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11General introduction and outline of the thesis

General introduction
Necrotizing enterocolitis, or NEC, is among the most common and devastating 
gastrointestinal diseases in newborn infants.1 Conditions closely resembling necro-
tizing enterocolitis were described before the nineteenth century, but the condition 
was not widely recognized until after the advent of modern neonatal intensive care 
in the 1960s.2

Historical background

In 1891, Genersich recorded his observations regarding a 45-hour-old premature 
infant who developed vomiting, cyanosis, and abdominal distention.3,4  The infant 
died within 24 hours and at the postmortem examination an area of inflammation 
and perforation of the ileum was noted. No anatomic or mechanical cause could 
be found.3,4 Since then, several reports of unexplained perforations in the intestinal 
tract of newborn infants have appeared in medical journals and books, the term 
‘necrotizing enterocolitis’ being introduced by Mizrahi et al. in 1965.4  The authors 
reported on a small group of premature infants who developed ‘this disorder’ in the 
New York Babies Hospital between 1953 and 1963 (textbox 1).

Textbox 1.  Diagnosis of necrotizing enterocolitis. Mizrahi et al. 1965. 4

‘The diagnosis may be made on the basis of symptoms in  the first few days 
of life. Usually, an infant under 1500 grams, who had been doing well and 
taking feedings, begins to vomit or exhibits delayed emptying of the stomach. 
Frequently the infant is jaundiced and has apneic spells. When abdominal 
x-rays are taken at this stage, they may be normal or show intramural air. Soon 
vomiting and apneic episodes become more frequent. Abdominal distention, 
and occasionally, diarrhea containing blood may develop next. Abdominal 
x-rays at this time reveal increased intramural air and a pattern of intestinal 
obstruction. Blood cultures are frequently positive. Subsequently, abdominal 
distention increases, and free air under the diaphragm is seen on x-ray films.’

Thirteen years later, in  1978, Bell et al. combined historical, clinical and radio-
graphic data into three separate periods, known as Bell’s stages.5 In 1986, Walsh 
and Kliegman proposed the modified Bell’s criteria, which subdivide each stage into 
A and B stages according to the clinical and radiological signs and treatment strate-
gies (Table 1).6 The modified Bell’s classification gained widespread acceptance and 
is still used in  neonatal care nowadays, including in  our neonatal intensive care 
unit. The stages in this classification range from suspected NEC (Bell’s stage 1A), 
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in which nonspecific systemic and intestinal signs without radiological abnormali-
ties are found, to advanced NEC (Bell’s stage 3B), in which deteriorating vital signs 
and perforated bowels are present.

Table 1. Modified Bell’s criteria according to Walsh and Kliegman.6

Bell’s staging criteria for necrotizing enterocolitis

Stage Systemic signs Intestinal signs Radiological signs

I A (Suspected) Temperature instability, apnea, 
bradycardia, lethargy

Poor feeding, emesis, pre-gavage 
residuals, mild abdominal 
distension

Normal or intestinal dilation, 
mild iles

I B (Suspected) Same as above Above and blood from rectum Same as above

II A (Proven) Same as above Above + absent bowel sound + mild 
abdominal tenderness

Intestinal dilation, ileus, 
pneumatosis intestinalis

II B (Proven) Above + metabolic 
acidosis + thrombocytopenia

Above + definite abdominal 
tendersness

Above + portal vein gas + possible 
ascites

III A (Advanced) Above + hypotension, respiratory 
acidosis, neutropenia

Above + peritonitis, marked 
distension of abdomen

Above + definite ascites

III B (Advanced) Same as above Same as above Above + pneumoperitoneum

Epidemiology

Necrotizing enterocolitis predominantly affects infants with very low birth weights. 
Over 90% of children who develop the disease were born preterm.1,7 As a greater 
number of preterm infants survive the early neonatal period, the patient population 
at greatest risk of necrotizing enterocolitis increases.7 Despite advances in neonatal 
intensive care medicine and significant gains in premature infant survival in  the 
past decades, necrotizing enterocolitis remains one of the leading causes of morbid-
ity and mortality in neonatal intensive care units globally.

