
 

 

 University of Groningen

Necrotizing enterocolitis: the quest for biomarkers
van Zoonen, Gezina Johanna Femia

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Zoonen, G. J. F. (2015). Necrotizing enterocolitis: the quest for biomarkers. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/6308a16a-66ba-43b4-b180-bdc160772594


Necrotizing enterocolitis: 
the quest for biomarkers

Anne G.J.F. van Zoonen



The studies in this thesis have been carried out with financial support from the University 
of Groningen, the University Medical Center Groningen, the Junior Scientific Masterclass, 
The Groningen University Institute for Drug Exploration (GUIDE) and de Jan Kornelis de 
Cock Stichting. The printing of this thesis was financially supported by: the University of 
Groningen, University Medical Center Groningen and the Groningen University Institute for 
Drug Exploration (GUIDE).
Their support is gratefully acknowledged. 

Necrotizing enterocolitis: the quest for biomarkers 

©Copyright 2015, G.J.F. van Zoonen, The Netherlands
All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system, 
or  transmitted in any form or by any means, without the written permission from the 
author or, when appropriate, from the publishers of the publications. 

ISBN: 978-90-367-8251-7
ISBN electronic version: 978-90-367-8250-0

Cover:  The highly complex and dynamic structure of the dragonfly wing. At first sight a dragon-
fly’s wing may look thin and fragile, but blend flexibility and strength flawlessly together. 
The dragonfly wing symbolizes the combination of strength and vulnerability of a preterm 
infant, in particular those who suffer from necrotizing enterocolitis. 

Cover design: studio ilse van klei / grafisch ontwerp
Layout & typesetting: *studio Michal Slawinski, thesisprint.eu



Necrotizing enterocolitis: the quest for biomarkers

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op

maandag 9 november 2015 om  14.30 uur

door

Gezina Johanna Femia van Zoonen

geboren op 1 september 1987
te Coevorden



Promotor
Prof. dr. A.F. Bos

Copromotor
Dr. J.B.F. Hulscher

Beoordelingscommissie 
Prof. mr. dr. A.A.E. Verhagen
Prof. dr. R.M.H. Wijnen
Prof. dr. J.A. Lisman



Paranimfen
Pamela Schendelaar
Jenneke Hamminga

I don’t know what I may seem to the world, but as to myself, I seem to 
have been only like a boy playing on the seashore and diverting myself 

in now and then finding a smoother pebble or a prettier shell than ordi-
nary, whilst the great ocean of truth lay all undiscovered before me.

— Isaac Newton (1642–1727)





Table of contents

Chapter 1
General introduction and outline of the thesis 9

Part I: Prediction of necrotizing enterocolitis

a. State of the science

Chapter 2
Can we predict necrotizing enterocolitis using non-invasive markers? 27

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

Chapter 3
Urinary intestinal fatty acid-binding protein does not predict necrotizing 
enterocolitis in asymptomatic preterm infants 47

Chapter 4
Serial fecal calprotectin in preterm neonates at risk of necrotizing  
enterocolitis: a case-control study 63

Chapter 5
Fecal bile salts and the development of necrotizing enterocolitis  
in preterm infants 79

Chapter 6
Cerebral and intestinal oxygenation in relation to the development 
of necrotizing enterocolitis 95

Part II: Clinical aspects of necrotizing enterocolitis

Chapter 7
The use of conventional laboratory parameters to predict progression 
of necrotizing enterocolitis 113

Chapter 8
Ostomy creation in neonates with acute abdominal disease: friend or foe? 129

Chapter 9
General discussion  141

Chapter 10 
Summary 159

Nederlandse samenvatting 167

Dankwoord 175

Over de auteur 183









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) 



14

C
ha

pt
er

 1

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
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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 
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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.



19General introduction and outline of the thesis

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.
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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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Abstract
Background: Prediction which infant is at the highest risk to develop NEC will be 
the key in preventive management of NEC. Since the population of affected patients 
with NEC mainly consists of vulnerable preterm infants in whom frequent blood 
sampling is highly undesirable, the ideal marker for NEC would consist of the use 
of noninvasive markers.
Objectives: To provide an overview of noninvasive markers in  the prediction of 
necrotizing enterocolitis.
Data sources: Pubmed database, reference lists of selected publications and impor-
tant research groups in the field.
Study appraisal and synthesis method: We systematically searched the Pubmed 
database for literature on the use of noninvasive markers in the prediction of nec-
rotizing enterocolitis in asymptomatic preterm infants. We limited our search to 
full-text articles published in English from January 2000 to May 2015. We refined 
our search results by selecting the appropriate articles from the ones found during 
the initial searches. The first selection was based on  the title, the second on  the 
abstract, and the third on the full text article. The quality of the selected articles was 
determined using the Newcastle-Ottawa Quality Assessment Scale.
Results: Although various studies on the use of (bio)markers in necrotizing entero-
colitis have been published in the past years, only ten studies focused on noninva-
sive markers in the prediction of the disease. Emerging markers in the prediction 
of NEC include iFABP in urine, calprotectin in feces, IL-1RA in buccal epithelium 
cells and measurement of regional tissue oxygenation using near-infrared spectros-
copy (NIRS).
Conclusion: Promising results in  the noninvasive prediction of NEC have been 
found in the past fifteen years.  These results need to be validated in larger studies 
before is can be recommend for use in clinical practice.
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Introduction
Necrotizing enterocolitis (NEC) remains among the most common gastrointestinal 
diseases in newborn infants. Over ninety percent of infants who develop the dis-
ease are born preterm. The incidence of NEC is inversely related to gestational age 
and birth weight, with a prevalence of 7 to 11% in infants weighing less than 1500 
grams.1

The pathophysiology of NEC in preterm neonates is not yet unraveled but 
is most certainly multifactorial. Preterm infants are at  high risk for necrotizing 
enterocolitis because of several characteristics of the immature intestine, includ-
ing (among others) an inadequate intestinal barrier function, an impaired immune 
defense, an excessive inflammatory response and an inadequate regulation of local 
circulation.1–4 These factors all contribute to the severe intestinal damage and 
necrosis of the intestine that is characteristic of necrotizing enterocolitis.

NEC has an unpredictable and sudden onset and it can progress rapidly 
from mild to severe disease within hours after the first symptoms arise. Given this 
acute onset and rapid progression, a marker is required that predicts which infant 
is at the highest risk to develop NEC. This may lead to opportunities for preventive 
management of NEC, which might in turn improve the clinical outcomes of these 
neonates.5,6

Although understanding of the pathophysiology of NEC remains poor, 
several of the aberrant pathophysiological processes mentioned above could be 
used to identify more or less specific markers for NEC. For instance, markers for 
enterocyte damage, intestinal inflammation or bowel ischemia could be an adjunct 
to predict the occurrence of NEC before the first symptoms arise. Since the popu-
lation of affected patients with NEC mainly consists of preterm infants in which 
frequent blood sampling is highly undesirable, the ideal marker for NEC would use 
waste materials such as urine or feces or apply non-invasive measurements such as 
Doppler sonography or near-infrared spectroscopy (NIRS).

It has been suggested recently that the early composition of the intestinal 
microbiota might be related to the development of NEC later on.7,8 Advances in 16S 
rRNA based sequencing technologies allow nowadays for detailed analysis of the 
bacterial composition of feces, including the accurate measurement of unculturable 
bacteria.9–11 These techniques might offer possibilities in both the understanding of 
the pathophysiology and early detection of NEC in the future. However, there is 
such an abundance of preliminary data regarding the microbiota in the premature 
gut that this warrants a separate discussion, which is beyond the scope of the pres-
ent paper. Therefore we did not include studies on the subject of intestinal coloniza-
tion in relation to (the prediction of) NEC onset in present study.

The aim of present study was to review suitable or potentially suitable markers 
that can predict NEC in preterm infants non-invasively. We systematically reviewed 
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studies regarding non-invasive markers for the prediction of NEC published in the 
last 15 years and provide an overview of putative predictive markers that could be 
studied in the future.

Methods

Literature search

This systematic review was conducted following the PRISMA guidelines for sys-
tematic reviews. Two researchers (AVZ and AFB) searched independently the 
PubMed database for literature on the use of non-invasive markers in the predic-
tion of necrotizing enterocolitis in preterm infants.
The following terms were used:

(“Enterocolitis, Necrotizing”[Mesh] OR Necrotising Enterocol*[TIAB] OR 
Necrotizing Enterocol*[TIAB])
AND
(“Biological Markers”[Mesh] OR biomarker*[TIAB] OR marker*[TIAB] OR 
“Sensitivity and Specificity”[Mesh] OR predict*[TIAB] OR prevent*[TIAB] 
OR prophyla*[TIAB] OR early detect*[TIAB] OR early diagnos*[TIAB] OR 
sensitivity[TIAB] OR specificity[TIAB] OR diagnosing[TIAB] OR diagnostic[TIAB] 
OR diagnosis[TIAB] OR prognosticat*[TIAB]OR “Enterocolitis, Necrotizing/pre-
vention and control”[Mesh] OR “Early Diagnosis”[Mesh])

We limited our search to full-text articles published in  English from January 1st 
2000 to May 1st 2015. We refined our search results by selecting the appropriate 
articles in three stages. The first selection was based on the title. If this indicated 
that the paper could possibly be included, our second step in  the selection was 
based on the abstract. After reading the selected abstracts, we selected the papers 
that could possibly be included in our review. Then, the third step was reading the 
full-text article. Review articles on the subject of prediction or diagnostics of NEC 
were indicated as background articles. Studies using invasive techniques (e.g. blood 
sampling), animal studies and articles focusing primary on symptomatic infants or 
term infants were excluded as we were mainly interested in non-invasive markers 
to predict NEC in asymptomatic preterm infants. Studies on the subject of intesti-
nal colonization in relation to NEC onset were excluded as they were considered as 
beyond the scope of present review.
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We classified the included articles into studies on  markers detectable 
in urine, feces, buccal epithelium or detected by non-invasive methods (e.g. ECG, 
Doppler flow velocimetry, NIRS).

Quality assessment

All selected studies were assessed for their quality using the ‘Newcastle-Ottawa 
Quality Assessment Scale for cohort and case-control studies’. This assessment scale 
consists of three parts. For cohort studies these parts include selection, comparabil-
ity and outcome, for case-control studies selection, comparability and exposure. The 
selection part consists of 4 items, with a maximum of 1 point per item. The compa-
rability part has 1 item, with a maximum of 2 points for this item. Both the outcome 
and exposure parts consist of 3  items, with a maximum of 1 point per item. This 
provides a score, ranging from 0 to 9 points, with 9 points for the highest quality.

Main results

Selected studies

The total number of initial publications retrieved via PubMed, limited on published 
in  English and between 2000 and 2015, was 1307 (Figure 1). We excluded 812 
records based on their title. Reasons for exclusion were animal studies, studies using 
invasive techniques, or studies focusing on the pathophysiology of NEC. Abstracts 
of the remaining 495 articles were assessed. Based on  the abstract we excluded 
419 additional studies for the following reasons: focusing primary on symptom-
atic infants, investigation of markers in the diagnosis and not prediction of NEC, 
or focusing on the prediction of disease progression. As a result, 76 articles were 
included for full-text analysis. The majority of these articles, however, did not focus 
on non-invasive markers of the prediction of NEC. Finally, we included 10 studies 
in our review (Figure 1), i.e. 4 studies on markers in urine,12–15 2 studies on fecal 
markers,16,17 1 study on markers in buccal epithelium,18 1 study on ECG,19 1 study 
on Doppler flow20 and 1 study on NIRS.21

Characteristics and the quality assessment scores of these 10 articles can be 
found in table 1. Main results of the included studies are depicted in table 2.
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Figure 1. PRISMA flowchart of identified articles published between January 2000 and 
May 2015 
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Quality of the studies

In the included studies, the selection of patients was generally performed adequately, 
as mostly a representative sample of high-risk, preterm infants was included. The 
overall comparability of the studies was poor to moderate, as matching criteria 
or confounder adjustment were frequently not mentioned. The outcome (cohort 
studies) or exposure (case-control studies) of the included patients was moderately 
described: authors stated in most papers that NEC was independently or blinded 
diagnosed by the Bell’s criteria, but the time of follow up was generally not men-
tioned. Taken as a whole, the quality of the included studies can be considered as 
moderate. More detailed results of the quality assessment can be found in table 1.

Urinary markers

As the bladder serves as a storage site, protein levels in urine provide information 
about secretion over a longer period of time whilst levels in plasma represent the 
actual secretion. Beside the non-invasive manner of collection, this might be an 
additional benefit for urinary markers compared to plasma markers.

As the first clinical symptoms of NEC might be preceded by subclinical, 
slowly developing damage of the intestinal barrier, markers that early detect intes-
tinal damage might be useful in the prediction of NEC.14,15 A putative marker for 
enterocyte damage is intestinal fatty acid binding protein (iFABP). IFABP is pri-
marily located in the enterocytes of the small bowel where it plays an important role 
in fatty acid metabolism and transport.22 In the event of enterocyte damage, such as 
occurs in ischemia and inflammation, iFABP rapidly leaks into the bloodstream.12 
As a result of its small molecular weight (14–15 kDa), iFABP passes easily the glo-
merular filter and is readily detectable in urine (iFABPu).12

In the past years, four studies assessed the predictive efficacy of iFABPu 
in the development of NEC.12–15 A total of 227 neonates were included, including 98 
NEC patients (Table 1). The ability of iFABPu to predict NEC was determined in the 
first week after birth, and at  respectively 7, 3  and 1 days before the first clinical 
symptoms of the disease occurred. Results were reported in either iFABP levels (in 
pg/mL)13,15 or iFABP/cru ratios (in pg/nmol)12,14, the latter to correct for variation 
in urine concentration.

The ability of iFABP to predict NEC as early as in the first week after birth 
has been studied in 55 subjects.13 An iFABP level >800pg/mL during the first 90 
hours of life predicted the development of NEC with 100% sensitivity, but was 
unspecific (50%).13

Regarding the week preceding the onset of NEC, authors found no role for 
iFABP/cru in the prediction of NEC in one small-sample study (n = 6), since four 
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of the six included NEC patients did not exceed the previously suggested cut-off 
level,23 before the first clinical symptoms of the disease occurred.12 However, in two 
prospective case-control studies (n = 140, n = 26, resp.), infants who developed NEC 
had significantly higher levels of iFABPu both 7 and 3 days15 and 1 day14 prior to 
onset of NEC. IFABP predicted the development of NEC with a sensitivity of 60%, 
65%, and 100% and a specificity of 78%, 84%, and 96% at 7, 3 and 1 day prior to 
onset of the disease, respectively.

Fecal markers

In general, the measurement of fecal markers may have limited utility in very small 
neonates, because feces samples are not necessarily available at all times. Despite 
this theoretical disadvantage, two studies regarding the use of fecal markers in the 
prediction of NEC have been published in the past years. They focused on calpro-
tectin (S100A8/S100A9)17 and calgranulin C (S100A12)16, respectively.

The development of NEC might be preceded by a low-grade inflammatory 
process of the immature gut, which does not yet lead to clinical signs. Markers 
that detect subclinical inflammatory responses might be potentially useful in the 
prediction of NEC.

Fecal calprotectin, or S100A8/S100A9, has been previously used as a marker 
of intestinal inflammatory diseases in both adults and children.7,24 Although optimal 
cut-off values have not been determined yet in pediatric patients, a level of 50 ug/g has 
been suggested as the most proper cut-off point.25 Calprotectin is a 36-kDa calcium 
and zinc binding protein with antimicrobial activity, which is predominantly present 
in the cytosol of human neutrophils.26,27 It is released upon inflammatory activation 
in the gut and, as a result of transepithelial migration of myeloid cells, readily detect-
able in feces.28–30 Fecal calprotectin has been found significantly increased in preterm 
infants diagnosed with NEC.7,31,32

In a prospective cohort study (n = 206), an upper cut-off value of 110 ug/g 
showed high sensitivity and specificity (89% and 87%, resp.) to detect moderate 
NEC 24 hours before onset of clinical symptoms (Table 2).17 Very low fecal calpro-
tectin concentrations were found in  fulminant NEC and a  lower cut-off value of 
<24ug/g detected fulminant NEC prior onset of clinical symptoms with a sensitivity 
of 84% and specificity of 72% between the 7th and 28th day of life. Although these 
findings seem to provide evidence that measurement of fecal calprotectin might be 
a useful screening tool, they must be verified in further prospective studies before it 
can recommended for use in clinical practice.17

Another member of the S100 family is calgranulin C. Calgranulin C is also 
present in  the cytosol of neutrophils. As a  damage-associated molecular pattern 
protein, it is endogenously released under conditions of cell stress.16 In intestinal 
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inflammation, calgranulin C is therefore readily detectable in feces and plasma.16 
In a prospective cohort trial (n = 145) the ideal cutoff value for identifying patients 
with NEC within 7  days before disease onset was suggested to be >65 ug/kg.16 
Although sensitivity was relatively high (76%), the specificity was very low (56%). 
Furthermore, the age-dependency in general and the overlap between fecal levels of 
calgranulin in patients with NEC and controls might limit the utility of this marker 
in clinical context.16

Buccal epithelium

Another way to non-invasively obtain biologic material from preterm neonates is 
by swabbing the buccal epithelium. The great advantage of this technique com-
pared to feces and urine sampling is the availability of the required material: buccal 
epithelium can be obtained at  (almost) any time, whilst the production of feces 
and urine might be limited in preterms, especially during illness. As buccal epithe-
lium and intestinal epithelium are from the same embryologic origin, evaluation 
of buccal cells might provide insight in the intestine and the complex physiologic 
processes that are thought to occur prior to the onset of NEC.18

In a pilot study using proteomics, Torrazza et al. characterized several can-
didate biomarkers which were altered prior to the onset of NEC in the buccal swabs 
of preterm neonates.18 One of these markers was interleukin-1 receptor antagonist 
(IL-1RA). Normally, IL-1RA binds the IL-1 receptors at  the cell surface to pre-
vent IL-1 from sending pro-inflammatory signals to that cell. Low levels of IL-1RA 
might result in neutrophils accumulation, complement activation and inflamma-
tion.18 In the first part of the study, the discovery phase, IL-1RA was decreased prior 
to the onset of NEC in the group of infants that ultimately developed NEC (n = 3) 
compared to controls (n = 3). In the validation part of the study, IL-1RA showed 
a trend to be lower in NEC infants (n = 10) compared to controls (n = 10) within 
2 to 3 weeks prior to the development of NEC. Authors suggest therefore that low 
levels of IL-1RA potentially play an active role in the pathophysiology of NEC and 
may serve as candidate marker for prediction of NEC.18

Non-invasive measurement of intestinal circulation

Impaired perfusion of the intestinal circulation seems to play an essential role 
in  the development of NEC.21,33,34 This impaired circulation might be a result of 
various prenatal and early postnatal factors, such as abnormalities in the develop-
ment of the splanchnic circulation in fetal life or vasoconstriction of the circula-
tion in neonatal life.35,36 Markers that detect this altered perfusion in neonates may 
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be useful in the early prediction of the development of NEC.21,37 In the past years, 
two studies regarding the non-invasive detection of impaired intestinal perfusion 
in relation to the development of NEC have been published: the first on flow velo-
cimetry of the superior mesenteric artery,35 and the second on regional intestinal 
tissue oxygen saturation.21

Murdoch et al. found in a prospective study in 64 preterm infants (NEC: 
n = 10), that a  high-resistance flow in  the superior mesenteric artery (SMA) 
on the first day after birth was associated with the development of NEC later on.35 
After adjustment for gestational age, a significant positive association between 
the risk of NEC and SMA pulsatility index (OR: 3.77) and a negative association 
with the SMA end-diastolic velocity (OR: 0.79) was found. These results suggest 
that Doppler examination of the SMA in  the early neonatal period might be 
useful to identify infants with considerably increased risk to develop necrotizing 
enterocolitis later on.35

An accurate method to measure regional tissue oxygen saturation (rSO2) 
non-invasively is by near-infrared spectroscopy (NIRS).21,36 Abdominal NIRS may 
be useful in detecting differences in splanchnic oxygenation related to NEC.36 Patel 
et al. performed a prospective cohort study in preterm infants (n = 92: 14 NEC) 
and measured abdominal rSO2 (rintSO2) daily for five minutes during the first week 
of life.21 They found lower rintSO2 values during the first week after birth in preterm 
infants who later developed NEC compared to infants who did not develop NEC.21 
An rintSO2 less than 56% in the first week identified preterm infants in whom NEC 
developed with a high sensitivity and specificity (86% vs. 96%, resp.) (Table 1). 
Additionally, they found that rintSO2 was lower and showed less variability just 
before NEC onset, when symptoms were not yet present.21 Abdominal NIRS may 
therefore allow for early identification of infants at high risk for NEC.

