CONCENTRATION INCREASED WHILE VOLUME IS CONSTANT

10 cal/oz 1 cc X 6 feeds 1 cc X 6 feeds 2 cc X 4 feeds 4 cc X 3 feeds
15 cal/oz 1 cc X 6 feeds 1 cc X 6 feeds 2 cc X 4 feeds 4 cc X 3 feeds
20 cal/oz 1 cc X 6 feeds 1 cc X 6 feeds 2 cc X 4 feeds 4 cc X 3 feeds

PERIOD I1: 20-CAL/OZ FORMULA WITH VOLUME PROGRESSIVELY INCREASED

20 cal/oz 15 cc X 12 feeds 2 cc X 12 feeds 3 cc X 12 feeds 5 cc X 3 feeds
20 cal/oz 20cc X 12 feeds 3 cc X 12 feeds 4 cc X 6 feeds 6 cc X 3 feeds
20 cal/oz 25cc X 12feeds 4 cc X 12 feeds 5 cc X 6 feeds 7 cc X 3 feeds
20 cal/oz 30cc X 12feeds 5 cc X 12 feeds 6 cc X 6 feeds 8 cc X 4 feeds
20 cal/oz 35cc X 12feeds 6 cc X 12 feeds 7 cc X 6 feeds 10 cc X 4 feeds
20 cal/oz 40 cc X 12feeds 7 cc X 12 feeds 8 cc X ¢ feeds 12 cc X 4 feeds
20 cal/oz 45cc X 12feeds 8 cc X 12 feeds 9 cc X 6 feeds 14 cc X 4 feeds
20 cal/oz 5.0 cc X 12 feeds 10 cc X 6 feeds 16 cc X 4 feeds
20 cal/oz 55 cc X 12 feeds 11 cc X 6 feeds 18 cc X 4 feeds
20 cal/oz 6.0 cc X 12 feeds 12 cc X 6 feeds 20 cc X 4 feeds
20 cal/oz 6.5 cc X 12 feeds 13 cc X 6 feeds 22 cc X 4 feeds
24 cc X 4 feeds
26 cc X 4 feeds
28 cc X 4 feeds
Time to reach 12.5 days 8.5 days 7 days 7 days
150 cc/kg/day
by mouth

*There is no agreement on an optimal feeding regimen for premature infants. All regimens have the
common goal of gently challenging the immature GI tract while optimizing caloric intake. This protocol
advances by 20-cc/kg/day increments, a rate that has been shown to be safe (see text). Hyperalimenta-
tion should be started when electrolytes have stabilized, generally by day 3 of life. Infants with birth
weights less than 1,500 gm should advance to 24-cal/oz premature formula when oral feedings of 150
cc/kg/day are tolerated.

volume may produce an imbalance between mucosal blood flow, ox-
ygen extraction, and nutrient absorption, which could result in a
relative mucosal ischemia. Alternatively, an excessive milk load may
overcome enzymatic capacity and result in lactose malabsorption.
The activity of the enzyme lactase may be lower in the preterm in-
fant than the term infant or older child. Lactose malabsorption
would provide fermentable substrate for the enteric bacteria that in-
habit the colonic flora. Normal premature infants malabsorb some
lactose, as demonstrated by their increased rate of hydrogen pro-
duction. When excessive lactose is available for the colonic bacterial
flora, bacterial proliferation may ensue, producing even more hydro-
gen gas and initiating the pathogenesis of NEC. Engel demonstrated
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that the gas in both the intestinal lumen and the submucosal cysts
of pneumatosis intestinalis in patients with NEC is in part composed
of hydrogen gas.”” Furthermore, the bacteria isolated from these pa-
tients do not produce hydrogen gas in regular media unless infant
formula is added to the incubation mixture. Enteric bacterial fer-
mentation is the only known source for hydrogen gas in the hu-
man."”” Additional evidence of the role of carbohydrate malabsorp-
tion in NEC is the observation that patients with this disease have
increased fecal excretion of reducing substances, as determined by
the Clinitest reaction.” These data strongly suggest that bacterial fer-
mentation of formula-derived carbohydrates contributes to the path-
ophysiology of neonatal NEC. Whether gaseous distention itself in-
terferes with intestinal or mucosal perfusion or is simply a marker
for abnormal bacterial fermentation or proliferation has not been
proved. The combination of carbohydrate fermentation, altered local
redox states (from organic acid fermentation products), and stasis
with bacterial overgrowth may perturb the bacterial microenviron-
ment and result in the emergence of pathogenic bacteria with or
without enterotoxin production.

Alterations of the intestinal microbiologic flora due to dietary
changes or immaturity have been held responsible for other enteric
infectious diseases. Normally there is a balance between the facul-
tative anaerobic gram-negative organisms and the obligate anaerobic
organisms.'**'” A system of symbiosis with “checks and balances”
between the organisms of the colonic microflora called colonization
resistance prevents the emergence of a pathologic strain. This sys-
tem of bacterial interference is one of the antimicrobial mechanisms
of breast milk feeding that stimulates growth of Lactobacillus bifidus,
which in turn interferes with the growth of other enteric bacteria.'”
Perturbations such as dietary changes, inhibition of trypsin,
suppression of facultative aerobic bacteria by broad-spectrum anti-
biotics, and changes in the local redox state following malabsorption
interfere with this microbial symbiosis and may result in bacterial
overgrowth or stimulate enterotoxin production.

Eosinophilic colitis with pneumatosis intestinalis is rare but has
been reported in a few patients with NEC.*'®' Nevertheless, multiple
histopathologic studies of severe cases of NEC (those following per-
foration or death) do not demonstrate significant mucosal eosino-
philic infiltration. The primary pathologic event may have become
obscured following peritonitis or secondary bacterial invasion of the
mucosa. Some infants with stage II NEC have demonstrated eosino-
philic infiltration of the lamina propria and epithelial cells to the
same extent as those observed during milk protein—induced colitis.*®
Milk proteins may pass through the intestinal wall and enter the
circulation in both preterm and term infants.>* Gut closure to mac-
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romolecules is incomplete during the neonatal period compared
with that function in normal adults who do not usually absorb mac-
romolecules across an intact bowel wall.**?% Either transplacental
passage of anti-milk protein antibodies or the endogenous produc-
tion of antibodies against these proteins could initiate a local im-
mune inflammatory response in the intestinal mucosa and submu-
cosa. Recurrences of NEC may be more common among these
“allergic” infants if they are refed a milk protein—containing for-
mula.'® Overall, 3% to 7% of patients who have had NEC develop
recurrent NEC; this incidence is unrelated to the duration of pre-
vious therapy.'’” 1%

Many additional factors of gastrointestinal function and enteric al-
imentation may relate to NEC."*" Infants in ICUs develop a sponta-
neous increase of stool or blood endotoxin levels with the onset of
oral feedings. Prior to enteric alimentation, stool endotoxin levels are
very low, but with oral feeding endotoxin levels may increase ten-
fold.'® Patients with feeding difficulty, or NEC, have a higher inci-
dence of endotoxemia than patients without feeding problems. En-
dotoxemia can produce inflammation or a picture similar to sepsis.
Although the precise consequences of neonatal endotoxemia are not
clear, it is possible that endotoxin may contribute to the pathogen-
esis of NEC.