The risk for necrotizing enterocolitis is inversely related to birth weight and 
gestational age, with necrotizing enterocolitis affecting 7%–11% of infants weigh-
ing less than 1500 grams.7,8  Other risk factors associated with the development of 
necrotizing enterocolitis include decreased intestinal circulation, e.g. cardiovascu-
lar disorders9,10, and maternal tocolysis by indomethacin.11–13

Large multicenter and population-based studies determined the postnatal 
age at  the onset of necrotizing enterocolitis to be inversely related to gestational 
age: the more premature the infant, the later necrotizing enterocolitis occurs after 
birth (Figure 1).8,14,15
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Figure 1. Summation of epidemiologic data on necrotizing enterocolitis.
Left-sided y-axis equals the day of onset indicated by the sphere centers. The sphere diam-
eters indicate the percentage of the population of necrotizing enterocolitis that presented 

on that day of life (mean for the gestational age group), and correlate with the x-axis below. 
The gray columns indicate the percentage of mortality (right side y-axis). Data for the 

extrapolation of this figure can be found in reference 8. With permission of P.V. Gordon.8

Clinical aspects

The most typical initial signs and symptoms of necrotizing enterocolitis in a pre-
term infant include feeding intolerance, abdominal distension and bloody stools.1,8 
Common laboratory findings include increased C-reactive protein levels, leukocy-
tosis, thrombocytopenia and metabolic acidosis.16 All of these symptoms and find-
ings are, however, nonspecific and could lead to the diagnosis of various other con-
ditions, such as sepsis.7,16 The pathognomonic findings for necrotizing enterocolitis 
can be found on abdominal radiographic examination and consist of pneumatosis 
intestinalis, portal venous gas or both (Bell’s stage ≥ 2).1,17

The course of necrotizing enterocolitis is unpredictable and can be fulmi-
nant: symptoms may progress rapidly from subtle signs to intestinal perforation, 
peritonitis, sepsis and death within just a couple of hours.

Approximately half of all patients with necrotizing enterocolitis recover with 
medical therapy alone. This medical therapy consists of a combination of bowel rest 
(nil per mouth and parenteral nutrition), bowel decompression (orogastric suction) 
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and broad-spectrum antibiotics.1 The other half of the patients progress to severe 
disease with necrotic or perforated intestines and require surgical treatment. The 
decision to operate is difficult, since pneumoperitoneum is the only clear indication 
that surgery is needed. Deterioration of the clinical or biochemical status, however, 
with severe thrombocytopenia, neutropenia, or acidosis, also might indicate that 
the disease is sufficiently severe to warrant surgical intervention.1

Surgical procedures can involve abdominal drainage, which is uncommon 
in  The Netherlands, and exploratory laparotomy with resection of the necrotic 
bowel followed by the creation of either a  primary anastomosis or enterostomy. 
Due to a lack of prognostic tools, predicting the potential need for surgery, timing 
a surgical intervention and choices during surgery (e.g. to perform an anastomosis 
or construct an ostomy) remain highly challenging for clinicians.18,19

Mortality rates from necrotizing enterocolitis range from 15% to 30%,7 
with the highest rate among infants requiring surgery.7,20  Survivors of necrotizing 
enterocolitis are at  increased risk of neurodevelopmental impairment and func-
tional disabilities.7,21,22  Infants that undergo surgery have the additional risk of 
postoperative complications such as intestinal strictures, intra-abdominal abscesses 
and nutritional malabsorption (including short bowel syndrome).22–24

Pathophysiology

Despite decades of intensive research, understanding of the pathophysiology of 
necrotizing enterocolitis remains poor. Preterm infants are at  high risk for nec-
rotizing enterocolitis because of several characteristics of the immature intestine. 
These characteristics include (among others) immature gastrointestinal motility, 
inadequate circulatory regulation, inadequate intestinal barrier function, altered 
microbiota and an impaired immune defense.1,7,8,16,25 The excessive inflammatory 
response produced by fetal enterocytes as compared with mature enterocytes is 
consistent with the vulnerability of the preterm infants to necrotizing enterocoli-
tis.26,27 These factors contribute to the severe necrosis of the small intestine that is 
characteristic of necrotizing enterocolitis (Figure 2).1,28,29
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Figure 2. Schematic overview of the pathophysiology of necrotizing enterocolitis.
Adapted from Lin PW, Stoll BJ.7