Heart rate variability

A widely used tool in  neonatal care is the surface electrocardiogram (ECG). 
Waveforms at  the ECG can be used to determine heart rate variability (HRV).19 
HRV can be considered as a  non-invasive measure of the autonomic nervous 
system regulation and is altered by several pathophysiological factors including 
stress and inflammation.19 Analysis of the frequency domains of the HRV can give 
additional information on the influence of both sympathetic and parasympathetic 
activity. In particular, the high frequency (HF)–HRV provides a measure of vagal 
efferent activity.19,38

In the preterm infant, immature vagal innervation might result in low intesti-
nal motility and reduction in both anti-inflammatory response and intestinal immune 
defenses.19 All of these factors are thought to be involved in the pathophysiology of 
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NEC.1 Low vagal tone was therefore suggested to contribute –indirectly- to the patho-
genesis of NEC and be a predisposing factor in preterm infants for the development 
of NEC later on.19

Doheny et al. found in  a  prospective study in  70 preterm infants (NEC: 
n = 9), that a HF-HRV of <4.67ms2 infants who developed NEC discriminated from 
those who did not with both high sensitivity and specificity (89% vs. 87%, resp.) 
during the first week of life.19 Authors suggest therefore that a low vagal tone (as 
determined by a  low HF power) in  the first week of life might be an important 
marker of vulnerability for subsequent development of NEC.

Discussion
The aim of this study was to review suitable, or potentially suitable, markers that 
can non-invasively differentiate preterm infants who will develop necrotizing 
enterocolitis from those who will not. In this way, we systematically reviewed lit-
erature on this topic published during the past fifteen years, and provided an over-
view of emerging candidate markers. Although only a small number of papers have 
been published on  this subject, several markers could possibly be useful for the 
prediction of NEC. When we focus on non-invasive measurements, urine (iFABP), 
feces (calprotectin), buccal swab (IL-1RA), measurement of vagal tone (HF-HRV 
on ECG) and measurement of intestinal circulation (by Doppler or NIRS) stand out 
as possible markers.

Urinary iFABP, a marker of enterocyte damage, has been among the most 
commonly studied potential markers for the prediction of NEC.39 Given the clear 
association with intestinal damage, and a  high specificity (78%-96%) to predict 
NEC several days prior to onset of the disease,13–15 iFABP might be considered as 
among the most promising predictive biomarkers studied so far. However, there is 
no consensus in the literature how many days before the onset of NEC iFABP has 
predictive value, as reported results range from 7 days to 24 hours before clinical 
symptoms.13–15 A potential limitation of iFABP as predictive marker could be the 
low sensitivity to predict NEC at  respectively 7  versus 3  days prior the onset of 
the disease (60% and 65%, resp.).15 This low sensitivity suggests that detection of 
intestinal damage might not be possible in at least a part of the patients several days 
before the onset of NEC.

Fecal calprotectin, a marker of intestinal inflammation, has shown high sen-
sitivity and specificity to predict moderate NEC within 24 hour prior to onset of 
the disease.17 However, the reported results were found in a small number of infants 
without the inclusion of relevant control infants with other inflammatory illnesses 
such as sepsis. Furthermore, as both high levels and high interindividual varia-
tions in  fecal calprotectin have been reported in unaffected neonates during the 
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first month of life,26,28 prospective studies in a larger group of preterm infants are 
needed to investigate the usefulness of fecal calprotectin in neonatal care in general, 
and as predictive marker for NEC in preterm infants specifically.

Preliminary data on the use of proteins in the buccal epithelium for the pre-
diction of NEC showed promising results for IL-1RA.18 These results were however 
found in one pilot-study with a small sample size. Further studies are needed to 
validate this marker. Moreover, although buccal swabbing seems a safe and non-
invasive technique to obtain samples, the clinical applicability has yet to be deter-
mined, especially in neonates with a very small birth weight.

Intestinal ischemia is thought to play a crucial role in the pathophysiology 
of NEC.33 Doppler examination of the SMA and measurements of regional tissue 
oxygen saturation (rSO2) in  the early neonatal life have both shown promising 
results in the identification of infants who are at high risk to develop necrotizing 
enterocolitis.21,35 Murdoch et al. found an increased risk of developing NEC in neo-
nates with high resistance patterns of blood flow in the SMA on the first day of life. 
Odds ratios for the prediction of NEC were, however, moderate (0.89–3.77).35 Patel 
et al. demonstrated that abdominal tissue oxygenation values were lower in  the 
first week after birth in infants who later developed NEC.21 They found, however, 
a relatively low specificity to predict NEC (64%). Furthermore, in the study of Patel 
et al., infants with NEC were of lower gestational age and had lower birth weight 
than controls, which may have biased the results as measurement of regional tissue 
oxygenation might be gestational age dependent.40 The measurements in both stud-
ies were performed with a low frequency and during a short period of time: only 
once,35 or for five minutes daily,21 in the first week of life. Whether the results of 
these measurements reflect a  true state of intestinal perfusion or just a moment 
in time remains to be seen. Additionally, none of the studies included prenatal fac-
tors that might also have influenced the intestinal perfusion early after birth.

It has been suggested recently that the early composition of the intestinal 
microbiota might be related to the development of NEC later on. Finding a correla-
tion between bacterial patterns early after birth and the development of NEC might 
offer possibilities in  the prediction of NEC by non-invasive markers. Promising 
studies on the early microbial signatures in both feces and urine have been pub-
lished recently and might provide highly predictive non-invasive markers of necro-
tizing enterocolitis in the future.8–11

Only ten studies on non-invasive markers in  the prediction of NEC were 
published in the past fifteen years. We were surprised by this small number as the 
number of publications on biomarkers in neonatology has increased considerably 
over the past decade. Most of these studies, however, focused on invasive markers 
(e.g. detectable in plasma) or markers in  the diagnosis or prediction of the pro-
gression of NEC. Although most of the included studies were prospective trials, 
numbers were generally small and usually from a single center. The overall quality 
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of papers as measured with the Newcastle-Ottawa methodology was average. This 
small number of papers together with the great need for noninvasive markers in the 
prediction of NEC underlines the need for further research.

We recognize several limitations to our systematic review. First, there is 
a considerable risk of publication bias. We did not find studies presenting negative 
results: such studies might not have been published. This may lead to an overes-
timation of the published results. Second, the number of cases included in most 
studies was quite small. Additional prospective studies will therefore be needed to 
validate the described results.

Conclusion
We provided an overview of the existing literature of noninvasive technologies 
in  the prediction of NEC. Only a  small number of papers have been published 
on this topic in the past fifteen years. This systematic review shows however prom-
ising results for the prediction of NEC using noninvasive tools. Emerging candidate 
markers include iFABP in urine, calprotectin in feces, IL-1RA in buccal epithelium 
cells and measurement of regional tissue oxygenation (using NIRS). Validation 
in larger studies is required to develop the best predictive strategy for NEC, in order 
to prevent this devastating disease.
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Abstract
Objective: To date, pediatricians have no way of predicting early development 
of necrotizing enterocolitis (NEC). Urinary intestinal fatty acid-binding protein 
(iFABP), a marker of loss of gut wall integrity, has been proposed as a promising 
measure to predict NEC. Our objective was to assess the value of iFABP to predict 
NEC in preterm infants. 
Study design: A prospective, case-control study of hundred high-risk neonates. We 
matched every NEC case with four controls on birth weight and gestational age. The 
ratio of iFABP to creatinine (iFABP/cru), expressed in pg/nmol, was measured three 
times a week from Day 1 until five weeks after birth, or until definite NEC (Bell’s 
Stage ≥ II) was diagnosed. We determined the differences in iFABP/cru during the 
first week after birth, the week preceding NEC onset, and after clinical suspicion of 
the disease ( < 48 hours). 
Results: Ten infants developed NEC. During the first week, we found no differences 
in iFABP/cru between infants who ultimately developed NEC and controls. During 
the week preceding NEC, we again found no differences in iFABP/cru between cases 
and controls. After the first clinical suspicion of NEC, the iFABP/cru ratios were 
higher in  infants with NEC (4.0, 2.9–14.4) compared to controls (2.41, 0.1–7.4); 
P = < .01.
Conclusions: IFABP/cru ratios cannot predict NEC in  asymptomatic preterm 
infants. Acute intestinal damage can be detected with iFABP in symptomatic pre-
term infants. Our results support the hypothesis that NEC is a disease in which 
intestinal damage rapidly leads to clinical signs. 
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Introduction
Necrotizing enterocolitis (NEC) is the most frequent gastrointestinal disease 
in neonates. Mortality can be as high as 50% and both short- and long-term mor-
bidity are prevalent.1,2 Several risk factors are associated with the development 
of NEC, including low birth weight ( < 1000 g), low gestational age ( < 30 weeks’ 
GA),3,4 decreased intestinal circulation caused, e.g. by cardiovascular disorders,3,5 
and maternal tocolysis by indomethacin.6–8 

Although risk factors for NEC are well described, it is not yet possible to 
predict which high-risk neonates will ultimately develop NEC. Early identification 
of such patients is the key to both prevention and early treatment of NEC. Several 
markers have been proposed as potentially useful in  the prediction of NEC.9 
One such marker is intestinal fatty acid-binding protein (iFABP).10–12 IFABPs are 
small intracellular proteins localized in the epithelium of the small intestines.13–15 
Normally, the level of iFABP in plasma is low or undetectable, but during ischemia 
or injury, as is the case in NEC, iFABPs rapidly leak from the damaged cells and 
lead to high iFABP levels. Due to its small molecular weight (13–14 kDa), iFABP is 
readily excreted by the kidneys and detectable in urine (iFABPu).16,17 

Previously, we demonstrated the strong correlation between urinary and 
plasma levels of iFABP.18 This finding indicated that levels of iFABPu can provide 
specific and actual information about intestinal epithelial cell injury without the 
use of invasive measurements. The advantages for preterm infants of non-invasive 
measurements that minimize blood loss and subsequent anemia caused by the 
repetitive and frequent blood sampling are obvious.18,19

A few studies have focused on the abilities of iFABP to predict NEC before 
clinical suspicion of the disease. Elevated iFABPu levels during the first days after 
birth might be the initial sign of any perinatal, subclinical mucosal damage that 
predisposes to NEC and that has been found in infants who subsequently devel-
oped NEC.11,20 Recently, Gregory et al. suggested that iFABPu is a useful predictor 
of NEC within a week and, even more strongly so, within three days preceding the 
diagnosis.12 Most of these studies, however, did not include early postnatal mea-
surements nor were serial iFABP changes analyzed. 

Our first aim, therefore, was to determine the ability of iFABPu to predict 
NEC in a cohort of high-risk neonates, 1) as early as during the first week after 
birth, and 2) in the week prior to clinical suspicion of NEC. Our second aim was 
to confirm intestinal involvement by using iFABP in the infants of this cohort who 
indeed developed NEC. 
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Methods

Subjects

We performed a case-control study. Cases and controls were derived from a pro-
spective, observational cohort study conducted at the neonatal intensive care unit 
of University Medical Center Groningen. The study was registered with the Dutch 
Trial Registry as the ‘CALIFORNIA-trial’ under number NTR415321 and was 
approved by the local medical ethics committee. 

Consecutively, we enrolled 100 infants who had been admitted to our neo-
natal intensive care unit and who were at high risk of developing NEC. Eligible for 
enrolment were infants whose postnatal age was less than 48 hours and who either 
had, 1) birth weight (BW) ≤ 1000g, or 2) gestational age (GA) ≤ 30 weeks, or 3) GA 
between 30–32 weeks and BW ≤ 1250g (small-for-gestational age), or 4) maternal 
use of indomethacin for tocolysis, or 5) left-side cardiovascular disease leading to 
reduced splanchnic blood flow. Patients with abdominal wall defects or other con-
genital intestinal diseases were excluded. 

After obtaining informed parental consent in writing, all data were collected 
prospectively and included demographics, e.g. gender, GA, BW, and patient-spe-
cific and/or maternal-specific data. 

For the present case-control study, we selected all NEC cases and matched 
four controls to each infant who developed NEC. We used GA and BW as matching 
criteria, allowing a maximum deviation of approximately 10%.

NEC diagnosis

NEC was diagnosed when pneumatosis intestinalis, portal venous gas, or both were 
present on abdominal radiological examination (NEC Bell’s Stage ≥ II). The diag-
nosis was established by the attending radiologist and neonatologist. Afterwards, 
five physicians classified the infants independently according to modified Bell’s 
stages.22,23 Consensus was reached in all cases. We defined the time of first clinical 
suspicion of the disease as the first abdominal x-ray within the NEC episode.  
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Sample collection and assay procedures

We collected the first urine sample within 48 hours after birth and three times 
a week thereafter at equal intervals for five weeks or until the infant was discharged 
from hospital, whichever came first. Study endpoint was the development of NEC 
Bell’s Stage ≥ II. 

Urine was collected by placing cotton in the diaper for at least two hours. 
Once saturated, the cotton was squeezed into a sterile syringe and urine was pressed 
into a urine tube, as described previously.18 Urine tubes were frozen at minus 80° C 
until batch analysis. 

The iFABPu level was determined by means of sandwich ELISA based 
on capture and biotin-labeled detection antibodies from R&D systems (Abingdon, 
UK). Streptavidin-HRP and OPD substrate was used to quantify the amount of 
iFABP. The standard curve had a highest level of 2 ng/ml. Samples were diluted 1:1 
in 0.1% BSA/PBS buffer.

To compensate for physiological variations in urine concentrations, we cal-
culated the iFABPu to urinary creatinine (cru) ratio. The level of cru was determined 
by a standard laboratory assay. The iFABPu to cru (iFABP/cru) ratio was calculated 
for each sample and expressed in pg/nmol.

We limited data to the three urine samples collected during the first week 
after birth, i.e. < 48 hours after birth, Day 3, and Day 5; the four urine samples col-
lected in the week prior to NEC onset, i.e. six to seven days, four to five days, two to 
three days, and < 24 hours before the onset of NEC; and the urine sample collected 
within 48 hours after the first clinical suspicion of NEC. Urine sampling in the con-
trols was adjusted according to the postnatal age of the neonates with NEC. 

Sample size calculation

Calculating the size of the sample was based on two previous pilot studies on the 
use of iFABP/cru as a marker in the diagnostics of NEC.15,16 Subjects suspected of 
NEC, and who ultimately indeed developed NEC, had a urine iFABP/cr ratio of 
3.9 pg/nmol (SD 1.9), while subjects without NEC had an iFABP/cru ratio of 1.2 
pg/nmol (SD 0.9).16 A ratio of 2.2 pg/nmol iFABP/cru was taken as the cutoff point 
to differentiate neonates with NEC from neonates with other diagnoses.15 Using 
these values the following sample sizes were calculated. To show a difference in the 
iFABP/cru ratio of ≥ 1.0 with a power of .80 and an alpha of .05, a  total of nine 
infants who developed NEC and 35 matched controls had to be included. 
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Statistical analysis

For statistical analyses we used SPSS 22.0 software for Windows (IBM SPSS 
Statistics 22, IBM Corp., Armonk, New York, USA). 

Comparisons were made using a chi-square test (independent variables) for 
categorical variables and the t test or Mann-Whitney test for continuous variables, 
as appropriate. Comparisons in iFABP/cru ratios within subgroups (dependent vari-
ables) in the first week after birth were made using the Wilcoxon signed rank test. 

In order to detect differences over time within each group and between NEC 
cases and controls in  the week preceding NEC onset, we used multilevel analy-
sis by generalized estimating equation (GEE) with iFABP/cru ratio measurements 
nested within subjects and within clusters of cases and their controls, and with 
an exchangeable correlation structure.  Values of iFABP/cru at  six to seven days 
preceding NEC onset served as baseline.

Variables are presented as n (%) for categorical and ordinal variables or as 
median (range) for continuous variables. We reported our results in median includ-
ing ranges. All tests were two-sided and a P value < .05 was considered statistically 
significant.

Results
A total of 100 high-risk infants, of whom 53% were males, were enrolled in  the 
study between October 2012 and February 2014. The infants were included on the 
basis of 1) BW ≤ 1000 g (n = 1), 2) GA ≤ 30 weeks (n = 41), 1/2) both BW ≤ 1000 g 
and GA ≤ 30 weeks (n = 45), 3) GA between 30–32 weeks and BW ≤ 1250 g (small-
for-gestational age) (n = 1), 4) maternal tocolysis using indomethacin (n = 2), and 5) 
left-side cardiovascular disease (n = 10). 

At the end of the study it appeared that in one case NEC was already present 
on admission, therefore this infant was excluded. Another infant developed NEC 
on Day 43 after birth, but urine collection ended after five weeks (Day 36) after 
birth, so this infant was not included in the analyses either. 
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Enrolled in study protocol
n = 100

Final cohort
n = 99

NEC symptoms
before inclusion 

n = 1

No NEC
n = 88

NEC
n = 11

No informed consent 
or

inclusion >48h postpartum
n = 51

NEC after study period 
n = 1

Included NEC cases
n = 10

Prospective cohort

Case-control
Controls

n = 40

Eligible for inclusion
N = 151

Figure 1. Flowchart of the prospective cohort trial and 
of the case and control patients enrolled

The final cohort consisted of 98 infants. Ten infants developed NEC 
at a median of ten days after birth (range 4–30). None of these infants had been 
enrolled in the study on the basis of a congenital heart disease (inclusion criterion 
5). Bell’s Stage II occurred in two infants and Bell’s Stage III in eight.  Seven infants 
underwent surgery. In one infant surgery was indicated, but not performed, due 
to the infant’s poor clinical condition. Three out of the ten infants who developed 
NEC (33%) died as a consequence of the disease.