In addition to immaturity of specific enteric immunologic mecha-
nisms there are nonspecific nonimmunologic gastrointestinal de-
fense mechanisms that may also be deficient among preterm in-
fants."”* Bile salts may bind and neutralize endotoxin.* The bile salt
pool size is decreased in preterm infants and this could be another
contributing factor to neonatal bowel disease. Proteolytic activity
may be diminished in the premature infant under certain circum-
stances. Reduced proteolytic activity, as depicted by reduced trypsin
levels or inhibition of its activity, may prolong the half-life of locally
produced enterotoxins. Furthermore, stasis and ileus, or even the
usual hypomotility of the immature intestine, may enhance bacterial
overgrowth and permit bacterial mucosal binding or may result in
local toxin production without concomitant toxin neutralization.

Despite the abundant evidence that enteric alimentation may con-
tribute to the pathogenesis of NEC there remain many inconsisten-
cies with this theory. Neonatal NEC has been observed in patients
who never received enteral alimentation.!®”*! n addition, NEC
has been documented, in the absence of pneumatosis intestinalis,
which purportedly is produced by enteric bacterial fermentation
products. Nonetheless, all preterm infants eventually receive enteric
alimentation! Why one neonatal patient develops NEC while the re-
maining high-risk patients never have significant bowel disease does
not have an obvious answer.
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Infectious Aspects of Neonatal Necrotizing Enterocolitis

As reviewed in the previous sections, the original hypothesis of the
etiology of NEC was that hypoxic-ischemic injury first damaged the
intestinal mucosa and that endogenous bacteria, in the presence of
formula that serves as a fermentable source, then produced NEC. We
have noted that many of the purported risk factors are probably not
antecedent variables for the pathogenesis of NEC, as multiple case-
controlled studies have been unable to document that these neo-
natal problems were more common among patients with NEC than
among unaffected control infants.'®®'”® Although enteric alimenta-
tion is a risk factor, the precise mechanisms by which formula feed-
ing predisposes the premature infant to develop NEC remain un-
clear.

Although bacteremia has been documented in approximately 30%
of patients with NEC, this may represent a primary event or second-
ary invasion of a compromised intestinal epithelium.*®'® The most
common organisms recovered from blood cultures include Esche-
richia coli, Klebsiella pneumoniae, Staphylococcus aureus, S. epider-
midis, enterococcus, Clostridium sp., and Pseudomonas sp**'* Be-
cause these organisms are common components of the enteric flora,
it has been proposed that their presence represents secondary bac-
terial invasion. Organisms recovered from blood cultures are often
identical to the bacteria that grow from peritoneal cultures from the
same infant, again suggesting secondary bacterial invasion of a dam-
aged mucosa.

Other evidence in the literature emphasizes additional infectious
disease aspects of neonatal NEC."" ' '”® Beginning with the onset of
the disease, NEC resembles neonatal septicemia. Infants with NEC
develop bacteremia, neutropenia, disseminated intravascular coagu-
lation, and shock. Many NICUs have epidemic, or clustered cases of
NEC linked in time or place? "1 175 Because of high attack
rates and significant morbidity and mortality, nurseries are often
forced to close to further admissions until the epidemic can be con-
trolled. To the frustration of many investigators, a single pathogen
has not been recovered from all epidemics. Furthermore, standard
microbiologic investigations of most epidemics often fail to reveal
the cause of the epidemic. On occasion when a single agent has
been recovered from patients with NEC, the same organism has also
been recovered from asymptomatic control patients?® 1% %®

The bacteria that have been isolated, in careful studies, from the
stools of infants with NEC include E. coli, K. pneurmoniae, Enterobac-
ter cloace, Pseudomonas sp., Salmonella sp., S. epidermidis, Entero-
bacter sakazakii, Clostridium perfringens, C. difficile, C. butyricum,

coronavirus, , rotavirus (both type A and non-A), and enterovi-
ruses 48, 62, 81, 87, 90, 91, 94, 120, 125, 150, 162, 193, 195, 199
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During epidemics of well-documented NEC there is often a gen-
eral increase of gastrointestinal disturbances in other neonatal pa-
tients in the premature infant ICU. These gastrointestinal problems
include bright red blood per rectum in infants without pneumatosis
intestinalis.'”® There is also more symptomatology, an increased
prevalence of “septic workups,” and of infants placed on NPO for
suspected NEC. Furthermore, before, during, and after an epidemic
of NEC among neonatal patients, we and others have observed gas-
trointestinal illness among the house staff and nurses working in the
ICU.”® In addition, children in the community or their parents may
also be affected by various forms of gastrointestinal disease charac-
terized by cramps, emesis, or diarrhea. Epidemics of NEC have also
been abated by employing strict infectious disease control measures
to prevent the spread of the as yet unidentified agent (see follow-
ing) .23, 175

Alterations of the fecal flora have been reported in patients with
NEC.'"2>%" Although colonization of the stool does not necessarily
indicate bacterial invasiveness or disease causation, it may reflect
overrepresentation of one microorganism and a shift in the micro-
flora, resulting in an imbalance between pathogenic and endoge-
nous bacteria. Normally, colonized bacteria are not present in new-
born infants at birth. The first meconium stool among normal
infants is usually sterile. Infants born following prolonged rupture of
the membranes may demonstrate umbilical, cutaneous, or nasopha-
ryngeal colonization with the same bacteria that colonize the moth-
er’s vagina, cervix, or rectum.”””* In infants born by vaginal delivery
without prolonged rupture of the membranes, colonization occurs
within 4 hours after birth with bacteria from the maternal genital or
rectal flora and from the nursery environment.” There is a high cor-
relation between maternal cervical or rectal bacteria and those later
recovered in the neonatal gastric aspirate.® This sequence may be
modified by cesarean section, maternal antibiotic treatment, prema-
ture birth, neonatal intensive care practices, and the mode of feeding
(breast or formula milk)."*”* Colonization is delayed by antibiotic
therapy, cesarean section, or being placed NPO. Broad-spectrum an-
tibiotics often suppress the normal aerobic bacteria resulting in
emergence of resistant organisms or overgrowth of anaerobic bacte-
ria.