16

C
ha

pt
er

 1

Markers of necrotizing enterocolitis

Since several mechanisms are involved in the development of necrotizing entero-
colitis, markers that detect these specific mechanisms early may give the clinician 
a  warning about the onset of the disease.20,30 Markers of intestinal damage31–33, 
markers of intestinal inflammation,34–36 intestinal bile salt levels37–39 and markers of 
intestinal perfusion40 could be helpful in identifying infants with an increased risk 
for the development of necrotizing enterocolitis.

Markers of intestinal damage

Necrotizing enterocolitis seems to be a disease with a rapid onset. It is, however, not 
known whether the clinical symptoms of the disease are preceded by a subclinical, 
slowly developing damage of the intestinal barrier. Markers that allow early detec-
tion of subclinical intestinal damage might be helpful in predicting which infants 
are at high risk for necrotizing enterocolitis.

A protein that represents the degree of intestinal damage is intestinal fatty 
acid binding protein (iFABP).31,32,41 IFABPs are small intracellular proteins local-
ized in the epithelium of the small intestines.42–44 Normally, iFABP is undetectable 
in plasma but during ischemia or injury, as is the case in necrotizing enterocolitis, 
iFABP rapidly leaks from the damaged cells and enters the circulation. Due to its 
small molecular weight (13–14 kDa), iFABP is readily excreted by the kidneys and 
detectable in  urine (iFABPu).45,46 As IFABPu levels reflect the degree of intestinal 
damage, they could be a helpful and noninvasive tool to detect subclinical mucosal 
damage prior to the onset of necrotizing enterocolitis.

Markers of intestinal inflammation

Both an immature immune defence and an excessive inflammatory response are 
thought to play a role in the etiology of necrotizing enterocolitis.7,16 It is unknown 
whether the first clinical symptoms of necrotizing enterocolitis are preceded by 
a subclinical inflammatory response. Like the use of markers of intestinal damage, 
detecting this inflammatory process early might help determine which infants are 
most likely to develop necrotizing enterocolitis.

A marker of intestinal inflammation is fecal calprotectin.20 Calprotectin has 
been used clinically in children and adults for the detection of inflammatory activ-
ity in  the gastrointestinal tract.20,45,46 Calprotectin is a calcium- and zinc-binding 
protein (36.5 kDa) and is predominantly found in neutrophils and macrophages, 
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where it constitutes as much as 60% of the protein in the cytosol.20,45–47 Calprotectin 
is released upon inflammatory activation in the gut and, as a result of trans-epithe-
lial migration of myeloid cells, readily detectable in feces.45,47,48 It may, therefore, be 
a marker of necrotizing enterocolitis and would be of particular use in prediction 
of the disease if it detects any subclinical inflammatory processes.45

Intestinal bile salt levels

Bile salts are the main organic constituents of bile, and act as biological detergents 
that facilitate intestinal absorption of dietary fats. After being secreted, the majority 
of bile salts are reabsorbed from the intestine, transported back to the liver and 
again secreted into bile, the so-called the enterohepatic circulation. The intestinal 
bile salt uptake for the enterohepatic circulation mainly occurs in the distal ileum, 
which is the intestinal segment predominantly involved in necrotizing enterocoli-
tis. Animal and preliminary human data have indicated that intestinal bile salts are 
present in the pathogenesis of necrotizing enterocolitis.

  Intestinal accumulation of hydrophobic bile salts has been shown to result 
in  intestinal epithelial destruction, which exhibits similarities to the histopatho-
logical findings in necrotizing enterocolitis. Furthermore, preliminary data of two 
preterm infants showed an increase in total fecal bile salt levels prior to necrotiz-
ing enterocolitis and bile salt levels were higher in the intestinal tissue of rodents 
with experimental necrotizing enterocolitis. This data supports the putative role of 
intestinal bile salts in the development of necrotizing enterocolitis. It is, however, 
unknown whether levels of fecal bile salts might serve as early parameters to detect 
infants who have an increased risk of necrotizing enterocolitis.