For each infant who developed NEC four control infants were selected 
from the remaining 88 infants, resulting in a total of 40 controls. Figure 1 presents 
a flow chart of the infants who were enrolled. Table 1  shows the demographic 
and clinical characteristics of the study population. These characteristics were not 
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different between the cases and controls except for the occurrence of prolonged 
premature rupture of membranes (40% versus 12.5%, NEC versus controls, 
respectively, P = .04) (Table 1).

Table 1. Demographic characteristics of the study population
Characteristic NEC (n = 10) Controls (n = 40) P

Gestational age (weeks) a 27.5  (24.57–29.43) 27.7 (24.0–29.86) .67

Birth weight (gram) a 1010 (775–1630) 995 (615–1735) .99

Male b 5 (50) 17 (42.5) .67

Twinb 3 (30) 11 (27.5) .88

Antenatal steroids b 9 (90) 35 (87.5) .83

Cesarean section b 3 (30) 22 (55) .16

Maternal age (yrs) a 31 (19–41) 28 (20–42)
.32

Reason prematurity b

PPROM ( > 24h)
Spontaneous
Induced birth–maternal
Induced birth–fetal
Induced birth–maternal and fetal

4 (40)
3 (30)
2 (20)
1 (10)
0

  5 (12.5)
20 (50)
  6 (15.0)
  9 (22.5)
  0

.04
.26
.70
.38

APGAR score a

1-minute
5-minute
10-minute

4.5 (1–7)
7.0 (1–9)
8.0 (4–10)

5.0 (0–10)
7.0 (0–10)
8.0 (3–10)

.50

.98

.49

Antibiotics during first 48 hours after birth b 8 (80) 34 (85) .70

Prolonged antibiotic treatment 
( > 48 hours after birth)b

6 (60) 17 (42.5) .33

Sepsis during study period b ^ 7 (70) 16 (40) .09

hsPDAb 4 (40) 15 (37.5) .88

Ibuprofen treatment hsPDAb 4 (40) 15 (37.5) .88

Mechanical ventilation during study inclusion b 7 (70) 27 (67.5) .88

RBC transfusion b

RBC in 48 hours before NEC onset b
8 (80)
2 (20)

28 (70)
Not applicable

.53

Length NICU stay (days) a 40 (6–89) 31 (5–103) .19

Death b 3 (30) 5 (12.5) .18

NEC Bell’s Stage II
NEC Bell’s Stage III

2 (20)
8 (80)

Onset NEC (days after birth)a 10 (4–30)

Surgery b 7 (70)

Data are expressed as amedian (range) or bnumber (percentage).

Abbreviations: NEC – necrotizing enterocolitis; NICU – neonatal intensive care unit; hsPDA hemodynamically 

significant patent ductus arteriosus; PPROM – preterm premature rupture of membranes; RBC – red blood cell; 

^positive blood culture.
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Figure 2A. IFABP/cru ratios in NEC cases and controls in the first week after birth.
Median values of iFABP/cru measurement in the first week after birth (within 48 

hours, at 3 and 5 days after birth) in infants who developed NEC (cases) and their 
controls. Data are shown in Tukey boxplots. Dots represent outliers (more than 3/2 

times the upper quartile). No statistically significant differences were found.

IFABP/cr
u
 ratios during the first week after birth 

The iFABP/cru ratios in  the first urine sample after birth did not differ between 
cases and controls (NEC 0.51 pg/nmol (0.14–6.04) versus controls 1.94 pg/nmol 
(0.05–16.3), P = .33). IFABP/cru ratios measured on  Day 3  and Day 5  after birth 
did also not differ (Day 3, NEC 0.9 pg/nmol (0.3–4.3) versus controls 0.8 pg/nmol 
(0.1–4.1) P = .8, Day 5, NEC 1.81 pg/nmol (0.2–2.9) versus controls 0.9 pg/nmol 
(0.1–3.7) P = .2) (Figure 2A).

IFABP/cr
u
 ratios during the week preceding NEC 

The iFABP/cru ratios during the week preceding NEC did not differ in NEC cases 
and controls (Table 2, Figure 2B). Moreover, multilevel analyses regarding changes 
in iFABP/cru ratios over time did also not differ between cases and controls. 
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Figure 2B. IFABP/cru ratios in relation to clinical suspicion of NEC.
Median values of iFABP/cru measurement in the week prior to NEC onset and within 48 

hours after NEC onset in infants who developed NEC (cases) and their controls. Data are 
shown in Tukey boxplots. Dotted line represents clinical suspicion of NEC (first abdominal 
x-ray). Dots represent outliers (more than 3/2 times of upper quartile). * indicates P < .05.

IFABP/cr
u
 ratios after clinical suspicion of NEC

After the first clinical suspicion of the disease, iFABP/cru ratios were significantly 
higher in NEC cases (4.0 pg/nmol, range 2.9–14.4) compared to controls (2.3 pg/
nmol, range 0.1–7.4), P < .01 (Figure 2B). Within NEC cases, iFABP/cru ratios were 
significantly higher compared to ratios measured more than two days prior to sus-
picion of NEC (Figure 2B, Table 2). 
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Table 2. IFABP/cru ratios in relation to clinical suspicion of NEC
Time in relation to clinical suspicion of NEC NEC (n = 10) Controls (n = 40) P

Time prior to clinical suspicion of NEC

6 – 7 days 0.9 (0.1–4.9)  # 2.0 (0.1–7.7) .2

4 – 5 days 1.8 (0.3–4.4)  # 1.0 (0.1–5.9) .3

2 – 3 days 2.1 (0.2–6.1)  # 2.1 (0.1–7.2) .8

 < 24 hours 3.1 (0.3–5.97) 2.4 (0.2–7.6) .2

Time after clinical suspicion of NEC

 < 48 hours 4.0 (2.9–14.4) 2.3 (0.1–7.4) * .005

Median values of iFABP/cru measurements (pg/nmol) in the week prior to NEC onset and within 48 hours after 

NEC onset in  infants who developed NEC (cases) and their controls. Data are presented as median (range).  

*indicates P < .05. # indicates P < .05 when compared to iFABP/cru < 48 hours after clinical suspicion.

Discussion
In this study we demonstrated that iFABP/cru ratios proved unable to predict which 
preterm neonate would develop NEC. During the first week after birth, iFABP/cru 
ratios in  infants who ultimately developed NEC did not differ in comparison to 
their matched controls. In the week preceding the development of NEC, we found 
no differences in iFABP/cru ratios between NEC cases and their controls, nor did 
we find a  significant increase in  iFABP/cru in  infants who ultimately developed 
NEC. However, after the clinical suspicion of NEC had arisen, i.e., after the first 
abdominal x-ray, the levels of iFABP/cru were significantly higher in infants with 
NEC compared to controls, and compared to iFABP/cru measurements in infants 
with NEC before clinical suspicion. 

The iFABP/cru ratios between the cases who ultimately developed NEC and 
their matched controls did not differ during the first week after birth. Previously, 
Mannoia et al. reported elevated levels of iFABPu ( > 800 pg/mL) during the first 
days after birth in all infants who went on to develop NEC days, or even weeks, 
later.11,20 However, the iFABP levels had not been corrected for creatinine, and 
therefore, were not adjusted for postnatal variations in kidney function or urine 
concentration. In the present study, the range in iFABP/cru ratios during the first 
week after birth was wide in both cases and controls. We found some of the high-
est levels in patients who did not contract NEC. This finding suggests that various 
other transitional perinatal factors, such as birth, the introduction of enteral feed-
ing, or the use of antibiotics, might have affected the neonatal gut and could thus 
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have been the cause of elevated iFABP levels. Elevated levels of iFABP during the 
first days after birth do not seem to be the first sign of any mucosal damage that 
relates to the development of NEC later in life. 

During the week preceding the onset of NEC, we also found no differences 
in iFABP/cru ratios between NEC cases and controls. Even iFABP/cru ratios measured 
within 24 hours prior to the first clinical suspicion of NEC did not differ in  cases 
and controls. Our findings contradict the findings of other studies.11,12 Gregory et al. 
reported that within seven days of diagnosis, the iFABP levels among NEC cases are 
higher than those of controls and that they are even more predictive within three 
days of NEC.12 This relationship is evident among infants with Bell’s Stages I and III; 
surprisingly not in Bell’s Stage II. Nevertheless, Gregory et al. measured iFABP levels 
up to the time of NEC diagnosis, based on documentation of the attending neonatolo-
gist’s diagnosis and initiation of treatment for NEC. Possibly, a clinical suspicion of 
NEC, in that iFABP levels were already elevated, was present before the diagnosis was 
confirmed. We analyzed the predictive value of iFABP/cru ratios until the first clinical 
symptoms of NEC, defined as the first abdominal X-ray within the NEC episode. 

In a study by Gollin et al., a level of iFABP/cru > 10.2 pg/nmol one day prior 
to the first sign of NEC predicted NEC with a sensitivity of 100% and a specificity 
of 95.6%.11 These results were found in five infants with NEC. Samples of NEC cases 
and controls were not matched for postnatal day. Although the authors described 
how they characterized the diagnosis of NEC Stages II and III, they did not men-
tion what they took to be the first sign of the disease. In the present study, the first 
abdominal x-ray within the NEC episode was taken as the first sign of the disease. 
On the day prior to this abdominal x-ray, the iFABP/cru levels were not different 
in cases and controls. None of the ten NEC cases exceeded the 10.2 pg/nmol level 
of iFABP/cru on the day prior to the first clinical suspicion, although some of them 
did so after NEC was suspected. Our findings suggest that iFABP/cru measurements 
have no clear predictive value prior to clinical suspicion of NEC.  

We found significantly higher levels of iFABP/cru ratios in cases compared 
to controls after the clinical suspicion of NEC had arisen. This observation supports 
the hypothesis that NEC is a disease with an acute clinical onset in which intestinal 
damage rapidly leads to clinical signs.15 This is in line with preceding studies inves-
tigating the usefulness of measuring iFABP for diagnosing NEC.10, 15–17, 24, 25 Higher 
levels of plasma iFABP were found in neonates with NEC compared to healthy con-
trols.14,25 Besides, an increase in iFABPu is described in neonates suspected of NEC 
who ultimately developed NEC compared with neonates with other diseases.15 
Although our results are promising in so far as iFABPu is a useful measurement 
for diagnosing NEC, our results also suggests that iFABPu is not useful to predict 
imminent NEC in infants at risk of this disease. 
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To the best of our knowledge this is the first study that prospectively inves-
tigated iFABP/cru ratios in a large cohort of high-risk infants over time. Our results 
demonstrate clearly that iFABP/cru ratios have no role in  the early prediction of 
imminent NEC in preterm infants. The strength of our study is its prospective design 
and – with regards to the power analysis – the size of our sample. We collected urine 
three times a week for five weeks after birth. The case-control study design enabled us 
to match each NEC case to four controls based on GA and BW. Furthermore, samples 
of cases and controls could be compared appropriately on the same postnatal day. 

We also recognize several limitations. First, we performed our study at  one 
center. This did, however, allow us to enroll a homogenous study population, and varia-
tion in sample collection and laboratory procedures were minimal. Second, we did not 
evaluate the influence of episodes of sepsis and feeding intolerance on the iFABPu levels 
separately. Previously, elevated levels of iFABP u were found during such episodes.11 

To conclude, our study clearly demonstrates that iFABP/cru ratios cannot be 
used to predict NEC in asymptomatic preterm infants. A reliable predictor should 
be highly sensitive so as to predict NEC accurately irrespective of the presence 
of other diseases. Only such a sensitive predictor will help to improve the care of 
high-risk preterm infants and NEC patients. Our results support the hypothesis 
that NEC is a disease with an acute clinical onset in which intestinal damage rap-
idly leads to clinical signs. Intestinal damage can be detected with urinary iFABP 
in symptomatic preterm infants with definite NEC. 
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Abstract
Objective: To investigate whether serial measurements of fecal calprotectin concen-
trations in high-risk neonates enable us to identify infants who will develop NEC. 
Methods: We performed a  prospective case-control study in  hundred high-risk 
neonates. We matched every NEC subject with three controls on birth weight and 
gestational age. Fecal calprotectin (µg/gram feces) was measured two times a week 
from Day 1 until five weeks after birth or until definite NEC (Bell’s Stage ≥ II) was 
diagnosed. We determined the individual postnatal course of fecal calprotectin 
within subjects who developed NEC. Differences in fecal calprotectin concentration 
between NEC subjects and controls in the week preceding NEC onset were analyzed. 
Results: Ten infants developed NEC. We identified high fecal calprotectin concen-
trations in all neonates during the first weeks of life, including high inter- and intra-
individual ranges. We found no differences between NEC subjects and controls 
in fecal calprotectin levels in the week before the first clinical suspicion of NEC. 
Within NEC subjects, no intra-individual rise in calprotectin concentrations was 
detected before clinical symptoms of the disease occurred.
Conclusions: The present study supports the previous findings of high concentra-
tions and wide interindividual variation in calprotectin in preterm infants during 
the first weeks of life. Wide intra-individual variation further precludes the serial 
use of calprotectin concentrations in the early detection of NEC in high risk infants. 
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Introduction
Necrotizing enterocolitis (NEC) is one of the most common and devastating dis-
eases in neonates.1  NEC mainly affects preterm infants, with a prevalence of 7% 
among infants with a birth-weight < 1500gr.1 Mortality rate can reach 50%, with the 
highest rate among preterm infants requiring surgery.1,2 

The pathogenesis of NEC is incompletely understood but is thought to be 
multi-factorial.1 Factors that have been suggested to confer a  predisposition to 
NEC include intestinal immaturity, abnormal intestinal microbial colonization 
and a  highly immunoreactive intestinal mucosa.1,3 The disease entity of NEC, 
however, may include cases with different initial pathogenesis, ranging from an 
acute ische mic event to a more slowly, and subclinical developing inflammatory 
process.3 Detection of this inflammatory process before the first clinical signs of 
NEC enables preventive interventions and early, specific treatment of the disease. 

A marker of intestinal inflammation is fecal calprotectin.4 Calprotectin has 
been used successfully in children and adults for the detection of gastro-intestinal 
inflammation.3–5 Calprotectin is a  calcium- and zinc-binding protein (36.5-kDa) 
and is predominantly found in neutrophils and macrophages, where it constitutes 
as much as 60% of the protein in  the cytosol.3–6 Calprotectin is released upon 
inflammatory activation in the gut and, as a result of transepithelial migration of 
myeloid cells, readily detectable in feces.3,6,7 It may therefore be a marker of NEC 
and would be of particular use in  the prediction of the disease if  it detects any 
subclinical inflammatory processes.3 

Previously, calprotectin has been considered as a  promising diagnostic 
marker for NEC.8–11 However, the high levels and wide interindividual variation 
in  calprotectin concentration in  neonates8–11 may preclude its use for predic-
tion or early detection of NEC, especially when using one single measurement.11 
So far, studies on serial measurements in  infants at  risk for NEC are scarce. We 
hypothesize that serial measurements may be used to detect intra-individual rises 
in calprotectin concentrations, possibly indicating a subclinical inflammatory pro-
cess pre ceding the first symptoms of NEC. The aim of this study was therefore to 
determine whether serial measurements of calprotectin concentration in high-risk 
neonates enable us to identify infants who develop NEC. 
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Patients and methods

Patients

We performed a case-control study of prospectively collected data. Patients and con-
trols were derived from a prospective observational cohort study performed at the 
neonatal intensive care unit (NICU) of the University Medical Center Groningen 
(UMCG) between October 2012 and February 2014. (‘CALIFORNIA-trial’, trial-ID: 
NTR4153 in the Dutch Trial Registry).12 The study was approved by the local medi-
cal ethics committee. Written informed consent was obtained from both parents 
before inclusion into the study protocol.

In the large cohort study we included 100 infants at a high-risk for NEC 
consecutively. We considered an infant at high-risk if one of the following inclu-
sion-criteria was present: 1) gestational age (GA) ≤30 weeks, 2) birthweight (BW) 
≤1000g, 3) GA between 30–32 weeks and BW ≤1250g, 4) born from a mother who 
received indomethacin for tocolysis or 5) left-sided obstructive cardiovascular dis-
ease leading to reduced splanchnic blood-flow. Infants with a  postnatal age less 
than 48 hours were eligible for recruitment into our study. Patients with congenital 
intestinal diseases or bowel wall defects were excluded. 

For the present case-control study, we selected all infants with NEC and 
matched 3 controls to each infant who developed NEC. We used GA and BW as 
matching-criteria, allowing a maximum of + /- 10% deviation.

Clinical data

We collected maternal data including age at  delivery, mode of delivery (vaginal 
birth or cesarean section), preterm premature rupture of membranes (PPROM) 
( > 24hours), amnionitis and preeclampsia, and neonatal data included gender, 
gestational age, birth weight, antenal treatment with steroids, reason of prematu-
rity (spontaneous, PPROM > 24 hours, induced birth (maternal / fetal reason)), 
Apgar scores at 1, 5, and 10 minutes, antibiotic treatment during first 48h postpar-
tum, prolonged postpartum antibiotic treatment ( > 48 hours postpartum), sepsis 
(defined as a presence of a positive blood culture),  hemodynamically significant 
patent ductus arteriosus (hsPDA), ibuprofen treatment for hsPDA. In addition, we 
recorded the need for mechanical ventilation, inotropics, fluid resuscitation and 
red-blood cell transfusion during study-period.
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Feeding strategies

Infants were fed mother’s breast milk, human donor milk, preterm formula, or 
a  combination. Infants weighing < 1200 grams received enteral boluses every 
2 hours; infants > 1200 grams every 3 hours. All infants were fed through nasogas-
tric tubes. Type and volume of enteral feeding were recorded per calendar day. Start 
of enteral feeding was recorded in hours after birth. Time to full enteral feeding was 
defined as the first day without parenterally protein or fat.

NEC diagnosis

We defined NEC when, beside clinical features,13 pneumatosis intestinalis, portal 
venous gas, or both were present on abdominal x-ray, and consistent with NEC 
Bell’s stage 2 or 3.13,14 The diagnosis was made by the attending neonatologist and 
radiologist and confirmed by authors (AVZ, CH, EK, JH, AB) of the manuscript. 
We defined the time of onset of NEC as the first abdominal x-ray after clinical 
suspicion of NEC.

Feces collection and measurement of calprotectin 
concentration

We collected feces within 48 hours after birth and thereafter 2 times a week (every 
first and fourth day of the week), during 5 weeks postpartum or until NICU dis-
charge, whatever came first. If the infant did not produce feces at the day of feces 
sampling, the next feces produced was collected (up to a maximum of 2 days after 
the initial sampling day). Feces samples of controls were matched to the postnatal 
day of feces samples of infants with NEC.