Within the first day of life the normal infant develops an intestinal
flora composed of both aerobic and anaerobic bacteria.'* Once col-
onization is established among formula-fed infants the intestinal
bacterial colony counts per gram are lowest in the stomach or je-
junum (10°/gm of stool), higher in the ileum (10%/gm of stool), and
highest in the colon (10'"/gm of stool). Anaerobic bacteria predomi-
nate in the colon while an equal mixture of aerobic and anaerobic
bacteria is found in the stomach and jejunum. Clostridium perfrin-
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gens and Bacteroides sp. are present in the stool as early as the
second day of life. In addition to the usual organisms, normal new-
born infants may also have C. difficile or C. butyricum as part of their
microbial flora. Clostridium difficile is extremely unusual in adults
and in older patients. This organism is usually associated with pseu-
domembranous colitis in adult patients.

Alterations of the bowel flora either prior to or at the onset of NEC
have been implicated in the etiology of NEC.'”*” Escherichia coli and
Klebsiella have been the two most frequent organisms appearing in
the stool in increased numbers during epidemics and disappearing
during the periods when NEC prevalence is lower. In another study,
Bacteroides sp. and lactobacilli were seen less frequently in patients
with NEC, while C. perfringens was recovered more often in patients
with this disease.'” Nonetheless, these alterations of the fecal flora
are not universally present in all cases or epidemics of NEC. Fur-
thermore, increased colony counts of E. coli or K. pneumoniae may
be the result of the primary pathogenic event and not the cause
itself. For example, abnormal enteric microbiologic flora may occur
after viral gastroenteritis if the normal colonic microenvironment is
disturbed.

Neonatal NEC has similarities with the many enterotoxemias pro-
duced by clostridial species in newborn animals or older hu-
mans.’®?'” In most of these diseases dietary changes and bloating or
feasting have been implicated as the initiating event. Enterotoxemias
of newborn animals have been known to veterinarians for many
years. Epidemics of C. perfringens type C exotoxin has produced dis-
ease in newborn piglets. Colostral antibody production following
maternal immunization can prevent the disease, while antitoxin
therapy of the piglet can be used to treat the disease. Clostridium
perfringens type B enterotoxemias cause serious gastrointestinal ill-
ness among newborn fowl, calves, piglets, and lambs. The histopath-
ology of many of these diseases resembles that of neonatal NEC.

Pigbel is a human enterotoxemia due to C. perfringens type C
toxin. The histopathology of this disease, which affects infants and
adults alike, includes mucosal edema, hemorrhage, and submucosal
and subserosal gas-filled cysts.”®'®” When the disease is severe,
there may be intestinal perforation and gangrene. Pigbel may occur
in a range from mild illness to a severe state similar to that of stage
IIIB NEC. Pigbel has occurred following sudden dietary changes dur-
ing a seasonal pig feast in Papua, New Guinea. Alterations of diet,
combined with borderline malnutrition, may initiate enteric toxin
production, while trypsin deficiency or trypsin neutralization may
prolong the toxin’s half-life. Prior to the identification of C. perfrin-
gens toxin, pigbel was a disease of unknown origin thought to be
due to many different causes, including gastrointestinal ischemia.
The latter was based on the histopathologic appearance of the intes-
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tinal tissue. Because of excellent epidemiologic and microbiologic
investigations, the agent and its toxin have been identified. Today,
treatment is available with antitoxin while prevention is possible by
immunization with C. perfringens toxoid.'*

Clostridium perfringens has been isolated from neonatal patients
with NEC.®% ' '17 158 pyrthermore, Clostridium-like organisms have
been identified within or around the cysts of pneumatosis intestin-
alis. Clostridia are required to produce gas in experimental models
of intestinal gangrene. Survival is greatly reduced following experi-
mental intestinal ischemia in germ-free rats when clostridia are in-
troduced to the bowel. However, there is presently a paucity of clin-
ical evidence for clostridial toxin production as a cause of NEC. The
theoretical basis for a role of clostridia in the pathogenesis of NEC
is much greater than the documented evidence.'? *>** 't 117125 Ny ch
more work is needed in this area to further define the role of these
anaerobic bacteria.

In the last decade we have begun to recognize many new entero-
pathogenic bacteria producing disease in normal or immunocom-
promised patients. New bacterial agents include Campylobacter je-
juni, C. difficile, Yersinia enterocolitica, new Vibrio organisms,
Aeromonas hydrophila, Plesiomonas shigelloides, and vero-toxin—
producing E. coli.'®*”* New protozoan pathogens include Crypto-
sporidium and Isospora sp., while new viral enteric agents include
new ‘‘rat” rotavirus, enteric adenovirus, calicivirus, Norwalk virus,
and cytomegalovirus. Although research laboratories with a wide
breadth of viral and bacterial expertise can identify a pathogenic
agent in over 80% of cases of diarrhea, routine clinical laboratories
are successful only in less than 20% to 30% of cases.'® The next step
needed to determine the pathogenesis of NEC must involve the
same intense research laboratory efforts that have been successful
in identifying the cause of many of the contagious mysteries of the
1980s (Table 7). As discussed by Glass,”' we have successfully unrav-
eled the infectious etiology of acquired immunodeficiency syndrome
(AIDS), legionnaires’ disease, and toxic shock syndrome, but the
etiology of other common infectious-like diseases such as NEC has
(to date) escaped detection. If 10% of all births in the United States

TABLE 7.

New Potential Pathogens for Neonatal
Necrotizing Enterocolitis

Rotavirus type A

“Rat” rotavirus non-type A
Coronavirus

Anaerobic bacteria

New enteric pathogens
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are low-birth-weight infants and if the lowest incidence of NEC as
reported is 1% of premature infants, then 1% of 250,000 or 2,500
cases of NEC occur each year in the United States. This is probably
a very conservative estimate of a common neonatal problem. Ap-
proximately 20% to 40% of patients with NEC will die. Many of the
patients with NEC had been successfully treated for other neonatal
problems, such as RDS and patent ductus arteriosus. The occur-
rence of another lethal neonatal disease is even more tragic after
overcoming a previous neonatal illness. These data suggest that NEC
is a substantial perinatal public health concern that warrants close
attention. To further unravel the etiologic agent or agents of NEC,
the same intense effort is needed as has been applied to previous
successful epidemiologic and infectious disease investigations (see
Table 7).