Markers of intestinal perfusion

Impaired perfusion of the intestinal circulation, which might be a result of abnor-
malities in either the development of the splanchnic circulation in fetal life or vaso-
constriction of the circulation in neonatal life, seems to play an essential role in the 
development of necrotizing enterocolitis.49,50  If altered tissue perfusion is observed 
early on, it may work as a  warning sign that an infant will develop necrotizing 
enterocolitis.49,50

One non-invasive tool that can measure regional tissue oxygen saturation 
is near-infrared spectroscopy (NIRS).51–53 When simultaneously obtaining trans-
cutaneous arterial oxygen saturation (SpO2), fractional tissue oxygen extraction 
(FTOE) can be calculated.54 FTOE is thought to reflect the balance between oxygen 



18

C
ha

pt
er

 1

delivery and oxygen consumption, and might therefore be used as an early indi-
cator of inadequate tissue perfusion. This, in turn, could help to predict whether 
necrotizing enterocolitis is likely to develop.

Aims of the thesis

Because of the fulminant nature of necrotizing enterocolitis, it is unlikely that new 
treatment strategies will provide major breakthroughs in  reducing necrotizing 
enterocolitis associated mortality and morbidity. Prevention of necrotizing entero-
colitis is likely to yield better results and improve clinical outcomes for preterm 
infants.8 To prevent the development of necrotizing enterocolitis, it is essential that 
we accurately predict which neonates are likely to develop the disease.

The first aim of this thesis was, therefore, to define potential markers that 
may predict the development of necrotizing enterocolitis in asymptomatic preterm 
infants. Since the population of affected patients mainly consists of vulnerable pre-
term infants in whom repetitive and frequent blood sampling is highly undesirable, 
we focused on markers consisting of a noninvasive assessment such as urine, feces 
and noninvasive measurements of intestinal blood flow.

After the diagnosis of necrotizing enterocolitis has been confirmed, it is not 
yet possible to predict which infants are likely to develop a severe disease that neces-
sitates surgery or leads to death. Finding a reliable indicator of disease progression 
may help clinicians to optimize individual treatment strategies by alerting them to 
the ‘high-risk’ infants, thus aiding the prevention of the disease’s progress. So, the 
second aim of this thesis was to determine a possible marker that independently 
predicts the progression of necrotizing enterocolitis.

Once surgical treatment is performed, choices during surgery (e.g. to per-
form a primary anastomosis or construct an enterostomy) remain challenging for 
clinicians. Although the creation of an enterostomy appears to be a safe alterna-
tive in neonates with an acute abdomen, little is known about the risks posed by 
temporary enterostomy in the neonatal patient. Our third aim, then, was to assess 
the rate and type of complications after the creation and closure of an enterostomy 
in neonates in our center. This would offer greater insight into the best possible 
surgical treatment in neonates with an acute abdominal disease.
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Outline of the thesis

This thesis consists of two parts, each one addressing specific research questions.

PART I – Prediction of necrotizing enterocolitis

This section deals with the prediction of necrotizing enterocolitis using noninva-
sive markers.

 a. State of the science

Research question 1: What is known in the literature about prediction of necro-
tizing enterocolitis in preterm infants using noninvasive markers? We investigate 
this question in Chapter 2. Here, we systematically review what is known regarding 
the prediction of necrotizing enterocolitis using markers in urine, feces and non-
invasive measurement of intestinal blood flow.

 b.  Non-invasive markers in the prediction of necrotizing enterocolitis 
The CALIFORNIA-trial

The results of chapter 3, 4, 5 and 6 came from the CALIFORNIA-trial. CALIFORNIA 
is an acronym for the various markers the trial was used to measure: Calprotectin; 
iFABP; oral feeding; NIRS; bile-acids.

The CALIFORNIA-trial, a  prospective observational cohort study, was performed 
in the tertiary neonatal intensive care unit (NICU) of the Beatrix Children’s Hospital 
of the University Medical Center Groningen (UMCG) between October 2012 and 
February 2014. Consecutively, we enrolled 100 infants that were at high risk of devel-
oping necrotizing enterocolitis. Infants with a gestational age of less than 30 weeks, 
a  birth weight less than 1000 grams, the combination of a  gestational age less than 
32 weeks and a birth weight less than 1200 grams, a  left-side cardiovascular disease 
leading to reduced splanchnic blood flow or those who were born after maternal use 
of indomethacin for tocolysis were eligible for enrollment within 48 hours after birth. 
Exclusion criteria consisted of congenital intestinal diseases or abdominal wall defects.