Stools were collected from the diaper, stored in plastic containers and frozen 
at  -80° C until batch analyses. Before analysis, the samples were thawed at  room 
temperature. The calprotectin concentration was measured using the commercially 
available enzyme-linked immunosorbent assay kit of Bühlmann Laboratories AG 
(Schönenbuch Schwitzerland), according to manufacturer’s instructions as previ-
ously described.15 In brief, 40 to 100 mg feces was used to extract calprotectin from 
each feces sample. Calprotectin was assayed in  a  single measurement using the 
DS2® automated ELISA processing system (Dynex Magellan Biosciences, Chantilly, 
VA, USA). Samples with initial calprotectin concentrations > 1800 µg/gram feces 
were diluted ten times in incubation buffer and remeasured. The lower detection 
limit was 40 µg/gram feces. Calprotectin concentrations are given in µg/gram feces.
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Statistical analysis

SPSS 22.0 software for Windows (IBM SPSS Statistics 22, IBM Corp., Armonk, New 
York, USA) was used for statistical analyses. GraphPad prism (Graph-Pad Software, 
CA, USA) was used for graphics. 

Variables are presented as n (%) for categorical and ordinal variables or 
median (range) for continuous variables, unless specified otherwise. Comparisons 
in medians between subgroups were performed using the chi-square test for (inde-
pendent) categorical variables and Student T-test or Mann-Whitney U test for 
continuous variables, as appropriate. The Wilcoxon Signed Rank test was used to 
compare calprotectin concentrations within subgroups (dependent variables). All 
tests were two-sided and a P value < .05 was considered statistically significant.

Results
A hundred high-risk infants were consecutively enrolled in the prospective cohort. 
At the end of the study we excluded two subjects from analyses: in one subject it 
appeared that severe gastrointestinal symptoms were already present before study 
inclusion, one other subject developed NEC Bell’s stage 2 after the study period. 
The final cohort consisted therefore of 98 subjects (Figure 1). Ten infants developed 
NEC at a median (range) of ten days postpartum (4–30). Bell’s stage 2 occurred in 2 
subjects, stage 3 in 8 subjects. 

In order to perform a case-control study, we selected for each subject that 
developed NEC three controls from the remaining 88 infants, resulting in a total 
of 30 controls (Figure 1). Patients in the control group did not develop symptoms 
consistent with NEC. 

The ten infants that developed NEC had a median gestational age of 27.5 
weeks (range 24.6–29.4) and a median birth-weight of 1010 g (range 775–1630). 
Median Apgar score at 5 minutes was 7.0. Eight infants received antibiotics during 
the first 48 hours after birth and in 6 infants the treatment was continued. Enteral 
feeding was started after a median (range) time of 5 (2–10) hours after birth. Full 
enteral feeding was reached in 3 infants (30%) before NEC occurred. No differences 
were found between NEC subjects and their controls in demographic characteris-
tics (Table 1). 

A total number of 163 fecal samples was obtained, with an average of 4 sam-
ples per infant. The median calprotectin concentration calculated on all samples 
was 332 μg/g feces, ranging between < 40 and 8230 μg/g feces. 
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The first postnatal feces sample was obtained at  the second postnatal day 
(interquartile range, 1–3 days). Calprotectin concentrations in this sample were not 
statistically different between subjects who ultimately developed NEC (460 μg/g 
(range 72–2170)) and their controls (308 ( < 40–8230)) (P = .9).

Figure 2 displays calprotectin concentrations between NEC subjects and con-
trols one week preceding the first clinical suspicion of NEC. No differences between 
NEC subjects and controls were found at  6–8 days (575 μg/g (range: 72–1180) 
vs. 290  g/g ( < 40–2810) resp. P = .8), 3–5 days (312 μg/g (185–1250) vs. 340 μg/g 
(65–5880) resp., P = .8) and within 48hours (465 μg/g (140–620)) vs. 390  μg/g 
( < 40–2630) resp. P = .8) before the first clinical suspicion of NEC (Figure 2). 

Eligible for inclusion
n = 151

No informed consent
or

inclusion >48h postpartum

n = 51

Enrolled in study protocol
n = 100

NEC before inclusion
n = 1

NEC after study period
n = 1

Final cohort
n = 98

NEC
n = 10

no NEC
n = 88

NEC cases
n = 10

controls
n = 30Case control

Prospective cohort

Figure 1. Flowchart of prospective cohort trial and included 
subjects in present case control study
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Figure 2. Fecal calprotectin in the week before clinical suspicion of NEC.
Fecal calprotectin concenstration (μg/g) in the week prior to NEC onset in infants who 

developed NEC (cases) and their controls. Note the logarithmic scale of the vertical axis. 
Data are shown in Tukey boxplots. The boxplot shows the median (central horizontal 

line), the lower quartile (lower box border), the upper quartile (upper box border). The 
upper and lower horizontal lines refer to greatest and least values respectively, except 

outliers. Dots represent outliers (more than 1.5 times of upper or lower quartile).



72

C
ha

pt
er

 4

Table 1. Demographic characteristics of study population.
NEC (N = 10) Controls (N = 30) P

Gestational age (weeks) 27.5 [24.6–29.4] 27.6 [25.3–29.9] .61

Birth-weight (gram) 1010 [775–1630] 1025 [615–1735] .82

Male 5 (50) 17 (56.7) .77

Twin 3 (30) 9 (30) .99

Antenatal steroids 9 (90) 28 (93.3) .89

Cesarean section 3 (30) 15 (50) .28

Maternal age (yrs) 31 [19–41] 28 [24–42] .42

Reason prematurity
PPROM ( > 24h)
Spontaneous
Induced birth–maternal
Induced birth–fetal
Induced birth–maternal and fetal

4 (40)
3 (30)
2 (20)
1 (10)
0

4   (13.3)
15 (46.7)
4   (16.7)
7   (20)
0

.07

.27

.26

.83

APGAR-score
1-Minute
5-Minute
10-Minute

4.5 [1–7]
7.0 [1–9]
8.0 [4–10]

5.0 [0–10]
7.5 [0–10]
8.0 [3–10]

.40

.59

.41

Antibiotics during first 48hours after birth 8 (80) 25 (83.8) .89

Prolonged antibiotic treatment 
( > 48hours after birth)

6 (60) 11 (36.7) .29

Sepsis during study period^ 7 (70) 12 (40) .17

hsPDA 4 (40) 11 (36.7) .89

Ibuprofen treatment hsPDA 4 (40) 10 (33.3) .77

Mechanical ventilation during study inclusion 7 (70) 19 (63.3) .77

Inotropics during study inclusion 4 (40) 3 (10) .17

Fluid resuscitation 4 (40) 14 (46.7) .55

RBC transfusion
RBC in 48 hours before NEC onset

8 (80)
2 (20)

21 (70)
Not applicable

.67

Feeding
Start enteral feeding postpartum (hours)
Full enteral feeding before NEC onset
Time to full enteral feeding (days)

Length NICU stay (days)

5 [2–10]
3 (30)
Not applicable

40 [6–89]

4 [1–9]
Not applicable
12 [7–22] N = 19

27 [6–103]

.20

.11

Death 3 (30) 4 (13.3) .24

NEC Bell’s stage 2
NEC Bell’s stage 3

2 (20)
8 (80)

Onset NEC (days postpartum) 10 [4–30]

Surgery 7 (70)

Abbreviations: NEC – necrotizing enterocolitis; NICU – neonatal intensive care unit; hsPDA hemodynamically 

significant patent ductus arteriosus; PPROM – preterm premature rupture of membranes; RBC – red blood cell; 

^positive blood culture.

Data are expressed as median [range] or number (percentage). No statistical significant differences were found 

between NEC cases and controls.
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Figure 3 presents the courses of calprotectin concentrations within all indi-
vidual NEC subjects (Figure 3). We found no intra-individual rise in calprotectin 
concentrations before clinical symptoms of the disease occurred. 

<3 4 8 11 15 18 22 25

0

500

1000

1500

2000

2500

Days postpartum

C
al

pr
ot

ec
tin

 (μ
g/

g)

Figure 3. Postnatal course of fecal calprotectin concentration in preterm infants with NEC.
The course of calprotectin concentrations (μg/g) within all individual NEC 
subjects (n = 10) separately, from birth until onset of NEC. The black square 

(■) marks the last measurement of calprotectin prior to NEC onset.

Discussion
Our study suggests that in preterm infants at high-risk for NEC, serial measure-
ments of calprotectin concentrations do not have the ability to predict who will 
develop NEC and who will not. We found no differences between calprotectin con-
centrations in infants who ultimately developed NEC and matched controls at any 
time-point from birth to the first clinical suspicion of the disease. We hypothesized 
that we could detect an intra-individual rise in calprotectin concentrations within 
NEC subjects, suggesting a subclinical inflammatory process. In the present series 
we were not able to confirm this hypothesis.
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The present study confirms the previously identified high calprotectin con-
centrations in infants during the first weeks of life.3, 16–18 This high concentration may 
reflect increased transepithelial migration of neutrophils into the intestinal lumen, 
as a result of higher intestinal permeability during the neonatal period.6,17,19 Our 
median calprotectin concentration of 332 ug/g (range: < 40–8230) was, however, 
even higher than concentrations reported by other authors investigating calprotec-
tin in healthy preterm neonates during the first weeks of life (98–253 ug/g).3,11,16–18  
Our high results may reflect a different sensitivity of the laboratory assay since we 
used an assay kit from a different firma (Buhlmann Laboratories AG, Schönenbuch, 
Switzerland) compared to all other studies (Calprest; Eurospital, Trieste, Italy) for 
calprotectin measurements. 

In line with previous studies, samples in  the present study exhibit high 
inter- and intra-individual ranges in calprotectin concentration.3,5,11,17,18 Since cal-
protectin is stable at room temperature for various days and it resists proteolysis,17 
the observed variations are unlikely to result from poor stability of calprotectin. 
The method of collecting feces from the diaper may have attributed to the inter-
individual variations, as the absorbed water by the diaper may result in a higher 
concentration of calprotectin per gram of feces. However, it has been shown pre-
viously that this sampling method increases the calprotectin concentration by no 
more than 30%, a variation much lower than observed in present study.20 We there-
fore believe that the wide ranges in calprotectin concentrations as we found truly 
reflect both inter- and intra-individual variability in calprotectin excretion in our 
study population.17

Fecal calprotectin concentrations have been studied in relation to NEC pre-
viously, especially in the diagnosis and prediction of severity of the disease. Several 
cutoff values for detection of NEC have been purposed, such as 200 ug/g by Carroll 
et al,8 286.2 ug/g by Thuijls et al,10 636 ug/g by Campeotto et al.21 and the highest 
level of 2000ug/g by Joseffson et al.3 However, all suggested cutoff values remained 
within the range of concentrations observed in the control infants without diges-
tive symptoms in present study. Even the high cutoff level of 2000 ug/g to identify 
patients with NEC was exceeded by 9 (30%) control infants in present study, while 
only one infant who ultimately developed NEC exceeded this value prior to the 
disease. The wide ranges and high concentrations in control infants we observed 
in present study, precludes the use of suggested cutoff values of calprotectin in the 
prediction of NEC. 

The strength of present study is the prospective design and serial feces sam-
pling. We collected feces twice a week, starting as early as within 48 hours after 
birth, until 5 weeks postpartum in 100 infants at a high-risk for NEC. This design 
enabled us to match each NEC subject to three controls based on gestational age 
and birthweight. Furthermore, feces samples of NEC subjects and controls could 
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be compared appropriately at the same postnatal day. We included a homogenous 
study population and variation in  sample collection and assay procedures was 
minimized. 

The frequency of feces sampling (twice a  week) may be considered as 
a limitation, as it might not have been frequent enough to detect changes in calpro-
tectin concentrations immediately preceding the first clinical symptoms of NEC. 
However, in daily practice it is common that preterms produce feces with a limited 
frequency. A predictive fecal biomarker in preterms should therefore predict a dis-
ease preferably amply before clinical symptoms occur.

To conclude, while supporting the previous findings of high concentrations 
and wide interindividual variation in  calprotectin in  preterm infants during the 
first weeks of life, the present study suggests that the wide intra-individual variation 
further precludes the serial use of calprotectin concentrations in the early detection 
of NEC in high risk infants. 
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Abstract
Background: It is thought that intestinal bile salts (BSs) are implicated in the devel-
opment of NEC. We hypothesized that fecal BS levels are higher in preterm infants 
who develop NEC. 
Methods: We compared the composition and concentration of fecal BSs in ten pre-
term infants who developed NEC (Bell’s Stage ≥ II) with twenty matched control 
infants without NEC. Conjugated and unconjugated fecal BSs were measured after 
birth (T1) and twice prior to NEC (T2, T3). Data are presented as medians and 
interquartile ranges.
Results: GA and BW were similar in preterms with NEC and controls: ~27 + 4 weeks 
and ~1010 g. Age of NEC onset was day 10 (8–24). T1 was collected 2 (1–3) days 
after birth. T2 and T3 were collected 5 (5–6) days and 1 (0–2) day before NEC. The 
composition of conjugated BSs did not differ between the two groups. Total uncon-
jugated BSs were 3-fold higher before NEC compared to controls at corresponding 
ages (0.41 µmol/g feces (0.21–0.74) versus 0.14 µmol/g feces (0.06-0.46), P < 0.05).
Conclusion: Fecal unconjugated BS concentrations are higher in  preterm infants 
who develop NEC compared to infants without NEC. Further study is needed to 
determine the predictive value of fecal unconjugated BSs in the development of NEC.  
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Introduction
Despite well-characterized epidemiological and clinical risk factors such as low GA, 
LBW, formula feeding, and antibiotic treatment, it remains unpredictable whether 
or not a preterm infant will develop NEC.1 Early symptoms of NEC are often non-
specific, as are laboratory parameters and radiological examinations. Therefore, 
finding parameters that could identify preterm infants at  risk of NEC is of great 
clinical importance. 

It is thought that the accumulation of intestinal bile salts (BSs) is implicated in the 
development of NEC. BSs are the main organic constituents of bile and act as biological 
detergents that facilitate intestinal absorption of dietary fats. The so-called primary BSs, 
i.e. cholate and chenodeoxycholate, are synthesized from cholesterol in the human liver 
and are conjugated with either the amino acid glycine or taurine. The synthesis of BSs 
already starts in utero, and BSs can be detected in meconium.2 Intestinal BS re-uptake 
occurs mainly in  the distal ileum, i.e. the intestinal segment predominantly involved 
in NEC. The incidence of NEC is highest in formula-fed preterm infants. 

In comparison to term infants it has been shown that BS levels and BS compo-
sition in preterm infants are different and levels of secondary and more hydrophobic 
BSs are higher in feces of formula-fed infants than in breast-fed infants.3,4 Intraluminal 
accumulation of hydrophobic BSs can result in intestinal epithelial damage similar to 
the histopathological findings in NEC.5 Previously, biliary hypersecretion of BSs has 
been shown to promote the occurrence of NEC in mice, whereas intraluminal capture 
of BS in the intestine by binding agents (e.g. cholestyramine) has been shown to miti-
gate NEC in a rodent model.6 Intestinal damage occurs when high concentrations of 
intraluminal intestinal BS lead to intracellular intestinal accumulation. 

The essential role of intestinal BS transport in  the development of NEC has 
been convincingly demonstrated: NEC is attenuated in  mice deficient in  apical 
sodium-dependent bile salt transporter (ASBT), a protein involved in  intestinal BS 
uptake, and in rats treated with an ASBT inhibitor.6 In agreement with the postulated 
role of increased BS uptake in the distal small intestine, ASBT expression (mRNA and 
immunohistochemistry) was increased in intestinal samples of preterm infants with 
NEC in comparison to ileal samples taken during surgery on preterm infants with 
other diseases.6 Furthermore, BSs have been shown to decrease ileal mucin produc-
tion more profoundly in immature than in older ileums, and alter the intestinal mucus 
layer which might compromise the intestinal barrier function.7

The foregoing data support the putative role of high intestinal BSs in NEC 
development. We hypothesized that high levels of fecal BSs might serve as 
early parameters to identify infants with an increased risk of developing NEC. 
Prospectively, we determined fecal BS concentrations and compositions in preterm 
infants at risk of NEC, and compared these parameters of infants who later devel-
oped NEC with controls matched for GA and BW who did not develop the disease. 



83Fecal bile salts and the development of necrotizing enterocolitis in preterm infants

Materials and Methods

Patients

This study was a  case-control study and part of a  large, prospective observational 
cohort registered with the Dutch Trial Registry under number NTR4153. The study 
was performed in  the NICU of Beatrix Children’s Hospital of University Medical 
Center Groningen (UMCG) between October 2012 and February 2014. For the pur-
pose of the cohort study, preterm infants with a GA less than 30 weeks, a BW less than 
1000 grams, or a combination of a GA less than 32 weeks and a BW less than 1200 
grams were eligible for enrollment within the first 48 hours after birth. Exclusion 
criteria consisted of congenital intestinal diseases or abdominal wall defects. One 
hundred infants were included in the cohort study. For the present study, we selected 
all the NEC cases (n = 10) and matched two controls from the same cohort to each 
infant who developed NEC, using GA and BW, in descending order of importance, 
allowing for a maximum deviation of 10%.

Ethics statement

We obtained written, informed parental consent in all cases. The study was approved 
by the ethics review board of University Medical Center Groningen.

Clinical data

We collected all data prospectively. Neonatal data included gender, GA, BW, twin 
or singleton, antenatal treatment with steroids, preterm prelabor rupture of mem-
branes > 24 hours, Apgar scores at 1, 5, and 10 minutes, antibiotic treatment during 
first 48 hours after birth, prolonged antibiotic treatment ( > 48 hours after birth), 
hemodynamically significant patent ductus arteriosus (hsPDA), and ibuprofen 
treatment for hsPDA. The time to onset of enteral feeding after birth was recorded 
in hours. In addition, we recorded the need for mechanical ventilation, inotropics, 
fluid resuscitation, and red-blood cell transfusion during the study period as well 
as mortality data. 
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Primary outcome

The primary outcomes of this study were fecal BS concentrations and composition 
in preterm infants who did, or did not, develop NEC. NEC diagnosis was defined 
by the presence of either pneumatosis intestinalis or portal venous gas, or both 
according to the modified Bell’s staging criteria (Bell’s Stage ≥ II). The diagnosis was 
established by the attending radiologist and later confirmed independently by five 
neonatology consultants. We defined the time of NEC onset as the first abdominal 
x-ray after clinical suspicion of the disease. All preterm infants with NEC were 
treated conservatively with nil p.o., gastric decompression, and broad-spectrum 
antibiotics until radiographic signs of NEC resolved and clinical signs stabilized. 
Surgery was performed when a perforation was suspected or when the infant dete-
riorated clinically despite conservative treatment.  