TREATMENT OF NEONATAL NECROTIZING ENTEROCOLITIS

There have been very few controlled studies of the various rec-
ommended treatment protocols for neonatal NEC. The following
section is based in part on an extensive review of the literature plus
the authors’ review of more than 250 cases at our institution since
1970 and our direct personal experience with the management of
more than 150 cases. ‘

Because there is strong circumstantial evidence that NEC is infec-
tious in nature, both preventive (see following) and therapeutic reg-
imens must be directed toward infection control.'®® '® Regardless of
the initiating event, secondary bacterial invasion of the injured intes-
tinal mucosa and the subsequent effects of bacterial peritonitis re-
quire prompt antimicrobial therapy. Bowel rest to reduce distention,
remove fermentable substrate, and lower the oxygen requirements
of the stressed intestine is also an essential component of the treat-
ment of NEC.

Treatment must therefore be instituted when early signs of NEC
appear. Current treatment protocols involve various periods of bowel
rest and intestinal decompression, various periods of broad-spec-
trum parenteral antibiotics, and very intensive monitoring of vital
signs, urine output, white blood cell and platelet counts, coagulatlon
profile, and acid-base status.

The initial approach to the patient with suspected neonatal NEC
must be similar to that of a patient with neonatal sepsis. In addition,
if NEC is suspected we recommend that the surgical team be given
notice of each patient with a presumptive diagnosis of NEC. Prompt
notification of the surgical team involves their expertise early in the
course of the illness. Prior to determining the presence or absence
of pneumatosis intestinalis, all patients should have stool, blood,
and urine culures, a lumbar puncture, complete blood cell and
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platelet counts, and an arterial blood gas analysis. If evidence of a
bleeding disorder is manifested by ecchymosis, oozing from punc-
ture sites, thrombocytopenia, or a microangiopathic blood smear,
the coagulation status should be evaluated with a prothrombin time,
partial thromboplastin time, fibrinogen level, and a check for the
presence of fibrin split products. Once NEC is documented by the
presence of pneumnatosis intestinalis or portal venous gas on an ab-
dominal flat plate and cross-table lateral roentgenogram, only the
cross-table lateral roentgenogram needs to be repeated. The cross-
table lateral position is the most appropriate view to determine if
intestinal perforation has occurred as depicted by free gas within
the abdomen. During the acute phase of the disease (usually day 1
to 3) this radiographic examination should be repeated every 6 to 8
hours as intestinal perforation may be “silent” or asymptomatic. Be-
cause intestinal perforation increases the risk of peritonitis and is a
marker for necrotic bowel it is important to document this event,
because surgery should be performed to resect the nonviable perfo-
rated intestine.

As soon as NEC is suspected all enteral feeding is discontinued
(Tables 8 and 9). A large nasogastric tube is placed in the stomach
to relieve gaseous distention. Parenteral broad-spectrum antibiotics
are initiated and should include a semisynthetic penicillin that has
activity against most gram-negative bacteria including Pseudomonas
sp. and also has good activity against enteric anaerobic bacteria. In
our nursery we employ carbenicillin or ticarcillin. In addition, a sec-
ond parenteral antibiotic is given and is always an aminoglycoside,
such as gentamicin. With documented bacteremia and/or prolonged
treatment (greater than 3 days) with the aminoglycosides, we rec-
ommend monitoring both renal function and peak and trough
aminoglycoside levels to avoid ototoxicity and nephrotoxicity. The
specific penicillin or aminoglycoside employed must be compatible

TABLE 8.

Treatmemnt of Necrotizing Enterocolitis

Nothing by mouth—bowel decompression

Broad-spectrum intravenous antibiotics

Fluid replacement—resuscitation

Inotropic-vasosupportive drugs

Respiratory support

Surgery

Possible exchange transfusion

Possible WBC transfusion

Possible platelet transfusion

Possible steroids
Paracentesis—abdominal drain

Possible intravenous immunoglobulin
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TABLE 9.
Infectious Disease Control Measures for Necrotizing Enterocolitis*

1. Strict handwashing with Betadine or other germicidal agent.

2. Long-sleeved gowns and gloves at bedside of each patient.

3. Separate diaper and laundry bags for each patient. Wash hands after each diaper
change. ’

4. Cohorting and isolation of confirmed cases. Separate room and separate nurses for
confirmed cases: No cross-covering!

5. Personnel or visitors with gastrointestinal symptoms are excluded from the nursery.

6. Above measures to continue for 1 week after symptoms have cleared, or a minimum of
10 days from onset, or as long as epidemic is present.

7. Every attempt made to identify the “agent” to include stool bacteria and viral evaluation
and plasma antibody response. Collect specimen from control infants.

*Modified from Walsh MC, Kliegman RM: Necrotizing enterocolitis: Treatment based on staging criteria.
Pediatr Clin North Am 1986; 33:179.

with the known sensitivities of the gram-negative organisms that are
present in the particular NICU population of low-birth-weight in-
fants. Institutions other than our own nursery will also add or sub-
stitute clindamycin for broader coverage of the few enteric anaerobic
bacteria that are resistant to the semisynthetic penicillin. Nonethe-
less in one study of patients with NEC, clindamycin-, ampicillin- and
gentamicin-treated infants did no better than patients treated with
ampicillin and gentamicin alone.

Enteric administration of antibiotics, specifically aminoglycosides,
is not indicated during the acute phase of NEC. Previously it was
thought that enteric antibiotics could reduce the incidence of gas-
trointestinal perforation. Prospective studies have demonstrated that
oral gentamicin does not prevent intestinal perforation or alter the
course of the disease.®® In addition, oral aminoglycosides may be
absorbed across the damaged intestines and increase serum levels,
thus potentially contributing to drug toxic effects.®® Furthermore,
aminoglycosides may be toxic to enteric cells.'® For these reasons,
we cannot recommend the use of enteric aminoglycosides during
the acute phase of NEC.