We collected urine and feces samples within 48 hours after birth and mea-
sured cerebral and intestinal regional tissue oxygen saturation (rSO2) two hours 
on day one after birth. From that point on, urine and feces were collected three 
and two times a week respectively. Cerebral and intestinal regional tissue oxygen 
saturation (rSO2) was measured two hours daily for the first five days after birth and 
weekly thereafter. All collections and measurements ended 36 days after the infant 
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was born or on the day they were discharged from hospital if this came first. The 
study endpoint was the development of NEC Bell’s Stage ≥ II (pneumatosis intesti-
nalis, portal venous gas, or both present on abdominal radiological examination).

We addressed four specific research questions in the CALIFORNIA-trial:
Research question 2:  Can we differentiate high-risk infants who develop 

necrotizing enterocolitis from those who do not by prospectively measuring urinary 
intestinal fatty acid binding protein (iFABPu)? We address this question in Chapter 
3, in which we evaluate the ability of iFABPu to determine the risk of necrotizing 
enterocolitis. We specifically investigated this marker during the first week after 
birth, and in the week prior to clinical suspicion of necrotizing enterocolitis.

Research question 3: Can serial measurements of fecal calprotectin help 
us to differentiate high-risk infants who develop necrotizing enterocolitis from 
those who do not? Chapter 4  looks into this question. In  this section, we deter-
mine whether prospective serial measurements of fecal calprotectin concentration 
enable us to distinguish those infants who will develop necrotizing enterocolitis 
from those who will not.

Research question 4: Can fecal bile salts aid in signifying which preterm 
infants have an increased risk for the development of necrotizing enterocolitis? 
In Chapter 5 we explore the concentration and composition of fecal bile salts in pre-
term infants who later developed necrotizing enterocolitis. Then, we compare these 
parameters with infants who did not develop the disease.

Research question 5: Can cerebral and intestinal oxygenation differentiate 
high-risk infants who develop necrotizing enterocolitis from those who do not? 
This question is addressed in Chapter 6, in which we establish whether we can iden-
tify high-risk infants who will develop necrotizing enterocolitis from those who do 
not by monitoring cerebral and intestinal oxygenation during the first five weeks 
after birth.

PART II: clinical aspects of necrotizing enterocolitis

This part relates to two aspects with which clinicians in  neonatal care are often 
faced: the impossibility of predicting early after diagnosis which infant is most 
likely to develop severe necrotizing enterocolitis and the risks and complications 
involved with the creation of a temporary enterostomy in neonates with an acute 
abdominal emergency.



21General introduction and outline of the thesis

We examined two specific research questions.
Research question 6: Can conventional laboratory parameters, obtained 

in an early stage of the disease, be used to predict the progression of necroti zing 
enterocolitis? This question is the subject of Chapter 7, in which we consider the 
abilities of C-reactive protein, leukocytes, platelets, glucose and pH collected 
at three different points during the first 24 hours after diagnosis to independently 
predict the progression of necrotizing enterocolitis to either the need for surgery 
or leading to death.

Research question 7: What complications after the creation and closure 
of an enterostomy in neonates with an acute abdominal emergency occur in our 
center? Is the creation of an enterostomy a safe alternative or should it preferably 
be avoided? In Chapter 8 we describe the rate and type of complications after enter-
ostomy creation and closure in  neonates undergoing laparotomy for suspected 
abdominal emergency (e.g. necrotizing enterocolitis) in  our center in  order to 
gain more insight into the preferable surgical treatment in neonates with an acute 
abdominal disease.

In Chapter 9 we discuss the main outcomes of the studies presented in this 
thesis and put the obtained data and new insights in  perspective. We discuss the 
multifactorial pathophysiology of necrotizing enterocolitis and give suggestions for 
future research. In Chapter 10 we summarize our findings in both English and Dutch.
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