Collection of fecal samples

Fecal samples were collected from the diaper in sterile tubes within 48 hours after 
birth and subsequently twice weekly on every first and fourth day calculated from 
birth, until either NEC Bell’s Stage ≥ II occurred, or the infant was transferred to 
another hospital, or reached the age of 36 days. If the infant did not produce feces 
on the predetermined day of feces sampling, the next feces produced was collected 
(up op two days after the predetermined sampling day). In controls, selection of 
feces samples was adjusted according to the closest corresponding ages of feces 
sampling from the infants who ultimately developed NEC. Fecal samples were 
stored at -80oC until batch analysis of unconjugated and conjugated BSs. 

Fecal bile salt analysis

Fecal unconjugated BS concentrations were measured in an aliquot of freeze-dried 
homogenized feces and determined by capillary gas chromatography as methy-
lester-trimethylsilyl derivatives on  a  Hewlett Packard gas chromatograph (HP 
5880 A) as previously described.8 Unconjugated BS concentrations are expressed 
in µmol/g dry weight. We measured the levels of cholate (C), chenodeoxycholate 
(CDC), deoxycholate (DC), hyocholate (HC), and hyodeoxycholate (HDC). Total 
fecal unconjugated BS levels were calculated as the sum of all individual species. 
Fecal conjugated BS composition was measured by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS). This system consists of a Shimadzu liquid 
chromatography system (Shimadzu, Kyoto, Japan) coupled to a  Sciex API-3200 
triple quadrupole mass spectrometer with an electrospray ionization (ESI) source 
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(Sciex, Framingham, Massachusetts, USA). In short, about 50 mg of freeze-dried 
homogenized feces was weighed exactly and extracted with 2  mL of alkaline 
methanol for two hours at 80oC. After cooling down to room temperature, 8 mL 
of demineralized water was added and the tubes were vortexed. After adding 250 
µL internal standard solution to 1 mL of sample solution, the samples were pre-
pared for analysis using solid phase extraction (SPE). After SPE, the samples were 
dried using N2 at 40oC, and the samples were redissolved in 500 µL 50% methanol. 
Finally, the samples were filtered  with 0.2 µm spin filters. Ten µL of sample was 
injected into the LC-MS/MS system. The BS species we evaluated were glycochol-
ate (GC), taurocholate (TC), glycochenodeoxycholate (GCDC), and taurocheno-
deoxycholate (TCDC).

Statistical analysis

All data of fecal BSs are presented as medians and interquartile ranges unless speci-
fied otherwise. Either the chi-squared test or the Mann-Whitney test was used to 
analyze differences in  clinical characteristics, as appropriate. The Median Test 
(one-tailed) was used to compare levels of fecal unconjugated BS concentrations 
and of percentages of conjugated BS profiles between the two groups at the three 
different points in time (independent variables). The Wilcoxon signed Rank Test 
(two-tailed) was used to compare median levels of fecal bile salt concentrations 
within subgroups (dependent variables). Cut-off values for NEC prediction were 
investigated with receiver operating characteristics (ROC) analyses. The level of 
significance for statistical analyses was set at P < 0.05. All analyses were performed 
using SPSS 22.0 software for Windows (IBM SPSS Statistics 22, IBM Corporation, 
Armonk, New York, USA). 

Results 

Patient characteristics

Ten preterm infants, the NEC group, developed NEC during the study period 
at a median age of 10 (4–30) days after birth. Bell’s Stage II occurred in two infants 
and Bell’s Stage III in eight. Seven infants underwent surgery. In one infant surgery 
was indicated but not performed due to the infant’s poor clinical condition. Three 
out of the ten infants who developed NEC died as a consequence of the disease. 
Table 1 shows that demographic and clinical characteristics were not significantly 
different between the infants who did, and those who did not, develop NEC. 
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Table 1. Patient characteristics
 NEC (n = 10) No NEC (n = 20)

GA, weeks 27.5 (24.6–29.4) 27.6 (25.3–29.9)

BW, grams 1010 (775–1630) 1013 (615–1735)

Male: Female 5:5 11:9

BCBA gemelli (%) 30 30

Antenatal steroids (%) 90 90

PPROM (n/N) 7/10 7/20 *

Apgar score 10’ 8 (4–10) 8 (7–10)

Mechanical ventilation (%) 70 55

hsPDA–NSAID (%) 40 35

Start enteral feeding < 24 hrs after birth 
(%)

100 100

Antibiotics first 48 hrs (%) 90 85

LOS (%) 70 35

Saline infusion (%) 60 45

Inotropes (%) 40 10

RBC transfusion (%) 80 65

Postnatal age NEC (days) 9.5 (4–30) NA

Mortality (%) 30 10

Postnatal day of death 27 (6–33) 8.5 (6–11)

Data are expressed as median (range) or as numbers unless specified otherwise. Statistical differences between the 

two groups are marked by * ( P < .05)

Abbreviations: LOS–late onset sepsis; PPROM – preterm prelabour ruptures of membranes: > 24 hrs, hsPDA – 

hemodynamically significant patent ductus arteriosus; RBC–red blood cell.

Feces sampling

A total of 76 fecal BS samples were available for analysis of preterm infants who 
ultimately developed NEC (25 samples) and controls (51 samples). Unconjugated 
BSs could be measured in 59 samples (24 NEC and 35 controls), and conjugated 
BSs could be measured in  69 samples (22 NEC and 47controls). The first feces 
sample (T1) was collected at  a median of 2 days after birth (IQR 1–3). The two 
consecutive samples taken immediately prior to the diagnosis of NEC, T2 and T3, 
were collected at a median of 5 days (IQR: 5–6) and 1 day (IQR: 0–2) before onset 
of NEC, respectively. 
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Fecal unconjugated bile salts 

Total unconjugated bile salts

Unconjugated BS concentrations were not significantly different in the first feces 
samples after birth (T1) between the NEC group and the controls (Figure 1).  At T2, 
which corresponded to five days prior to NEC, total unconjugated BSs were four 
times higher in  the NEC group than in  the controls (median 0.65 µmol/g feces 
(0.49–0.97) versus 0.16 µmol/g feces (0.48–0.99), P = 0.02). In  the feces samples 
at T3, one day prior to NEC, total unconjugated BSs were two-and-a half times 
higher in the NEC group than in the controls (0.29 µmol/g feces (0.19–0.46) versus 
(0.13 µmol/g feces (0.05–0.37), p = 0.07). When the fecal samples of T2 and T3 
were analyzed together, we found that total unconjugated BSs were significantly 
increased in infants developing NEC (median 0.41 µmol/g feces (0.21–0.74) versus 
0.14 µmol/g feces (0.06–0.46), P = 0.03). 

In the NEC group, we observed no statistically significant decrease in total 
fecal unconjugated BSs between T1 and T2. The decrease in total BSs was statisti-
cally significant in the controls between T1 (0.86 µmol/g feces (0.55–1.41) and T2 
(0.16 µmol/g feces (0.05–0.99), P = 0.01, Figure 1), and also between T1 and T3 
(-85%, P < 0.05). Total BSs concentration did not change significantly between time 
points in the infants developing NEC, and remained approximately two-and-a-half 
times higher than in controls. 
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Figure 1. Concentrations of total fecal unconjugated bile salts
Box plot of total unconjugated BS concentrations. The median is marked by the horizontal 
line in the central box. The boxes are limited by the 25th and 75th percentiles. The whiskers 

(┴) represent the lowest and highest total BS within 1.5 interquartile distance below or above 
the box. Outliers (○) represent BS concentrations between 1.5 and 3 interquartile distances 

below or above the box. Extremes () represent BS concentrations more than 3 interquartile 
distances below or above the box. Feces was collected at three different points in time; within 

three days after birth (T1), five to six days prior to NEC (T2), 0–3 days prior to NEC (T3).  
Total unconjugated BS concentration: sum of all individual species concentrations detected 

with gas chromatography and expressed in µmol/g dry weight feces. 
*: P < 0.05, **: P  < 0.1 (T3: P = 0.07).

Unconjugated bile salt species

Of unconjugated BSs, chenodeoxycholate (CDC) was the only unconjugated BS 
species that showed a trend toward significance between the NEC group and the 
controls. Unconjugated CDC concentrations were higher in the infants developing 
NEC in the week prior to NEC (0.18 µmol/g feces (0.13–0.43) versus 0.08 µmol/g 
feces (0.03-0.28), P = 0.06).
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NEC prediction with receiver operating characteristic data 

The ROC curve of total BSs at T2 and T3 illustrated that total unconjugated BS > 0.13 
µmol/g feces tended to predict NEC with 93% sensitivity and 47% specificity (area 
under curve (AUC) 0.74. 95% CI 0.57–0.91; P = 0.02, Figure 2). 
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Figure 2. Receiver operating characteristic (ROC) curve of total unconjugated 
fecal BS concentrations  in the week prior to NEC onset.

Fecal conjugated bile salts

Figure 3 shows the composition of conjugated BSs in both the NEC group and the 
controls. We found no statistically significant differences in  fecal conjugated BS 
composition at the three sampling points between preterm infants who developed 
NEC and controls. 
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Figure 3. Composition of fecal conjugated bile salts. Feces were collected 
at three different points in time: within three days after birth (T1), five to six days 
prior to NEC (T2), zero to two days prior to NEC (T3). Fecal conjugated bile salt 

species were measured with LC-MS/MS as described in the Methods section.

Discussion
Our aim was to determine whether fecal BS analysis could, potentially, provide an 
early marker for the development of NEC in  preterm infants. We demonstrated 
a significantly higher level of total unconjugated fecal BSs in the week before NEC 
started to develop compared to corresponding samples in GA and BW matched 
controls. Yet, the differences in the composition of conjugated fecal BSs at any of the 
tree time points were not statistically significant between the NEC group and the 
controls. Taking into consideration the sensitivity and specificity of fecal BSs for the 
development of NEC, it seems impossible at this stage to predict the onset of NEC 
using fecal BS analysis in preterm infants. 

Our results are in accordance with previous analyses of total BS concentra-
tions in neonates, i.e. with respect to the highest levels for total BSs in meconium.9 
In our study, apart from unconjugated BSs, we also detected conjugated BS species 
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in the first available fecal samples, i.e. within the first three days after birth. In anal-
ogy to previous data, including  biliary and duodenal BSs in  preterm and term 
infants, taurine-conjugated BSs predominated.10,11 

BS conjugation increases hydrophilicity, which promotes aqueous solubility 
at intestinal pH, and if intravascular, it facilitates renal excretion, thus minimizing 
the membrane damaging properties of the more hydrophobic unconjugated bile 
salts.12 In the intestines, particularly in the colon, conjugated cholate and chenode-
oxycholate may undergo deconjugation, and can be substrates for dehydroxylation 
by bacterial flora, resulting in deoxycholate and lithocholate, which are more toxic. 

Animal data, and preliminary human data as well, have implicated intestinal 
BSs in the development of NEC.5 Bile salt levels in intestinal tissue are increased 
in rodents with experimentally induced NEC and reduction of intestinal BS reab-
sorption by enteral administration of cholestyramine decreases both its rate and 
severity.5 Moreover, rate as well as severity of experimental NEC were reduced 
in apical sodium-dependent bile acid transporter (ASBT) knockout mice, and also 
in rats in which ASBT was pharmacologically inhibited.6 Finally, more severe NEC 
was demonstrated in genetically manipulated mice which hypersecrete biliary BSs, 
resulting in  increased concentrations of intestinal BSs. In  accordance, increased 
mRNA levels of ASBT in ileal tissue of preterm infants with NEC is suggestive of 
increased BS uptake into enterocytes.6 

In our study, total unconjugated BSs in feces decreased at a slower rate before 
NEC development, in comparison to controls. Similar to our data of higher total 
BSs levels in  feces of preterm infants prior to NEC, intestinal luminal BSs levels 
in rodents subjected to experimental NEC were higher than in control animals. 

To some extent, our findings are also in agreement with preliminary data 
on  serial total fecal BS excretion in  two preterm neonates with comparable GA 
and BW, i.e. 29 weeks and 1050 grams, who developed NEC.(Kehring A, Patrick 
SM, Estrada T, et al. E-PAS 2011 1421.217) Increases of total fecal BSs and higher 
coefficients of variation were demonstrated in these preterm infants. 

On the basis of previous animal and human data, higher fecal BS concentra-
tions could be anticipated upon after birth in preterm infants with imminent NEC. 
It is tempting to speculate that this transient failure to decrease BSs coincides with 
increased levels of intraenterocytic BSs of the preterm intestine. A  prerequisite 
would be sufficient activity or even upregulation of ASBT in the immature intestine, 
in which the negative feedback of intestinal BSs on ASBT, and on intestinal BS uptake, 
is abnormal or does not yet occur. Whether intestinal microbiota affect the expression 
of ASBT in preterm infants, as was previously reported in mice, is unknown.13

We acknowledge several limitations to our study and results. Obviously, 
due to its size, our sample lacked the power to discriminate between a normal and 
a slow albeit “NEC-predisposing” decay pattern of fecal BSs. Secondly, measure-
ment of fecal BSs on  one particular day does not allow one to predict whether 
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and if so when NEC will occur: serial measurements from birth until NEC onset 
should be obtained to assess the decay of fecal BSs. Thirdly, higher levels of fecal 
BSs, or a slower decrease in fecal BSs, may help to identify preterm infants with an 
increased risk of developing NEC, but it remains unknown how we can reduce the 
risk of NEC in these particular infants.

To date, NEC remains a multifactorial disease with rapid onset of intestinal 
damage for which powerful predictive biochemical markers are urgently needed, 
but these are, as yet, unavailable.14 The slower decay of fecal BSs provides support for 
altered BS metabolism in the development of NEC in humans. Further study, with 
serial measurements of fecal BSs in a large number of high-risk infants, is needed 
to firmly establish the role of fecal BSs in the prediction of NEC in preterm infants. 

Conclusion
In preterm infants who develop NEC, the levels of fecal BSs are higher in the week 
preceding NEC than in controls. Serial measurement of fecal BSs may help to iden-
tify preterm infants who are vulnerable to developing NEC. 
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Abstract
Objectives: To investigate whether cerebral and intestinal regional tissue oxygen 
saturation (rSO2) and fractional tissue oxygen extraction (FTOE) values predict the 
onset of necrotizing enterocolitis (NEC).
Methods: A  prospective case-control study. Infants with gestational age 
(GA) < 32  weeks and birth weight (BW) < 1200 grams were included. For every 
NEC case we matched two controls based on GA, BW, and presence of a hemo-
dynamically significant patent ductus arteriosus. Cerebral and intestinal oxygen-
ation were monitored two hours daily during the first five days after birth and once 
a week thereafter until five weeks after birth or until NEC developed. Kaplan-Meier 
analyses were used to assess the ability of near-infrared spectroscopy (NIRS) mea-
surements to predict the development of NEC.
Results: We included ten infants (median (range) GA 27.1 (24.6–29.4) weeks, BW 
903 (560–1630) grams) who developed NEC at median postnatal day 13 (range, 
4–43 days), and 20 matched controls. Infants with cerebral rSO2 < 70% in the first 
48 hours after birth developed NEC significantly more often than infants with cere-
bral rSO2 ≥ 70% (P = .005). Intestinal FTOE was higher in infants who developed 
NEC compared with controls during the last NIRS measurement before NEC onset 
(median 0.65 vs. 0.44, P = 0.04), which was performed at a median of 2 (range, 1–7) 
days prior to NEC development.
Conclusions: Cerebral NIRS monitoring early after birth might be valuable to pre-
dict the onset of NEC. Additionally, our results suggest that intestinal perfusion is 
impaired before the onset of clinical NEC.
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Introduction
Necrotizing enterocolitis (NEC) is the most severe gastrointestinal disease in pre-
term infants, with mortality rates up to 40%.1 Short- and long-term gastrointestinal 
and neurodevelopmental impairment occurs frequently.2–5 Preventing develop-
ment of NEC is currently considered the best strategy to minimize these devastat-
ing short- and long-term consequences.6

Near-infrared spectroscopy (NIRS) measures regional tissue oxygen satura-
tion (rSO2) non-invasively. When transcutaneous arterial oxygen saturation (SpO2) 
is obtained simultaneously, fractional tissue oxygen extraction (FTOE) can be cal-
culated.7 FTOE is thought to reflect the balance between oxygen delivery and oxygen 
consumption, and might therefore be used as an early indicator of inadequate tissue 
perfusion.7 As bowel ischemia is hypothesized to play a role in NEC development, 
NIRS could be a helpful tool for predicting the onset of NEC in preterm infants.8,9 
Patel et al. found lower intestinal rSO2 (rintSO2) values in the first week of life in pre-
term infants who later developed NEC compared to infants who did not develop 
NEC.10 Additionally, it was found that rintSO2 was lower and showed less variability 
just before NEC onset, when symptoms were not yet present.11

 Measurements of cerebral rSO2 (rcSO2) might provide additional informa-
tion concerning the underlying mechanism responsible for NEC development, 
since impaired intestinal perfusion might be the result of a compromised systemic 
circulation. Simultaneous measurements of cerebral and intestinal rSO2 values 
might help to determine whether this is indeed the case.

We therefore investigated the possibility to use cerebral and intestinal NIRS 
measurements in  the first days after birth to differentiate high-risk infants who 
went on to develop NEC from those who did not. Furthermore, we compared cere-
bral and intestinal rSO2 and FTOE values of the last measurement before the onset 
of NEC between infants who developed NEC and those who did not.

Methods

Patient population

We performed a  case-control study. Patients and controls were derived from 
a prospective observational cohort study performed at the neonatal intensive care 
unit (NICU) of University Medical Center Groningen between October 2012 and 
February 2014. The study was registered in the Dutch Trial Registry under number 
NTR4153. In the large cohort study we included 100 consecutive preterm infants 
at high risk for developing NEC. High risk was defined as being born at a gestational 
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age (GA) of less than 30 weeks, with a birth weight (BW) below 1000 grams, at a GA 
of less than 32 weeks with a BW below 1200 grams, the presence of cardiac disease 
leading to impaired intestinal blood flow, or being born from a mother who received 
indomethacin for tocolysis. Infants with abdominal wall defects and infants who 
could not be measured with NIRS within 72 hours after birth were excluded.

We obtained written informed parental consent in all cases. The study 
was approved by the institutional ethics review board of University Medical 
Center Groningen.

For the present case-control study, we selected all NEC cases and matched 
two controls to each infant who developed NEC, using the following criteria, 
in descending order of importance: GA, BW, and the presence of a hemodynami-
cally significant patent ductus arteriosus (PDA).

NEC diagnosis

NEC was diagnosed by the attending radiologist when pneumatosis intestinalis, 
portal venous gas, or both were present on abdominal radiographic examination.12 
Afterwards, five consultants classified the infants according to modified Bell’s 
stages.12 Consensus was reached in all cases.

Near-infrared spectroscopy

We used the INVOS 5100C monitor (Covidien, Mansfield, MA, USA) with neo-
natal SomaSensors (Covidien) to measure rcSO2 and rintSO2. We placed the sensor 
on the left or right frontoparietal side of the head to measure rcSO2 and centrally just 
below the umbilicus to measure rintSO2. Sensors were kept in place using Mepitel 
(Mölnlycke, Sweden) or an elastic bandage.