The duration of treatment and degree of aggressive intervention
should be modified according to the severity of the illness as deter-
mined by the modified staging system proposed in the previous sec-
tion (see Table 2). Patients with stage I NEC, which is either subclin-
ical or suspected NEC or hemorrhagic colitis, may benefit from
bowel rest and antibiotic therapy for 72 hours, pending the results
of the cultures and the clinical course. As discussed previously, it is
very unusual for infants with stage I disease to progress to a more
severe stage after 48 to 72 hours from the onset of signs or symp-
toms. Nonetheless, at the onset of presentation with distention and
pneumatosis intestinalis, the rapidity of deterioration cannot be pre-
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dicted. Because of this uncertainty it is imperative that these pa-
tients be managed in a level-three ICU. It is important to have sur-
gical backup and the ability to ventilate such patients or treat shock.
After 72 hours of therapy, if the cultures are negative and the pa-
tient's course has not progressed beyond stage I and the patient
does not demonstrate pneumatosis intestinalis, feeding may be cau-
tiously reinstated. Cow milk protein formula may be used unless
there is a strong suspicion of milk protein allergy. If rectal bleeding
recurs while the infant is receiving milk protein-based formula, a
casein hydrolysate or soy protein formula may be more appropriate.
We prefer casein hydrolysate formula for very low-birth-weight in-
fants because of the high incidence of osteopenia of prematurity as-
sociated with soy-based formulas.

Patients with documented stage II NEC will require longer periods
of treatment. Benign rectal NEC or stage IIA is a mild disease and
has been adequately treated with a shorter course of bowel rest and
antibiotics than patients with more advanced disease. Case reports
of benign NEC (stage IIA) have documented a successful outcome
following treatment for as short as 3 days or as long as 10 days.'** %
Unfortunately, there are no prospective clinical controlled studies on
the treatment of NEC to guide us in our management. We prefer to
treat stage IIA patients for a minimum of 7 days. These infants have
minimal systemic and laboratory signs and often have a normal
physical examination and laboratory data within 24 to 48 hours after
the onset of illness. During the treatment period of 7 days, mainte-
nance nutritional requirements can be provided by peripheral par-
enteral alimentation with glucose, amino acids, fat, minerals, and
vitarins.

The critically ill infant with advanced stage III NEC presents with
a septic shock-like clinical picture. Bacteremia, neutropenia, dis-
seminated intravascular coagulation (DIC), metabolic acidosis, and
severe peritonitis with ascites may be present in the absence of
radiologic evidence of intestinal perforation. Bowel edema, peritoni-
tis, and leaky intestinal capillaries and permeable capillaries
throughout the body contribute to a large third-space fluid loss,
which necessitates more than the usual amounts of fluid replace-
ment. In our NICU these critically ill infants may require as much as
200 to 300 ml/kg/day above maintenance to improve perfusion, treat
hypotension and acidosis, and increase urine output. The choice of
crystalloid or colloid as fluid replacement has been controversial
and has not been rasolved. Crystalloid replacement may require
more total fluid volume than that of colloid replacement, while col-
loid therapy may cause protein to leak into the interstitial space,
thus aggravating pulmonary disease. Both replacement fluids will
cause peripheral edema due in part to the “leaky capillary syn-
drome” associated with shock and sepsis. When coagulation abnor-
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malities are present with severe NEC, we prefer to use fresh-frozen
plasma as a replacement fluid. If anemia is present, packed red cells
often will improve cardiac output. End points in fluid resuscitation
are normalization of the heart rate, blood pressure, and urine output
and reversal of metabolic acidosis as adequate tissue perfusion is
restored. A metabolic acidosis may be due to poor tissue perfusion
and lactic acid production. If fluid resuscitation does not improve
perfusion and acidosis, judicious use of small doses (1 mEqg/kg) of
sodium bicarbonate may be helpful.

If anuria or oliguria is present, overly aggressive fluid replacement
may result in pulmonary edema and congestive heart failure; evalu-
ation of the central venous pressure and respiratory status to mon-
itor for progressive hypoxia and hypercarbia suggestive of pulmo-
nary edema are imperative. Nonetheless, there are other causes of
hypoxia or hypercarbia, as most patients with advanced stage IIIA
or I1IB NEC have respiratory compromise due to abdominal disten-
tion, abdominal pain, and splinting, which will cause hypoventila-
tion. Bacteremia, hypotension, and acidosis are additional causes of
respiratory compromise. Apnea and bradycardia are common
among these critically ill infants. With even the slightest signs of res-
piratory embarrassment, we recommend prompt endotracheal in-
tubation and mechanical ventilation to prevent hypoxia and further
compromise of the intestine. Waiting for the patient with NEC to
fulfill the more conservative criteria for mechanical ventilation rec-
ommended for patients with RDS may inappropriately delay stabili-
zation of the airway and treatment of hypoxemia.

Inotropic drugs and vasoactive agents may be of great help in pa-
tients with severe advanced NEC who manifest hypotension, aci-
dosis, or poor peripheral tissue perfusion that does not respond to
fluid resuscitation. Furthermore, because fluid overload and conges-
tive heart failure are complications of the treatment of advanced
NEC in the presence of poor renal function, vasoactive drugs may
help to avoid these problems. Dobutamine and dopamine may be
useful agents to improve cardiac output and thus enhance urine
output. Dopamine has a more specific effect on the renal artery and
may be a better choice in the presence of reversible oliguria. Low-
dose dopamine is most useful for improving renal blood flow and
may also improve mesenteric blood flow. When peripheral perfusion
is poor, the addition of sodium nitroprusside to dopamine or- do-
butamine may reduce peripheral vascular resistance.

Many patients with severe advanced NEC will develop thrombo-
cytopenia (in the absence of DIC) and/or neutropenia during the
course of their disease. Peripheral margination of leukocytes or in-
creased peripheral utilization of white blood cells may be responsi-
ble for the neutropenia rather than the bone marrow storage pool
depletion that is suggested as the cause of neutropenia associated
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with neonatal sepsis.*® At our institution, white blood cell transfu-
sions have not been demonstrated to be effective in improving the
outcome of neutropenic patients with NEC. Patients with stage III
NEC with or without perforation may have thrombocytopenia and
often never develop other manifestations of DIC or bleeding; thus,
platelet transfusions are not indicated in the absence of DIC or signs
of bleeding. Thrombocytopenia is also very common after bowel per-
foration and peritonitis among adult patients. As many as 85% of
adults with these problems develop thrombocytopenia. In adults,
only approximately 10% of thrombocytopenic patients have DIC.
Furthermore, bone marrow examination often reveals a normal mar-
row. Treatment does not usually require platelet transfusion as
thrombocytopenia without DIC is a transient phenomenon, lasting 5
to 7 days.

Currently, the most consistently agreed on indication for surgical
intervention is intestinal perforation."'”'** Intestinal perforation may
be heralded by apnea, bradycardia, or a sudden increase in abdom-
inal girth, or it may be asymptomatic and detected by routine serial
cross-table lateral abdominal films. Usually intestinal perforation oc-
curs within the first 48 hours of illness, but this has been delayed
on rare occasions for as long as 1 week.