We performed NIRS measurements two hours daily, from day one to five after 
birth, and weekly thereafter until the fifth week (day 36 after birth), until the infant 
was discharged from the NICU, or until NEC developed, whichever came first.

The first NIRS measurement was classified into either day one ( < 24 hours 
after birth) or day two ( > 24 hours < 48 hours after birth). Timing of sequential 
NIRS measurements was based on the date of the first NIRS measurement.

Clinical variables

We collected the following clinical data from patient reports: GA, BW, gender, post-
natal age at time of NEC onset, multiple gestations, the administration of antenatal 
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steroids, cause of prematurity, Apgar scores at one and five minutes, administration 
of antibiotics in the first 48 hours after birth, continuation of antibiotics more than 
48 hours after birth, mortality, and length of NICU stay. Furthermore, we docu-
mented ventilator use, presence of a hemodynamically significant PDA, and use of 
medication (inotropes, red blood cell transfusions, volume expansion, ibuprofen).

Data analysis and statistical analysis

We collected cerebral and intestinal rSO2 values once every 6  seconds and SpO2 
once every 5 seconds. We then matched SpO2 values that corresponded temporally 
to the rSO2 values. Next, FTOE values were calculated for the cerebral and intes-
tinal region separately, using the synchronized rSO2 and SpO2 values. We allowed 
the first 10 minutes of each NIRS measurement for stabilization. As a result, 110 
minutes of available data could be used to calculate the daily mean values of rcSO2, 
rintSO2, cFTOE, and intFTOE.

First, we determined whether rcSO2, rintSO2, cFTOE and/or intFTOE values 
predicted the onset of NEC. We therefore used the first measurement after birth, 
which was obtained on  either day one or two. Since it was found that low rSO2 
values corresponded to the onset of NEC,10,11,13 we chose to use the 25th percentile 
for rcSO2 and rintSO2 values and the 75th percentile for cFTOE and intFTOE values 
as a cut-off. We compared infants with rcSO2 and rintSO2 values below the 25th per-
centile to infants with rcSO2 and rintSO2 values above the 25th percentile. Similarly, 
we compared infants with cFTOE and intFTOE values below the 75th percentile to 
infants with cFTOE and intFTOE values above the 75th percentile. We performed 
Kaplan-Meier analyses to determine whether the occurrence of NEC was signifi-
cantly different between the aforementioned groups. We used the log-rank test to 
determine if there were significant differences in the Kaplan-Meier plots for the dif-
ferent groups: low versus high rSO2 and FTOE values. Then, we performed a logistic 
regression analysis for those variables that had significantly different Kaplan-Meier 
curves and calculated odds ratios.

Next, we determined the course of cerebral and intestinal rSO2 and FTOE 
in  individual infants. We used the Mann-Whitney test to assess differences 
in median values of the last cerebral and intestinal rSO2 and FTOE values before 
NEC development between preterm infants who developed NEC and infants who 
did not.

Finally, we determined the variability of cerebral and intestinal rSO2 mea-
surements of the first NIRS measurement after birth and of the last NIRS mea-
surement prior to NEC development. For this purpose, we divided the 110 min-
utes of NIRS data that were available for each day in eleven blocks of 10-min and 
subsequently calculated means of rcSO2 and rintSO2 values for every 10-min block. 



101Cerebral and intestinal oxygenation in relation to the development of necrotizing enterocolitis

We compared each 10-min mean with the infant’s daily mean and determined the 
amount of 10-min means that were 15% below or under the daily mean.14 We used 
the Mann-Whitney test to determine whether there were significant differences 
in  variability between the two groups during the first NIRS measurements after 
birth, and during the last NIRS measurements prior to the development of NEC.

In order to test differences in clinical parameters between infants who devel-
oped NEC and infants who did not, we used the chi-square test or Fischer exact test for 
categorical data and the Mann-Whitney test for continuous data. We used SPSS 22.0 
software for Windows (IBM SPSS Statistics 22, IBM Corp., Armonk, New York, USA) 
for statistical analyses. We considered a P value < .05 to be statistically significant.

Results
Of the 99 infants that were included in the study protocol, 11 preterm infants devel-
oped NEC of whom 10 infants with available NIRS measurements (Figure 1). From 
the remaining 88 included infants, 20 were matched to the 10 preterm infants with 
NEC and served as a control group. Of the ten infants with NEC, two infants were 
eventually classified as Bell’s stage 2 and eight infants as Bell’s stage 3 of whom six 
infants developed a bowel perforation. None of the infants with NEC nor any of 
the control infants had cardiac diseases or had received indomethacin antenatally.

Figure 1. Flow diagram of the study.
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Median postnatal age at time of NEC onset was 13 (range, 4–43) days. In preterm 
infants who developed NEC, we were able to calculate mean rcSO2 values for 62/64 
(97%) 2-hour periods and mean rintSO2 values for 20/64 (31%) 2-hour periods. 
In preterm infants who did not develop NEC, we were able to calculate mean rcSO2 
values for 122/128 (95%) 2-hour periods and mean rintSO2 values for 41/128 (32%) 
2-hour periods. Placing the infraumbilical sensor was often not possible due to the 
presence of an umbilicous venous catheter taped to the infraumbilical skin and/or 
due to lack of space in very low birth weight and small for gestational age infants.

We present clinical characteristics of the study population in Table 1. Apart 
from significantly higher mortality rates in preterm infants with NEC compared to 
controls, no other differences were observed.

Table 1. Patient characteristics of preterm infants with NEC and their matched controls.
NEC cases (n = 10) Controls (n = 20) P value

Gestational age (weeks) 27.1 (24.6–29.4) 27.6 (25–29.7) .58

Birth weight (grams) 903 (560–1630) 960 (615–1330) .88

Male:Female 6:4 10:10 .71

Multiple gestations 3 (30) 4 (20) .66

Antenatal steroids 9 (90) 18 (90) .99

Reason prematurity

PPROM ( > 24h) 3 (30) 3 (15) .37

Spontaneous premature  birth 3 (30) 10 (50) .44

Induced birth – maternal 2 (20) 2 (10) .58

Induced birth – fetal 2 (20) 4 (20) .99

Induced birth – maternal and fetal - 1 (5) .99

Apgar score 1 min 4 (1–7) 5 (2–10) .18

Apgar score 5 min 7 (1–9) 7 (3–10) .74

Antibiotics < 48 hours after birth 8 (80) 17 (85) .99

Antibiotics > 48 hours after birth 7 (70) 13 (65) .99

Hemodynamically significant PDA 5 (50) 8 (40) .71

Ibuprofen 5 (50) 8 (40) .71

Mechanical ventilation 7 (70) 16 (80) .65

RBC transfusion 8 (80) 13 (65) .68

RBC transfusion in 48 hours before NEC onset 3 (38)

Fluid resuscitation 6 (60) 8 (40) .44

Inotropes 4 (40) 3 (15) .18

Length NICU stay (days) 46 (6–89) 39 (9–103) .73

Death 4 (40) 1 (5) .03

Data are expressed as median (range) or as number (percentage) unless specified otherwise.

Abbreviations: NEC–necrotizing enterocolitis; NICU–neonatal intensive care unit; PDA–patent ductus arteriosus; 

PPROM–preterm premature rupture of membranes; RBC–red blood cell.
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Cerebral and intestinal rSO2 and FTOE values in the first days after birth and 
the development of NEC

In 21/30 patients (70%) the first NIRS measurement was performed within 24 
hours (Day one) after birth, and in 9/30 (30%) between 24 hours and 48 hours (Day 
two) after birth. All infants were monitored in the cerebral region (30/30: 100%) 
and seven infants also in the intestinal region (7/30: 23%). SpO2 values were not 
significantly different between infants who developed NEC compared to infants 
who did not (median: 91% (range, 48–99%) versus 90% (range, 84–97%), P = .69).

The values of the 25th percentile of rcSO2 and rintSO2 were 70% and 30%, 
respectively. The values of the 75th percentile of cFTOE and intFTOE were .23 and 
.65, respectively.

Infants with rcSO2 values below the 25th percentile (n = 7) developed NEC 
significantly more often in the first 43 days after birth than infants with rcSO2 values 
above the 25th percentile (n = 23), P = .005 (Figure 2). The occurrence of NEC was 
not significantly different between infants with rintSO2 values below and above the 
25th percentile, or between infants with cFTOE and intFTOE values below and 
above the 75th percentile.

Using logistic regression analysis, we found that the risk of NEC increased 
with an odds ratio of 9.00 (95% CI 1.33–61.14, P = .03) when infants had rcSO2 
values < 70%.

Cerebral and intestinal rSO2 and FTOE values the week prior to NEC onset

The course of cerebral and intestinal rSO2 and FTOE in individual infants who devel-
oped NEC did not reveal any specific patterns. No significant differences of these 
values were found between the last and the penultimate measurement before NEC.

The last NIRS measurement before NEC development was obtained 
at a median of 2 (range, 1–7) days prior to NEC development; median postnatal 
day was 8 (range, 3–36) days. SpO2 values were not significantly different between 
infants who developed NEC and infants who did not (median 92% (range: 86–100%) 
versus 90% (range: 84–99%), P = .16). We found significantly higher intFTOE values 
in preterm infants who developed NEC than in infants who did not develop NEC 
(median 0.65 (range, 0.49–0.84) versus 0.44 (range, 0.17–0.70), P = .04, Figure 3D). 
Furthermore, rintSO2 tended to be lower and cFTOE values higher in infants who 
developed NEC compared to controls (rintSO2, median 33% versus 48%, P = .09, 
Figure 3B; cFTOE, median 0.36 versus 0.24, P = .08, Figure 3C).
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Figure 2. Kaplan-Meier plots illustrating the occurrence of NEC in infants with rcSO2 values 
below (  ) and above (  ) the 25th percentile (A) and infants with cFTOE values below  

(  ) and above (  ) the 75th percentile (B) on the first measurement on day one or two. 
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Figure 3. Median values of rcSO2 (A), rintSO2 (B), cFTOE (C), and intFTOE (D) of the 
last NIRS measurement prior to NEC onset in infants who developed NEC and 
their controls. Data are shown in box and whisker plots. Dots represent outliers.

*indicates P < .05 and §P < .10.
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Variability

We did not find significant differences for the variability between infants with and 
infants without NEC in  the first NIRS measurement after birth (rcSO2, median 
(range) 0% (0%-0%) versus 0% (0%-33%), P = .16; rintSO2, median 0% (0%-18%) 
versus 5% (0%-9%), P = .63), nor in the last NIRS measurement prior to NEC onset 
(rcSO2, median 0% (0%-3%) versus 0% (0%-18%), P = .24; rintSO2, median 0% (0%-
18%) versus 0% (0%-0%), P = .13).

Discussion
In this study we found that rcSO2 values might be useful to predict the onset of 
NEC in preterm infants. The probability of developing NEC was nine-fold higher 
in infants with rcSO2 values < 70% in the first two days after birth compared with 
infants with rcSO2 values ≥ 70%. Furthermore, we found significantly higher intes-
tinal FTOE values in the week prior to NEC development in preterm infants who 
developed NEC compared with matched controls. Variability did not differ between 
preterm infants who went on to develop NEC and infants who did not.

Our results suggest that monitoring rcSO2 might be helpful in  identifying 
infants who will develop NEC. We found that infants with rcSO2 values < 70% in the 
first 48 hours after birth had a nine-fold higher risk of developing NEC. This find-
ing suggests that infants who go on to develop NEC have impaired cerebral oxygen-
ation as early as within 48 hours after birth. We offer several explanations for this 
finding. First, low rcSO2 values might be caused by low SpO2 values as it was recently 
found that low SpO2 values were associated with NEC development.15 However, 
we did not find lower SpO2 values in  infants who developed NEC compared to 
controls (median 91% versus 90%, P = .69). Nonetheless, since we only measured 
two hours daily, we might have missed episodes in which infants were in the lower 
SpO2 range. Secondly, low rcSO2 values might be the result of a low systemic perfu-
sion. Because several clinical factors such as ventilatory status and presence of PDA 
were not different between cases and controls, we believe that lower rcSO2 values 
cannot be explained by these factors. Still, infants who go on to develop NEC may 
be relatively underperfused at birth due to variables we did not investigate, such as 
inflammation, maternal medication, and/or a more pronounced left to right flow 
across the PDA. The inciting event or chain of events that lead to development of 
NEC may therefore be set off before, during and/or just after birth. Further research 
in a larger patient population is warranted to investigate this hypothesis.

As opposed to rcSO2 values, rintSO2 values within the first days after birth 
were not associated with NEC development later on. We were, however, only able to 
measure rintSO2 in seven (7/30, 23%) preterm infants. In the very preterm and small 
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for gestational age infants space was lacking for adequate sensor placement. The 
presence of an umbilicous venous catheter taped to the skin hindered sensor place-
ment as well. The resultant small sample size may have limited our ability to detect 
significant differences in  intestinal oxygenation values between the two groups. 
However, our experience indicates that monitoring at  the infraumbilical region 
is accompanied with practical difficulties in preterm infants in the first days after 
birth, limiting the usefulness of this measurement procedure in clinical practice.

Patel et al. recently demonstrated that rintSO2 values were lower in the first 
week after birth in infants who later developed NEC compared with infants who 
did not.10 We did not find such a difference, perhaps because of the small sample 
size of this study. Differences between study designs might also explain the dis-
similar findings. In the study of Patel et al. infants with NEC were of lower GAs 
and had lower BWs than their controls,10 whilst our cases were comparable with 
controls regarding GA and BW. It has been reported that intestinal rSO2 measure-
ments might be dependent on GA.14 Furthermore, Patel et al. measured daily for 
five minutes,10 whilst we measured continuously for two hours every day. All other 
factors being equal, a more robust measurement should have made our chance of 
finding a difference greater rather than smaller.

With regard to the last NIRS measurement prior to NEC onset, we found 
approximately one and a half times higher intFTOE values in preterm infants with 
NEC than in controls. This finding supports the hypothesis that infants who develop 
NEC have  decreased intestinal perfusion prior to the development of NEC.8,9 As 
a predictor of NEC in individual infants this measurement is not clinically useful, 
because of the large intra-individual range of the intFTOE values. However, it pro-
vides insight into the role of intestinal perfusion in the pathophysiology of NEC. 
Further studies are needed to investigate the possibility of using intestinal oxygen-
ation values to predict the onset of NEC.

With regard to the variability measurements, we did not find significant dif-
ferences between infants with NEC and their matched controls. Cortez et al. sug-
gested that loss of variability pointed towards the development of NEC.11 Possibly, 
the method we used to determine the variability might not be sensitive enough 
to detect subtle changes. Further research is warranted to assess the usefulness of 
using variability for detecting an infant at risk for developing NEC.

In order to be able to adequately interpret our results, we have to keep 
in mind that the current NIRS technology has limitations. Since there are different 
NIRS devices, each with their own algorithm, our results are only representative for 
the INVOS 5100C device.16–18 Moreover, peristalsis, gut movements, air, and stools 
complicate the interpretation of intestinal NIRS measurements.14,19,20

The strength of this study is that we matched the infants who developed 
NEC to controls, based on GA, BW, and presence of hemodynamically significant 
PDA. Moreover, we measured two hours daily. A limitation is that we were not able 
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to apply the infraumbilical sensor in every infant due to lack of space or the pres-
ence of an umbilical catheter. As a result, we were unable to obtain rintSO2 values 
in the smallest infants, which could have biased our results.

Conclusions
Cerebral rSO2 values in the first two days after birth are predictive for NEC in pre-
term infants with a GA of less than 32 weeks. Although impaired intestinal perfusion 
is possibly present before the onset of NEC, the usefulness of monitoring intestinal 
oxygenation values to predict the onset of NEC needs to be investigated further.
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Abstract
Background: No tool is available to predict progression of NEC. We aimed to 
assess the ability of conventional laboratory parameters to predict NEC progression 
within the first 24 hours after onset of the disease. 
Methods: Retrospective data analysis of all NEC patients admitted in our center 
between 1990 and 2010. PH, glucose, leukocytes, platelet-count, and CRP values 
were measured at onset of NEC, i.e. < 1hour after suspicion rose, after 12 hours, 
and after 24 hours. Conservatively treated patients were defined as ‘moderate NEC’ 
and ‘severe NEC’ patients were those who required surgery and/or succumbed. We 
analyzed differences between groups, calculated ORs and 95% CIs for progression 
of moderate to severe NEC, and assessed the ability of laboratory parameters to 
independently predict progression of NEC.
Results: We included 165 NEC patients. Severe NEC occurred in 84 patients (51%). 
Acidosis (pH-level < 7.30) at onset of NEC, thrombocytopenia after 12 hours, and 
acidosis after 24 hours demonstrated statistically significant ORs in  multivariate 
logistic regression analyses (OR: 21.2, 20.9, 16.1, resp. P < .01 in all cases).  
Conclusion: Conventional laboratory parameters proved useful to predict which 
patients are at high risk of developing severe NEC. Acidosis and/or thrombocyto-
penia during the 24 hours after diagnosis should alert clinicians to the considerably 
increased risk of progressive disease.
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Introduction
Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency 
in preterm infants. In neonates weighing less than 1500 gram the incidence of NEC 
is about 12%.1,2 Approximately half of these patients recover with medical therapy 
alone (antibiotic treatment, enteral fasting, and prolonged use of total parenteral 
nutrition). The other half, however, progresses to severe disease with necrotic or 
perforated intestine necessitating surgery. Of all surgically treated patients, 20%–
25% die, while another 10%–20% suffer from long-term morbidities such as intes-
tinal strictures, nutritional malabsorption, and neurodevelopmental impairment.3,4

Due to a  lack of prognostic tools it is difficult to predict the progression 
of NEC, including death, or the need for surgery. Therefore, NEC is a challenging 
disease for clinicians. Finding a reliable predictor may help clinicians to optimize 
individual treatment strategies, by alerting them to the ‘high-risk’ infant, in  an 
effort to help prevent progression of the disease.

Several laboratory parameters have been studied to assess their ability to pre-
dict the progression of NEC.5–11 A pH level of < 7.25 at the onset of NEC seems to 
be associated with an existing or developing intestinal perforation.3 Higher levels 
of glucose are found in NEC patients who ultimately needed surgery compared to 
conservatively treated patients.9 Thrombocytopenia and neutropenia are associated 
with the extent of the disease and with poor prognosis,6,7,12 and neonates with an 
elevated C-reactive protein (CRP) level at the onset of NEC might be more prone to 
develop severe NEC compared to neonates with normal CRP levels.8 The majority of 
these studies, however, focused on a single parameter. As yet, little is known about 
the independent predictive ability of these laboratory parameters. Furthermore, it is 
unknown whether laboratory parameters are able to identify which infants are at risk 
of developing severe NEC from as early as the first day after diagnosis. 