In most NICUs intestinal perforation is detected by the presence
of free intra-abdominal gas on abdominal roentgenograms. This sign
has traditionally been an absolute indication for surgical treatment.
Nonetheless, on rare occasions, NEC in the presence of perforation
has been managed medically due to the temporary lack of availabil-
ity of a surgeon at the time of an epidemic.'® In this report, a small
number of low-birth-weight infants did as well as other patients who
had previously undergone operative intervention. Furthermore,
there have been reports of conservative management replacing ex-
ploratory laparotomy and intestinal resection. These therapies in-
clude the placement of a peritoneal drain, with or without perito-
neal lavage with an antibiotic solution.”® Although these modalities
have theoretical value they must be considered experimental as their
true role in the management of patients with severe NEC has not
been appropriately tested in a controlled trial.

A second method to determine the presence of intestinal perfora-
tion and intestinal gangrene is by performing abdominal paracen-
tesis."'* % It has been hypothesized that prior to the demonstration
of free intra-abdominal gas there are microperforations due to intes-
tinal gangrene of the bowel that may result in fecal contamination
of the peritoneal cavity. Kosloske and co-workers''® suggested that
infants with a positive peritoneal tap who undergo exploratory lap-
arotomy have a lower mortality than infants who undergo surgery
for evidence of free intra-abdominal gas. Paracentesis is performed
with the right or left lower abdominal quadrant dependent, using a
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small, 25-gauge needle. The fluid is examined for color and the pres-
ence of bacteria. Positive paracentesis is indicated by (1) dark yellow
to brown colored fluid; (2) presence of bacteria on Gram stain; or (3)
both of these. Kosloske and co-workers''® have the greatest experi-
ence with paracentesis for the diagnosis of intestinal gangrene.
Brown peritoneal fluid or bacteria was observed in 26 of 36 infants
with NEC in one study. All 26 with a positive tap had gangrenous
bowel resected during exploratory laparotomy. Four of ten infants
with a negative paracentesis required surgery and were found to
have necrotic bowel. Ricketts'® studied the usefulness of paracen-
tesis in patients with severe NEC and compared the outcome of pa-
tients managed with abdominal taps with those who had sudden
onset of pneumoperitoneum. There were 39 patients with severe
NEC who did not initially demonstrate free intra-abdominal gas and
who were suspected of having bowel necrosis based on a fixed ten-
der abdominal mass, an isolated persistent loop of bowel, erythema
of the abdominal wall, or clinical deterioration. Almost all of these
patients’ conditions would be categorized as stage IIIA NEC accord-
ing to our criteria. Thirty-four of 36 taps were positive and were con-
firmed when bowel necrosis was observed at exploratory laparot-
omy. Another group of 68 infants developed NEC with perforation
documented by the presence of pneumoperitoneum, and, therefore,
paracentesis was not performed. There was no difference in mortal-
ity between those infants presenting with pneumoperitoneum (24%)
vs. those with positive paracentesis (29%). Although a positive para-
centesis is a good indicator of intestinal necrosis, the mortality rate
is no different in this group -than in a group of patients with pneu-
moperitoneum. Interestingly, three patients in each group had total
bowel involvement with NEC and had an “open-and-close” proce-
dure prior to their death.

During laparotomy the surgeon is too often faced with what ap-
pears to be severely necrotic bowel that is too extensively affected to
resect.'”® It is very difficult to differentiate dusky hemorrhagic intes-
tine from that with true gangrene. If the entire bowel looks necrotic
the surgeon cannot resect the total intestine, and should leave a
drain in place and close the abdomen. A “second look” operation
should be performed within 48 to 72 hours to determine if any areas
that appeared necrotic were actually viable. Rather than creating a
short-gut syndrome, which is incompatible with life without total
parenteral alimentation, second look operations have occasionally
prevented unnecessary extensive bowel resection. There is presently
an urgent need for a method to accurately differentiate viable from
nonviable bowel. Unfortunately, initial enthusiasm for fluorescence
angiography has not persisted.

Previously suggested indications for surgery, other than pneumo-
peritoneum or a positive paracentesis, have been proposed but have
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never been universally accepted. These proposed indications in-
cluded thrombocytopenia, acidosis, a right lower quadrant mass, an-
terior abdominal wall erythema, a persistent isolated loop of bowel,
hepatic portal venous gas, and clinical deterioration with failure to
respond to medical management.*> ***'** Furthermore, early opera-
tion has been proposed to prevent intestinal perforation and to im-
prove outcome. However, various studies and our experience have
not consistently found these to be valid criteria. We feel that none of
these criteria alone are indications for surgery. We have cared for
many patients with thrombocytopenia, acidosis, a right lower quad-
rant mass, persistent isolated bowel loops, abdominal wall erythema,
and hepatic portal venous gas who did not go on to develop pneu-
moperitoneum and who did well with aggressive medical manage-
ment. Clinical deterioration and failure to respond to medical man-
agement require strict criteria (Table 10). Vigorous fluid resuscitation,
high-dose dobutamine with low-dose dopamine, early endotracheal
intubation and mechanical ventilation, and judicious use of sodium
bicarbonate must be attempted for a minimum of 24 to 48 hours (in
the absence of pneumoperitoneum) before medical management
should be considered to have failed. Furthermore, right lower quad-
rant masses probably represent localized perforations or an inflam-
matory mass of bowel and can be appropriately managed with med-
ical treatment. This is analogous to medical management of a mass
in a child with suspected appendicitis, in which case surgery is not
always indicated."*’ Potential adverse therapeutic factors are cited in
Table 11.

When operative intervention is indicated the surgical procedure
depends on the extent of necrotic bowel.** If a short segment of
nondilated bowel is involved it may be resected and a primary anas-
tomosis performed at the time of the laparotomy.'” More extensive

TABLE 10.

Immediate Complications of Neonatal
Necrotizing Enterocolitis

Sepsis

Respiratory failure
Renal failure

Shock

Patent ductus arteriosus
Anemia

Leukopenia
Thrombocytopenia
DIC

Intestinal perforation
Ascites

Gallbladder necrosis
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TABLE 11.

Potential Adverse Therapeutic Factors

Subtherapeutic antibiotic levels
Low antibody levels
Polymicrobial peritonitis
Covariant disease states

involvement often requires resection and enterostomy diversion.
Hemicolectomy, complete colectomy, and removal of the terminal
ileum with or without resection of the ileocecal valve are the most
common operative procedures.