Our aim was, therefore, to assess the abilities of conventional laboratory para-
meters obtained at three different time points during the first 24 hours after diagnosis 
to independently predict the progression of NEC in a large population of patients.

Methods 
Retrospectively, we analyzed all data of neonates diagnosed with NEC, i.e. Bell’s stage 
≥ II, who were admitted to the neonatal intensive care unit (NICU) of University 
Medical Center Groningen between January 1990 and January 2010. The Ethical 
Review Board from the University Medical Center Groningen approved this retro-
spective trial. As this was a  retrospective study using completely anonymized and 
de-identified data, informed consent was not in order. 
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We collected demographic characteristics, postnatal age at the time of diagnosis, 
and data on the use of ventilatory and/or inotropic support during admission. We 
defined inotropic support as any use of dopamine, dobutamine, noradrenaline, or 
adrenaline during admission. We recorded duration of intensive care as the number 
of days admitted to the NICU. Sepsis was defined as a positive blood culture at the 
calendar day of NEC diagnosis. Organisms detected in blood culture were divided 
in gram positive, gram negative, or other (e.g. candida albicans). 

At suspicion of NEC, abdominal x-ray and laboratory sepsis work-up were 
performed. Using patients’ files and radiological images (reported by a pediatric 
radiologist), we determined the time of onset of NEC. This was generally within 
1–2 hours after onset of symptoms. We staged NEC according to the modified 
criteria of Bell et al. using clinical, intestinal, and radiographic findings.13,14 NEC 
(i.e. Bell’s stage ≥ II) was defined as the presence of pneumatosis intestinalis 
on abdominal x-ray.

We distinguished two groups of NEC patients: ‘moderate NEC’ and ‘severe 
NEC’. We defined patients who survived after conservative management as ‘moder-
ate NEC’. Only NEC patients with a (suspected) perforation or those who, unless 
maximal medical treatment, clinically deteriorate will undergo surgery in  our 
center. These indications for surgery have not changed during the study period. We 
therefore defined patients who required surgery and/or died as ‘severe NEC’.

We used the operation reports to collect data on indication for surgery and 
time to surgery after diagnosis. We expressed time to surgery in hours if performed 
within 24 hours after diagnosis, or in days if it was performed more than 24 hours 
after diagnosis.

We retrieved the values of conventional laboratory parameters, i.e. pH, glu-
cose, leukocytes, platelet count, and CRP that were obtained as part of the protocol 
of routine patient care from the digital patient laboratory reports. Parameters that 
were not routinely measured during the entire twenty-year study period (e.g. lac-
tate, immature leukocyte count) were not included in  the analyses. All values of 
the laboratory parameters were obtained by taking three measurements during the 
first day after diagnosis. The ‘baseline’ sample was the sample obtained at the time 
of onset of NEC, which was generally collected within 2 hours after the presence 
of pneumatosis intestinalis on x-ray. The second sample was taken after 12 hours 
(range: 10 to 14 hours), and the third after 24 hours (range: 22 to 26 hours) follow-
ing initial diagnosis.  
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Statistical analysis

We used SPSS 22.0 software for Windows (IBM SPSS Statistics 22, IBM Corp., 
Armonk, New York, USA) for the statistical analyses and MLwiN 2.11 (University 
of Bristol, Bristol, UK) for the multilevel statistical analyses. 

To test for differences between patients with moderate NEC and those with 
severe NEC, we used the chi-square test for categorical variables, and Student t test 
or Mann-Whitney U test, as appropriate, for continuous variables. 

We calculated the mean values of all laboratory parameters taken at the three 
times of measurement. In order to detect differences in time within each group and 
between the two subgroups of patients, we built a multilevel model in which labora-
tory values (Level 1) were nested within subjects (Level 2), thereby taking depen-
dency between measurements into account. If not normally distributed, we trans-
formed the data logarithmically prior to calculation. We used this multilevel model 
to test differences between means. To test for differences between an estimated mean 
and the intercept it is recommended to use a t test.10 To test for differences between 
two estimated means one tests the contrast of the sum of the parameters from which 
each estimate is derived using a  chi-square test with 1  degree of freedom.15 We 
reported our results including 95% confidence intervals (CIs).

Next, we categorized each laboratory parameter into four groups: one 
group of normal values, two groups of abnormal values (either high or low) and 
one group of severe deviation (e.g. severe acidosis, severe hyperglycemia, severe 
thrombocytopenia). The groups were classified as follows:  pH > 7.35; 7.30–7.35; 
7.25–7.30; < 7.25, glucose 3–6 mmol/L; < 3; 6–10; > 10, platelet count > 150 ∙ 109/L; 
100–150; 51 – 100; < 50, leukocyte count 5–10∙109/L; < 5; 10–15; > 15, and CRP < 70 
mg/L; 70–140; 140–210; > 210: the group first mentioned consisted of normal 
values and served as the reference group for further analyses. We used univariate 
logistic regression analyses to calculate ORs and a 95% CI for progression to severe 
NEC for all groups relative to this reference group. 

 Finally, we calculated the ability of laboratory parameters to independently 
predict the progression of NEC by using multivariable logistic regression. Variables 
with P < .1 in univariate analyses were entered in this multivariable model. Results 
were reported as ORs and 95% CIs. 

Throughout the analyses P < .05 was considered statistically significant. 
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Results
During the twenty-year study period a total of 174 neonates with NEC Bell’s stage ≥2 
were admitted to our NICU. In nine cases no early laboratory values were available 
since these patients were transferred to our center more than 24 hours after the diag-
nosis of NEC (Figure 1). Therefore the study population consisted of 165 infants. 

Eighty-one patients were treated medically (moderate NEC, 81/165: 49%). 
Eighty-four patients developed severe NEC (84/165: 51%). Surgery was performed 
in seventy-five cases (46%). Indications for surgery were suspected or existing per-
foration, defined as free intraperitoneal air on abdominal x-ray, (n = 46), or clinical 
deterioration despite maximal medical treatment (n = 29). Median time to surgery 
after diagnosis was one day (interquartile range (IQR): 0–2.5). In six cases surgery 
was performed within 12 hours after diagnosis (6/75: 8%) and in sixteen patients sur-
gery was performed between 12 and 24 hours after diagnosis (16/75: 21%) (Figure 1). 

Bell’s stage ≥ II
between 1990-2010

N=174

Final cohort
n=165

No early laboratory values 
available

n=9

moderate NEC
n=81

severe NEC
n=84

severe NEC
n=78

severe NEC
n=61

Analyses

12 hours

24 hours

moderate NEC
n=81

moderate NEC
n=81

Baseline
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12h < surgery < 24h
n=17

surgery < 12h
n=6

Figure 1. Flow diagram of participants in the study.
Number of included patients within the two study groups at three 

time points within the first 24 hours after onset of NEC. 
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The occurrence of sepsis was not different in  severe and moderate NEC 
(11 (13.1%) vs. 9 (11.1%) resp. P = .7). Thirty-two patients died in the severe NEC 
group (32/84: 38%), compared to four patients in the moderate NEC group (4/81: 
5%), P < .01. Table 1 summarizes demographic data.

Table 1. Demographic characteristics of the study population.
Characteristic Moderate NEC

n = 81
Severe NEC
n = 84

P

Male 37 (46%) 41 (49%) .7

Gemelli 25 26 .9

Gestation (weeks) 31 + 2 (28 + 6 – 34 + 3) 30 + 0 (27 + 6 – 33 + 0) .12

Birth weight (gram) 1400 (983 – 1820) 1225 (877 – 1822) .23

Postnatal age at
diagnosis (days)

9 (5 – 16) 10 (5 –16) .6

Sepsis at day of diagnosis
Gram-positive organisms
Gram-negative organisms
Other

9 (11.1%)
7
1
1

11 (13.1%)
8
2
1

.7

Bell’s stage II 81 20  < .01*

Bell’s stage III 0 64  < .01*

Ventilatory support  (invasive) 46 84  < .01*

Inotropic support 10 50  < .01*

Time to surgery (days) 1 (0 – 2,5)

Surgery < 12hours after diagnosis 6 (7%)

Surgery > 12hours < 24hours after diagnosis 16 (19%)

No surgical treatment options 9 (10%)

Duration NICU stay (days) 22 (16–33) 27 (7 – 47) .6

Mortality 4 (5%) 32 (38%)  < .01*

Data are expressed as number, percentage (%), median and interquartile range (IQR), unless specified otherwise. 

Differences between groups are marked by * (P ≤ .05).

At baseline, we found significant differences in pH, glucose, and leukocytes levels 
between patients who developed moderate NEC and patients who ultimately pro-
gressed to severe NEC (Table 2). Using univariate analyses, significant ORs were 
found for pH, glucose, and leukocytes. After multivariate logistic regression, a pH 
level < 7.30 at NEC onset appeared to be a strong, independent predictor of disease 
progression (OR 21.2, CI 5.3–104, P < .01). 
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At 12 hours after diagnosis, we found statistically significant differences of all labo-
ratory parameters between patients who developed moderate NEC and those who 
progressed to severe NEC (Table 2). After multivariate logistic regression, a platelet 
count < 150 ∙ 109/L came out as a strong, independent predictor of disease progres-
sion (OR 20.9, CI 2.5–176, P < .01). 
At 24 hours after diagnosis, the results we found were similar to those at 12 hours 
after diagnosis (Table 2). At this time, a pH level < 7.30 was a strong, independent 
predictor of the progression of NEC (OR 16.1, CI 1.4 – 190, P = .01).

Table 2. Laboratory values in  moderate and severe NEC at  baseline (first blood 
sample upon diagnosis), 12 hours and 24 hours after NEC diagnosis.

Moderate NEC N Severe NEC N P

Baseline

pH 7.36 [7.34–7.39] 45 7.26 [7.22–7.29] 52 .01*

Glucose mmol/L 6.4 [5.5–7.2] 44 9.8 [8.1–11.4] 45  < .001*

Leukocytes ∙109/L 12.5 [10.4–14.6] 70 10.8 [8.5–13.1] 62 .02*

Platelets ∙109/L 263 [221–306] 66 215 [180–249] 63 .41

CRP mg/L 43 [29–57] 59 45 [32–59] 55 .25

12 hours

pH 7.37 [7.34–7.40] 43 7.26 [7.20–7.32] 46  < .001*

Glucose mmol/L 6.0 [4.8–7.2] 27 9.2 [7.7–10.7] 43  < .01*

Leukocytes ∙109/L 11.0 [8.9–13.0] 33 9.7 [6.9–12.5] 44 .01*

Platelets ∙109/L 237 [186–287] 35 135 [111–158] 44 .02*

CRP mg/L 68 [45–92] 27 87 [65–108] 37 .04*

24 hours

pH 7.37 [7.34–7.39] 46 7.29 [7.26–7.33] 41 .04*

Glucose mmol/L 5.8 [4.7–6.8] 30 7.8 [6.5–9.0] 37  < .01*

Leukocytes ∙109/L 12.5 [10.1–14.9] 52 8.7 [7.0–10.5] 42  < .01*

Platelets ∙109/L 246 [199–293] 50 154 [116–192] 40  < .01*

CRP mg/L 64 [45–82] 38 114 [87–140] 33  < .01*

Data are expressed as mean and their 95% confidence interval [CI]. Statistically significant differences in laboratory 

parameters between moderate and severe NEC in multilevel analysis are marked by * (P ≤ .05).
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Discussion
In this study we demonstrated that conventional laboratory parameters have the 
ability to predict which patients were at high risk of developing severe NEC. We 
did so by taking three measurements during the first 24 hours after NEC diagnosis. 
At each point of measurement we found a specific, independent predictor of dis-
ease progression. 

In the first blood sample upon diagnosis, the presence of a pH level < 7.30 was 
a strong, independent predictor of disease progression. At 12 hours after diagnosis, 
thrombocytopenia (platelet count < 150 ∙ 109/L) was a strong, independent predic-
tor of the progression of NEC. At 24 hours after diagnosis, again a pH level < 7.30 
was an independent predictor of progression from moderate NEC to severe NEC 
that either required surgery or led to death. To our knowledge, this is the first study 
to demonstrate that as early as during the first 24 hours after the onset of NEC, dif-
ferent conventional laboratory parameters can be used as independent predictors 
of disease progression. 

In the first blood sample upon NEC diagnosis (‘baseline’), we found sta-
tistically significant lower pH levels in patients progressing to severe NEC when 
compared to patients with moderate NEC. A pH level of < 7.30 showed a strong, 
independent ability to predict disease progression. The potential predictive value 
of low levels of pH in the progression of NEC was studied previously. In a large, 
prospective database Moss et al. found a significantly increased OR in the predic-
tion of progression of NEC for a metabolic acidosis (pH < 7.3) on the day of diag-
nosis.4 In an algorithm for the prognosis for NEC, Ji et al. found that the pH value, 
determined somewhere during the first day after diagnosis, was the most weighted 
predictor on the NEC outcome score.11 On the basis of our data we extended these 
results and concluded that already in the first blood sample upon diagnosis, a pH 
level < 7.30 was a very strong, independent predictor of progression from moderate 
to severe NEC (OR 21.2).

At 12 hours after diagnosis a  low platelet count differentiated between 
patients with severe and moderate NEC. A  platelet count < 150 ∙ 109/L showed 
a  strong, independent ability to predict disease progression, with a  more than 
20-fold increased OR. Our findings were in line with results from previous stud-
ies.3,6,7,9,16 Kenton et al. found that a  platelet count below 100 ∙ 109/L within the 
first three days of diagnosing NEC, predicts severe bowel pathology necessitating 
laparotomy.6 Based on our results, we may conclude more precisely that a platelet 
level < 150 ∙ 109/L at 12 hours after diagnosis can be a useful independent predictor 
of the progression to severe NEC. 
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At 24 hours after diagnosis, we found significantly lower pH levels in patients with 
severe NEC compared to moderate NEC patients. Again, a pH level < 7.30 showed 
a strong, independent ability to predict progression of the disease, comparable to 
the results we found at NEC onset. 

The low pH levels in severe NEC may be the result of increased lactate acid 
production due to tissue hypoperfusion and, therefore, reflect severe illness.3,17A 
pH level < 7.25 at the onset of NEC seems to be associated with intestinal perfora-
tion.3 Previous studies reported severe acidosis in NEC (i.e. pH level < 7.20) to be 
indicative of clinical deterioration and is, therefore, regarded as an indication to 
operate.3,17,18 Based on our findings, acidosis seems to be a useful early predictor of 
the development of severe NEC at slightly lower pH levels: a pH < 7.30 at NEC diag-
nosis and/or 24 hours later, both showed a strong, independent ability to predict 
the progression of the disease. 

Two mechanisms are thought to be involved in  the fall of platelet count 
in  NEC: sepsis and bowel necrosis.16 In sepsis, bone marrow depression impairs 
normal platelet production. Platelet destruction and platelet consumption are 
also increased, resulting in a fall of the platelet count.16,18 Gangrenous bowel was 
believed to release thromboplastin, which initiates clotting and platelet consump-
tion.16,18 Kenton et al. reported that many infants do not have thrombocytopenia 
at the time of diagnosis, but develop it as the disease progresses.6 Our results sup-
ported this finding. In the first blood sample upon diagnosis, we did not find dif-
ferences in platelet counts between patients with moderate and severe NEC, but 
at 12 hours after diagnosis we did. This indicates a role for platelet counts in the 
prediction of the progression of NEC. 

We found various statistically significant ORs in univariate analyses at each 
measurement, but only a  few laboratory parameters proved to be independent 
predictors of disease progression in  multivariate analyses. Although glucose 
levels > 6mmol/L showed significant ORs in univariate analyses at all three mea-
surements, they did not appear as independent predictor of disease progression 
in  multivariate analyses. The higher glucose levels in  patients with severe NEC 
in comparison to moderate NEC concur with previous results.9,19 Srinivasjois et al. 
found higher glucose levels after diagnosis in patients who ultimately needed sur-
gery compared to conservatively treated patients and suggested a role for glucose 
in the prediction of disease progression.9 Hall et al. reported that hyperglycemia, 
defined as > 8mmol/L, is common in infants with NEC and that it is associated with 
increased mortality later. The stress reaction induced by severe illness might cause 
impaired insulin production, resulting in elevated blood glucose levels in infants 
with severe NEC.19 Although the significant ORs we found by univariate analyses 
for glucose levels > 6 mmol/L suggested a role for glucose in the prediction of dis-
ease progression, we were not able to confirm glucose as an independent predictor 
of disease progression in the multivariable analyses. 
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Few studies focused on the value of CRP in predicting disease progression in NEC 
patients. Miner et al. concluded that neonates with an elevated CRP at the onset 
of NEC are more likely to go on to severe disease as compared to neonates with 
normal CRP levels.8 We found no differences in  CRP levels between severe and 
moderate NEC patients at baseline, and no predictive ability of CRP in  the pro-
gression of the disease during the first 24 hours of NEC. The persistence of high 
levels of CRP may suggest on-going disease and/or complications that may require 
surgery,20 but following our results, this apparently holds not true during the first 
24 hours after diagnosis. Perhaps serial measurements after the first 24-hour period 
might be of value for predicting disease progression. 

We recognize several limitations of our study. The first limitation concerns 
the retrospective nature of our study. We included laboratory values determined 
at three measurements during the first 24 hours after diagnosis. Although in our 
NICU laboratory parameters are measured at least twice a day in the majority of 
recently diagnosed NEC-patients, we could not influence the measuring points due 
to the retrospective nature of our study and missing data occurred. As a result of 
missing data we could not assess the dynamics of laboratory parameter changes 
by repeated measurement. Even so, we analyzed three different measurements 
during the first 24 hours after diagnosis separately, enabling us to assess the ability 
of laboratory parameters to predict progression of NEC in relation to the time after 
diagnosis. 

The study period spanned two decades. Although neonatal care has changed 
since the nineties, clinical outcome of patients with NEC has not improved. 
Indications for surgery have remained similar in our center: deterioration despite 
maximal conservative therapy or the development of a  perforation. Peritoneal 
drainage is almost never performed in our center. The relatively old gestational age 
and high birth weight of our patients might also reflect the long study period: chil-
dren with much lower gestational age nowadays survive while this might not have 
been the case in the nineties. Whether the results of this study are also applicable to 
extremely premature infants who develop NEC remains uncertain. 

A second limitation of the study is based on disease severity itself: the fre-
quency of obtaining blood samples for analyses could have been higher in clini-
cally deteriorating patients in  comparison to neonates with stable disease. This 
would have biased our results. Nevertheless, this was not reflected in the number 
of samples. 

The third limitation concerns the end of our study. In twenty-three patients 
(14%) surgery was performed within 24 hours after diagnosis. In seventeen patients 
(10%) surgery was performed between 12 and 24 hours after diagnosis and we did 
not include these patients in the analyses at 24 hours after diagnosis. In six patients 
(4%) surgery was performed within 12 hours after diagnosis and these patients 
were not included in the analyses at 12 and 24 hours after diagnosis. Results at 12 
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and 24 hours after diagnosis may, therefore, be underestimated, since the patients 
who underwent surgery within 24 hours after diagnosis were likely to have had the 
most progressive and/or severe NEC. However, this is in  line with daily practice 
and does not affect the clinical relevance of our findings. 