Following surgery, infants should continue to receive broad-spec-
trum antibiotics, which should be modified based on the sensitivi-
ties of the organisms isolated from peritoneal cultures. The duration
of antibiotic treatment varies from 14 to 21 days. Patients who un-
dergo intestinal resection of a small segment of bowel can receive
parenteral nutrition by peripheral vein for 14 to 21 days. Rather than
specifying a time period, bowel function, as determined by absence
of gastric retention or abdominal distention and the presence of
bowel sounds and ostomy drainage, should determine the period of
bowel rest. Infants who undergo very extensive resection should
have a central venous catheter placed in anticipation of significant
short bowel syndrome. Once enteral alimentation is reintroduced
after bowel function returns, we would recommend an isotonic
non-lactose-containing protein hydrolysate formula. Formula vol-
ume should be increased very slowly and supplemented with pe-
ripheral or central parenteral alimentation. In severe short bowel
syndrome with carbohydrate malabsorption, simple monosaccha-
rides may be necessary to initiate enteric feedings. The sooner a pa-
tient receives enteric feeding, the greater the chance of preventing
mucosal atrophy, reestablishing intestinal mucosal growth, and pre-
venting the many adverse effects of parenteral nutrition.

PREVENTION OF NEONATAL NECROTIZING ENTEROCOLITIS

Because there is reasonable evidence suggesting that NEC is infec-
tious in nature, preventive measures have been directed toward the
control of microbiologic agents. Prophylaxis with oral kanamycin or
gentamicin has been demonstrated to have either no effect or to
decrease the incidence of NEC in treated patients compared with
infants receiving placebo.**®”%*'”® Nonetheless, multiple antibiotic—
resistant stool organisms have emerged from the treated patients.
Superinfection with S. epidermidis or Candida may also develop.
Even with documented suppression of the gram-negative fecal flora,
NEC is not completely eliminated.® Enteric aminoglycosides may
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astomosis prior to discharge from the hospital to avoid rehospitali-
zation for severe diarrhea and dehydration.

Long-term neurodevelopmental follow-up studies of patients with
NEC who do not develop the chronic sequelae of short bowel syn-
drome, cholestatic jaundice, or other hyperalimentatioh complica-
tions are very encouraging” ®> % (Table 15). Uncomplicated cases of
NEC have an excellent long-term prognosis, which is basically simi-
lar to that of their peer group of low-birth-weight infants. Often the
common diseases of prematurity, such as asphyxia, RDS, and intra-
ventricular hemorrhage, are more significant in predicting neuro-
developmental outcome than the occurrence of NEC. Moderate to
severe neurologic impairment with late morbidity is usually unre-
lated to problems of the gastrointestinal systemn.* *®

The long-term follow-up of NEC following surgical resection is less
optimistic than the results after medical treatment. Both mortality
and morbidity are increased among infants with more severe NEC.
Very small infants often require long-term ventilation therapy, which
increases the risk of bronchopulmonary dysplasia. There is a de-
layed mortality of 10% to 25% in these complicated cases. This mor-
tality relates to late-onset sepsis, respiratory failure, cardiopulmo-
nary arrest, congenital anomalies, and TPN-associated hepatic
failure (see Table 15). Morbidity is associated with cirrhosis, infec-
tions, and rickets. This sequence of prolonged, chronic neonatal ill-
ness resulted in significant developmental delay among the patients
who had stage 1IIB NEC.?> ®®

FUTURE DIRECTIONS

We can estimate that between 2,000 and 4,000 premature infants
develop NEC each year. Neonatal NEC has been listed immediately
after RDS as a significant cause of death in the NICU* Today we
continue to discuss the role of intestinal ischemia, enteric feeding
practices, and microbiologic agents as part of a purported triad for
the pathogenesis of NEC. Nonetheless, after years of investigation,
the relative importance of each of these factors remains unknown.
There is also a paucity of accurate diagnostic tests to determine if a
patient has NEC. This is because we often do not detect the short-

TABLE 15.

Cholestz}tic Jaundice

Metabolic bone disease
Failure to thrive
Cirrhosis

Hepatobiliary carcinoma
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TABLE 12.

Factors Indicating Poor Prognosis in
Neonatal Necrotizing Enterocolitis

Sepsis

Rapid-onset shock

DIC

Persistent acidosis
Persistent hypotension
Persistent respiratory failure
Anuria

Perforation

Total intestinal gangrene
Very low birth weight

pneumatosis intestinalis that usually occurs during epidemics of
documented NEC. In addition, epidemics of NEC often vary in se-
verity. Some epidemics are associated with severe disease, while oth-
ers only consist of patients with stage IIA disease and a few patients
progressing to intestinal necrosis and gangrene. Mortality during ep-
idemics will be quite low when NEC occurs, as benign pneumatosis
coli and mortality will be high during epidemics of NEC manifested
as shock, intestinal perforation, and septicermia.

Chronic sequelae are a good assessment of the morbidity of NEC*!
(Tables 13 and 14). One of the most common late complications of

TABLE 13.

Late Complications of Neonatal Necrotizing
Enterocolitis

Wound infection

Stoma complications
Short bowel syndrome
Malabsorption syndrome
Stricture formation
Anastomotic stenosis
Anastomotic leak
Cholestatic jaundice
Metabolic bone disease
Persistent rectal bleeding
Recurrent NEC

Central line complications
Vitamin B,, deficiency
Chronic salt and water depletion
Enterocolic fistula
Enterocyst
Subdiaphragmatic abscess
Polyposis

Aganglionosis

Atresia
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TABLE 14,

Central Line Complications

Metabolic
Hyperglycemia-hypoglycemia
Hypernatremia-hyponatremia
Hyperaminoacidemia
Hyperammonemia
Mechanical
Thrombosis—atrial, superior vena cava
Emboli
Dislodgement—pneumothorax, hydrothorax
Infections
Entry site
Tract
Bacteremia
Fungemia

NEC is intestinal stricture.”” Stricture formation may begin during
the acute phase of the disease (see section on pathology of NEC)
and is most often seen in the terminal ileum or colon, which are
also the areas most often involved with the acute mucosal event.”” *
Strictures may be seen in medically or surgically managed patients
and may be unifocal or multiple (see Fig 9). Overall, between 10%
and 22% of survivors of NEC develop intestinal strictures. Universal
screening with barium enema in all infants with NEC may “produce”
the higher frequency. Nonetheless, this method may detect nonob-
structing strictures that would never have produced clinical signs.
Obstipation, hematochezia, vomiting, and abdominal distention are
common signs of stricture contraction and severe obstruction. These
events are due to scarring and usually become evident 2 to 8 weeks
after the acute onset of NEC. In addition to presenting with signs of
obstruction, strictures may also present as recurrent rectal bleeding.
This is a more common event than previously recognized. As part of
the evaluation of post-NEC rectal bleeding we have demonstrated
active bleeding from ulcers at the base of the stricture by proctosig-
moidoscopy. Following resection, the typical cicatricial histopathol-
ogy was noted in the stricture but the ulcer (quite unexpectedly)
demonstrated the histopathology of active NEC weeks after the ini-
tial disease. Although the strictures in these patients were resected,
more recently patients have presented with post-NEC rectal bleed-
ing who had nonobstructing strictures that were managed conser-
vatively without surgery. Resection is not indicated for bleeding
alone. Patients who are at greatest risk for stricture formation had
stage IIB or III NEC. Because not all strictures identified by barium
enema become obstructive, we do not recommend barium studies
but do recommend careful follow-up and observation of these pa-
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tients for signs of intestinal obstruction. Nonetheless, all patients
treated with surgical resection must have a barium study of the dis-
tal intestinal loop prior to reanastomosis. If reanastomosis is per-
formed with an undetected stricture in the distal intestinal segment,
postoperative distention and anastomotic leakage may develop.

Infants who require surgical resection during the acute phase of
NEC often have a prolonged recovery phase.**' Some infants with
what would appear to be an insignificant length of bowel removed
nonetheless develop diarrhea and malabsorption syndrome.* More
commonly, patients who required removal of more than 70% of the
intestine have the greatest postoperative problems and require sub-
sequent enteric alimentation. Although there is a gradual period of
intestinal adaptation, months to years of nutritional therapy may be
required. Preservation of the terminal ileum and ileocecal valve is
important, as successful enteral alimentation is probable when these
anatomic landmarks remain intact.

Problems associated with short bowel syndrome include chronic
malnutrition; dehydration; osmotic diarrhea; cholestasis; deficien-
cies of fat-soluble vitamins, vitamin B,,, iron, and calcium (resulting
in osteopenia and fractures); and renal stones due in part to
hyperoxaluria®” (see Table 13). Added to these complications are
those of prolonged hospitalization and the mechanical and infec-
tious risks of central venous catheterization for TPN*' (see Table 14).

In the term infant, intestinal length is approximately 200 cm. The
smallest reported length of intestine compatible with enteric alimen-
tation is 15 cm with an intact ileocecal valve and 20 cm without the
ileoecal valve. Cooper and colleagues® reviewed their experience
with acquired short bowel syndrome in infancy. Neonatal NEC was
the most common cause of short bowel syndrome. Survival was 81%
overall, and survivors had 44 cm of small intestine vs. 30 cm in non-
survivors. Causes of death were predominantly related to TPN-asso-
ciated cholestasis and not specifically due to short bowel syn-
drome.*"** Survivors required 13 months to be weaned from TPN to
full enteric feeding. Although they are experimental procedures,
other authors have tried bowel-lengthening methods and colonic in-
terposition or bowel reversal operations to decrease transit time and
improve the success rate of enteric alimentation.

Infants with resected bowel and colostomy but without -short
bowel syndrome often develop severe dehydration if they develop
community-acquired gastroenteritis.'”” Fluid losses occur suddenly
and often result in life-threatening salt or water losses precipitated
by an otherwise minor gastrointestinal illness. This syndrome occurs
because the colonic absorptive capacity for fluid and electrolytes is
bypassed by the ileostomy-colostomy procedure. We currently rec-
ommend that all infants with surgically treated NEC undergo rean-

276 Curr Probl Pediatr, April 1987



astomosis prior to discharge from the hospital to avoid rehospitali-
zation for severe diarrhea and dehydration.

Long-term neurodevelopmental follow-up studies of patients with
NEC who do not develop the chronic sequelae of short bowel syn-
drome, cholestatic jaundice, or other hyperalimentatioh complica-
tions are very encouraging” ®> % (Table 15). Uncomplicated cases of
NEC have an excellent long-term prognosis, which is basically simi-
lar to that of their peer group of low-birth-weight infants. Often the
common diseases of prematurity, such as asphyxia, RDS, and intra-
ventricular hemorrhage, are more significant in predicting neuro-
developmental outcome than the occurrence of NEC. Moderate to
severe neurologic impairment with late morbidity is usually unre-
lated to problems of the gastrointestinal systemn.* *®

The long-term follow-up of NEC following surgical resection is less
optimistic than the results after medical treatment. Both mortality
and morbidity are increased among infants with more severe NEC.
Very small infants often require long-term ventilation therapy, which
increases the risk of bronchopulmonary dysplasia. There is a de-
layed mortality of 10% to 25% in these complicated cases. This mor-
tality relates to late-onset sepsis, respiratory failure, cardiopulmo-
nary arrest, congenital anomalies, and TPN-associated hepatic
failure (see Table 15). Morbidity is associated with cirrhosis, infec-
tions, and rickets. This sequence of prolonged, chronic neonatal ill-
ness resulted in significant developmental delay among the patients
who had stage 1IIB NEC.?> ®®

FUTURE DIRECTIONS

We can estimate that between 2,000 and 4,000 premature infants
develop NEC each year. Neonatal NEC has been listed immediately
after RDS as a significant cause of death in the NICU* Today we
continue to discuss the role of intestinal ischemia, enteric feeding
practices, and microbiologic agents as part of a purported triad for
the pathogenesis of NEC. Nonetheless, after years of investigation,
the relative importance of each of these factors remains unknown.
There is also a paucity of accurate diagnostic tests to determine if a
patient has NEC. This is because we often do not detect the short-

TABLE 15.

Cholestz}tic Jaundice

Metabolic bone disease
Failure to thrive
Cirrhosis

Hepatobiliary carcinoma

Curr Probl Pediatr, April 1987 277



lived or fleeting appearance of pneumatosis intestinalis. Even when
present, this radiographic sign is not consistently identified from the
same x-ray by more than one observer.

Epidemics of NEC strongly suggest a central role of one or more
infectious agents in the etiology of this serious neonatal enterocoli-
tis. We should pride ourselves at our recent epidemiologic advances
in determining the causes of previously suspected infectious dis-
eases among adults. These diseases include AIDS, toxic shock syn-
drome, and legionnaires’ disease. It is now time to mount the same
intensive effort at a national level to determine the etiologic factors
responsible for neonatal NEC.
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