Conclusion
Our study demonstrated that conventional laboratory parameters may differenti-
ate in determining which neonate diagnosed with NEC is at high risk of progres-
sion to severe NEC. Even if some clinicians already use pH and platelets to judge 
the potential hazard of NEC, present study provides additional evidence to keep 
on using these parameters to optimize individual treatment strategy. The presence 
of acidosis or thrombocytopenia during the first 24 hours after diagnosis of NEC 
should alert both neonatologists and pediatric surgeons to a considerably increased 
risk of progressive disease necessitating an even closer monitoring and follow-up 
laboratory and radiological investigations.
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Abstract
Background: An ostomy seems a safe alternative in neonates with an acute abdo-
men when immediate restoration of bowel continuity is deemed undesirable. Faced 
with several complications in our center, and the feeling we are not the only center 
with these complications, we decided to assess the rate and type of complications 
after both ostomy creation and closure. 
Methods: All data regarding neonates (< 30 days of age) who underwent a  lapa-
rotomy for a suspected abdominal emergency in the period 2000–2010 were retro-
spectively analysed. These data included demographics such as gender, gestational 
age and birth weight. Disease aetiology was defined and various features of the 
enterostomy were analysed. These features included type, location, time to take 
down, and complications and mortality directly related to both creation and clo-
sure of the ostomy.
Results: A total of 155 patients who underwent a  laparotomy for suspect acute 
abdomen were identified. Median gestational age was 33 weeks (range 25–40) and 
median birth weight was 1926 gram (range 560–4380). Median age at laparotomy 
was 8  days (range 0–30). In 23 patients (23/67: 34%) ostomy-related complica-
tions occurred. Most frequent were high output ostomy (n = 10) and necrosis of 
the enterostomy (n = 7). Eleven patients died before ostomy closure could occur. 
In 53 patients the ostomy was closed after a median of 107 days (range 4–299). 
After ostomy closure, complications occurred in  13 cases (13/53: 25%). Seven 
patients (7/53: 13%) needed another reoperation because of anastomotic leakage 
(n = 4), adhesions (n = 2) or incisional hernia (n = 1). There was no closure-related 
mortality.
Conclusion: Although creating a  temporary ostomy in  newborns is prefer-
able in certain situations, there is a considerable occurrence of complications and 
reoperations.
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Introduction
The term ‘acute abdomen’ is used for a group of abdominal symptoms which dete-
riorate rapidly and therefore require immediate treatment.1 Several clinical con-
ditions are associated with an acute abdomen in neonates, including necrotizing 
enterocolitis (NEC), spontaneous intestinal perforation (SIP), intestinal atresia and 
malrotation with or without volvulus.2 These clinical conditions are challenging for 
both neonatologists and surgeons, regarding both diagnosis and treatment.2 

The choice of surgical management (e.g. enterostomy or primary anastomo-
sis) in neonates with an acute abdomen varies according to the specific per-oper-
ative circumstances and the surgeon’s preference.3 Creating a  temporary ostomy 
seems a safe alternative when immediate restoration of bowel continuity is deemed 
undesirable. Questionable bowel viability, severe systemic illness and abdominal 
contamination can all be considered indications for the creation of an ostomy. 

A major advantage of an ostomy is the fact that it allows for a critical distal 
(intestinal) area to heal, or inflammation to recover.4 Creating an ostomy there-
fore preserves bowel length. Other advantages are less time to perform the surgical 
procedure and the fact that anastomotic leakage cannot occur. However, these vul-
nerable patients are at risk of stoma-related complications, such as necrosis, pro-
laps and excessive loss of fluid and electrolytes.5 Since the latter is associated with 
delayed patient growth and development, a well-timed ostomy closure is desirable.6 
Literature on  this subject is scarce and there is no real consensus regarding the 
timing of ostomy closure.6

Although it is well known from the adult literature that both creating and 
closing an ostomy is associated with significant morbidity and mortality, as yet little 
is known about the risks involved with a temporary enterostomy in the neonatal 
patient.4,5 Therefore the aim of this study was to assess the rate and type of compli-
cations after ostomy creation and closure in neonates undergoing laparotomy for 
a suspected abdominal emergency. 

Patients and methods
We performed a retrospective analysis of all neonates (< 30 days of age) who under-
went a laparotomy for a suspected abdominal emergency in the period 2000–2010. 
Most common indications for laparotomy were NEC, SIP and intestinal atre-
sia. Patients with abdominal wall defects, anorectal malformations and/or 
Hirschsprung’s disease were excluded from this study. 

Main outcome parameters were type of ostomy-related complications, need 
for reoperation and overall mortality.  All of the complications were diagnosed by 
a paediatric surgeon using the following definitions: high output (> 50ml/kg stomal 
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output a day), necrosis (an avital ostomy), obstruction (due to anatomical problems 
e.g. on the fascia level), adhesions (adhesions diagnosed during reoperation), faecal 
impaction (obstruction due to faeces instead of anatomical problems), retraction 
(retraction of the ostomy below the level of the skin so that management became 
impossible), parastomal dermatitis (inflammation of the skin around the ostomy 
which required treatment), surgical site infection (using the 1992 CDC definition),7 
paralytic ileus (absence of bowel movements for > 5 days postoperatively). 

All patients were operated by or under close supervision of one of seven 
consultant paediatric surgeons. All patients underwent a transverse upper abdomi-
nal laparotomy. Ostomies were created either laterally in  the laparotomy wound 
or between the umbilicus and the spina iliaca anterior superior through the rectus 
fascia.  This depended on the preference of the operating surgeon and peroperative 
clinical condition of the patient. In all cases the ostomy was sutured to the rectus 
fascia or fixated intra-peritoneally to prevent prolapse and retraction. In (almost) 
all cases the distal intestinal limb was used to create a mucous fistula situated as 
nearby the ostomy as possible. Postoperative stoma refeeding, whereby stoma efflu-
ent is re-infused into the mucous fistula, was started as soon as possible. 

In our center, restoration of bowel continuity is performed approximately 
three months after the initial operation to ensure adequate patient growth, fur-
ther developing and maturing of the bowel and diminished intraperitoneal adhe-
sions. All continuity restorations were realised by end-to-end anastomoses with 
absorbable sutures.

All statistical analyses were performed using the Statistical Package for the 
SPSS 22.0 software for Windows (IBM SPSS Statistics 22, IBM Corp., Armonk, 
New York, USA). Two-sided P values less than .05 were considered statistically 
significant. For categorical variables the Χ2-test was used, for continuous variables 
Student’s t-test or Mann Whitney U test was used, as appropriate.

Results
One hundred fifty-five patients underwent a laparotomy for suspected abdominal 
emergency within 30 days after birth. An ostomy was created in 67 patients (67/155: 
43%). There were 38 boys, 29 girls, with a median gestational age of 33 weeks (range 
25–40). The median age at laparotomy was 8 days (range 0–30) (Table 1). Indications 
for surgery were NEC (n = 38), SIP (n = 11), intestinal atresia (n = 9), intestinal 
obstruction (n = 5) or volvulus (n = 4) (Table 2). There were 8 jejuno-, 49 ileo-, and 
10 colostomies created. In 94% of cases a mucous fistula was also constructed. 
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Table 1. Patient characteristics (N = 67) expressed in median and range.
Gender M:F 38:29

Median gestational age (weeks) 33 (25–40)

Median weight at surgery (grams) 1926 (560–4380)

Median age at surgery (days) 8 (0–30)

Table 2. Indications for surgical intervention (N = 67)
Indication n

Necrotizing enterocolitis 38 (57%)

Spontaneous Intestinal Perforation 11 (16%)

Intestinal atresia 9 (13%)

Intestinal obstruction 5 (8%)

Volvulus 4 (6%)

Twenty-three patients (23/67: 34%) developed 34 ostomy-related complication, 
with a  maximum of two complications in  one patient. Most frequent were high 
output ostomy (n = 10), and necrosis of the enterostomy (n = 7) (Table 3). There 
were no parastomal hernias. In 6 of the 10 high output ostomy cases, the patient 
suffered simultaneously another complication (necrosis, obstruction, faecal impac-
tion, perforation (all n = 1) or prolapse (n = 2)). Nine patients (9/67: 13%) needed 
a reoperation because of necrosis (n = 5), obstruction (n = 2), retraction, and faecal 
impaction. There was no relation between underlying clinical condition or type of 
ostomy on the one hand and type or rate of complications on the other hand, with 
the obvious exception of high output stomata being more proximal. Preterm infants 
suffered complications in 42% of the cases vs. 19% of the term patients (P = .096).

Eleven patients died before ostomy closure could occur. These patients 
died due to extensive necrosis (n = 4), multiple organ failure (n = 4) or high output 
ostomy leading to incontrollable fluid and electrolyte losses (n = 3). 

Ostomy closure was performed in 53 cases, after median 107 days (range 
4–299). In 15 patients (15/53: 28%) closure was performed within 3 months. In this 
group early closure was necessary due to the abovementioned ostomy-related com-
plications in 7 patients (7/15: 47%). Early closure in the remaining 8 patients was 
possible due to a very good state of health with good growth and development of 
the patient.  

After continuity restoration complications occurred in 13 children (13/53: 
25%). Six were minor, such as wound infection (n = 5) and paralytic ileus (n = 1), 
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which could all be managed conservatively. Seven patients (7/53: 13%) needed 
another reoperation because of anastomotic leakage (n = 4), adhesions (n = 2) or 
incisional hernia (n = 1) (Table 4). There was no difference in  complication rate 
between early and late closure of the ostomy. There was no closure-related mortality.

Table 3. Ostomy-related complications (n = 34) in 23 patients
Complication n

High output ostomy 10 (29%)

Necrosis 7 (20%)

Prolaps 4 (12%

Perforation 4 (12%)

Parastomal dermatitis 4 (12%)

Obstruction 3 (9%)

Retraction 2 (6%)

Total 34 (100%)

Table 4. Complications related to ostomy closure (n = 13)
Complication n

Anastomotic leakage 4 (7%)

Adhesions 2 (4%)

Incisional hernia 1 (2%)

Surgical site infection 5 (10%)

Paralytic ileus 1 (2%)

Total 13 (13/53: 25%)

Discussion
An ostomy is often created to avoid an anastomosis (and thus the risk for anasto-
motic dehiscence) or to divert stool from a distal area of concern which is thus 
allowed to heal.4 Questionable bowel viability, severe systemic illness, a very large 
difference in diameter between proximal and distal ends or abdominal contamina-
tion can all be considered indications for the creation of an ostomy. 

The present series describes a  retrospective cohort of neonates in whom an 
ostomy was created for acute abdominal disease. Both creation and take down of the 
ostomy were associated with substantial complication rates: 34% and 25% respectively.
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This study was undertaken based upon the clinical suspicion of relatively high 
complication rates. The evidence mentioned in the international literature on this 
subject is limited, especially regarding pediatric series. However, abovementioned 
results are comparable to data found in the literature.4,5,8 

In the present study the most frequently seen complications after construc-
tion of the ostomy were high output ostomy (10/67: 15%), and necrosis (7/67: 10%) 
of the ostomy. 

Although the high output ostomy is not a complication of the ostomy per 
se, this problem does not occur when a primary anastomosis is created. Despite 
the fact that in almost all of our patients (94%) mucous fistula refeeding was post-
operatively started as soon as possible, some severe cases of high output ostomy 
required early ostomy closure. Furthermore, three patients died as a result of the 
massive fluid and electrolyte losses before closure could even occur. Therefore, 
a high output ostomy is one of the most cumbersome consequences of  creating an 
ostomy. Although we are not able to show a statistically significant relation between 
the high output ostomy and the simultaneous occurrence of other complications, 
we saw a remarkably high number (6 / 10 cases) of high output combined to other 
ostomy related problems. High losses of fluids, electrolytes and nutrition via the 
ostomy could result in malnutrition and a worsening of the child’s clinical condi-
tion, causing an increased risk of further complications.

The incidence of the high output, necrosis and prolaps complications men-
tioned in international literature varies between 1–7%, 8–38% and 3–6% respectively, 
although data are scarce.1,5 The occurrence of complications could be explained by 
the fact that especially in neonates bowel diameter is limited, the abdominal muscle 
wall and skin are thin with limited amount of subcutaneous fat, and tissue integrity 
is (relatively) poor. Even more specifically regarding patients with acute abdominal 
disease, systemic effects of the disease and questionable bowel viability can also 
negatively influence the postoperative healing of the ostomy.5 

Although in  our study no statistically significant relation was found 
between gestational age and rate of complications, a trend towards more compli-
cations in premature infants seemed to exist. This is in line with the observation 
of Hofman et al.9 In some hospitals creation of an ostomy is avoided in very low 
birth weight children (i.e. birth weight < 1000 grams) as they might be even more 
prone to complications.10 

In general, in  present study restoration of bowel continuity was per-
formed at least three months after the initial operation to ensure adequate gain 
of body weight, optimize bowel maturity and minimize intra-abdominal adhe-
sions. To improve bowel adaptation of the distal loop and to prevent excessive 
fluid and electrolyte losses (especially in case of a proximal ostomy), mucous 
fistula refeeding was postoperatively started as soon as possible. As mentioned 
above, earlier ostomy closure was the treatment of choice in some severe cases 
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of high output ostomy. On the other hand, early closure (within three months) 
was possible in some patients who reached a very good state of health including 
associated growth and development. 

Patients in whom the ostomy was closed after a prolonged period may have 
different courses of disease or different comorbidities when compared to those 
in whom the ostomy could be closed earlier. However, as the main purpose of this 
paper was to describe the overall complication rate of ostomy creation in patients 
with NEC, we have included all patients with ostomies, regardless whether they 
have been closed or the time until closure.

In present study the anastomotic leakage rate after ostomy closure was 7%. 
Since these patients were thought to be in good clinical condition at  the time of 
restoration of continuity, no clear explanation for this complication could be found. 
In recent series the complication rate related to intestinal anastomosis (including 
anastomotic dehiscence) after ostomy closure was as high as 53%.11 In present series 
the number of patients with anastomotic leakage was too small to perform a proper 
analysis of this problem.

A few studies have previously reported on their experiences with primary 
anastomosis versus ostomy. We chose to evaluate only the type and rate of ostomy 
related complications, instead of comparing these results to anastomosis related 
complications. We think these groups are not as comparable as some authors 
assume, since patient characteristics (illness severity, operation indication, etc.) can 
differ significantly between these two groups. 

Griffiths et al. observed that a primary anastomosis in neonates treated for 
NEC is associated with a shorter hospital stay, a shorter period of total parenteral 
feeding (and therefore shorter time to full enteral feeding), when compared to 
patients in whom an ostomy was created. Furthermore, they found a complication 
rate of 17% in the anastomosis group versus 60% in the ostomy group.12 They con-
cluded therefore that–if bowel ends are viable–a primary anastomosis should be the 
treatment of choice in neonates with NEC. 

Hofman et al. described a group of 63 neonates with NEC who underwent 
resection in combination with primary anastomosis or enterostomy. Both morbid-
ity and mortality were not significantly different, despite the lower gestational age 
and lower birth weight in the anastomosis group.9 Time to full enteral feeding and 
postoperative weight gain were also similar in both groups. Although primary hos-
pital stay was significantly prolonged in the ostomy group, no apparent explanation 
was provided by the authors. Although these authors conclude the same as we did 
in present study, they did not mention whether patients in both groups (ostomy vs. 
anastomosis) were suffering to the same severity of illness. Describing severity of 
illness is difficult in retrospective papers. Therefore it may very well be that patient 
characteristics and severity of illness were not similar in the previously mentioned 
papers. This may have led to bias towards favouring a primary anastomosis.
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However, comparable data have been presented in children with jejunoileal 
atresia (Schurink, abstract EUPSA 2010). These data presented similar complica-
tion rates between patients with a  temporary ostomy and those in  whom a  pri-
mary anastomosis was performed. Time to full enteral feeding and postoperative 
weight gain were also similar. Furthermore, the patient characteristics in this study 
were similar in the ostomy and the primary anastomosis group.  This suggests that 
in neonates with jejunoileal atresia a primary anastomosis seems favourable. But 
again, severity of illness is difficult to measure and a certain level of bias cannot be 
excluded in retrospective studies.

O’Connor et al. reported a  high incidence of (ostomy-related) complica-
tions (68%) in neonates treated for NEC as well.13 Based on those findings, Pierro 
emphasizes the need for alternative treatment strategies to avoid ostomy-related 
complications and the need for repetitive surgery.14 He advises to perform an 
ostomy only if a primary anastomosis is not achievable. Furthermore, restoration of 
bowel continuity subjects the infant to additional bowel loss, renewed exposure to 
anesthesia and surgical stress. Ta et al. found an association between the presence 
of an enterostomy and significantly worse scores in neurodevelopmental outcomes 
compared to children with a primary anastomosis.15 

We realise that the retrospective nature and the relatively small number of 
patients cause obvious limitations to our study. This sadly enough holds true for 
most of the literature regarding this subject, which is of the utmost importance 
for paediatric surgeons having to make a well-informed decision during surgery 
for acute abdominal disease in neonates. Our study suggests that the concept of 
primary anastomosis in patients with an acute abdomen (e.g. NEC) is -whenever 
possible- a  mode op treatment that should be seriously considered. Performing 
a  multi-center, randomised trial comparing ostomy versus primary anastomosis 
will be the only option to provide a more definite answer to this question. 

Conclusion
In neonates presenting with acute abdominal disease treated by laparotomy, the 
creation of a (temporary) enterostomy leads to substantial ostomy-related compli-
cations. This holds true especially for (very) low birth weight children. A random-
ized trial comparing ostomy with primary anastomosis seems in  high demand. 
Until the results of such a trial become available, our preferred method is to per-
form a primary anastomosis unless per operative conditions dictate otherwise.
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Despite decades of intensive research, our understanding of the pathophysiology of 
necrotizing enterocolitis remains poor. The common denominator for development 
of necrotizing enterocolitis in preterm infants seems to be intestinal immaturity. 
This immaturity is believed to lead to decreased circulatory regulation, diminished 
intestinal barrier function, altered microbiota and an impaired immune defense.1–5 
These risk factors can, especially when combined, induce an uncontrolled inflam-
matory cascade in the intestine that causes the clinical signs regularly seen in nec-
rotizing enterocolitis, such as feeding intolerance, abdominal distension, bloody 
stools and, if the disease progresses, intestinal perforation, peritonitis and sepsis.

The course of necrotizing enterocolitis can be highly unpredictable, which 
makes it as yet impossible to foresee which infants are likely to develop a severe 
disease that necessitates surgery or leads to death.2 Surgical procedures in necrotiz-
ing enterocolitis can involve exploratory laparotomy with resection of the necrotic 
bowel followed by the creation of either a primary anastomosis or enterostomy.6,7 
The creation of an enterostomy seems a safe alternative in neonates with an acute 
abdomen undergoing surgery. There is, however, little known about the rate and 
type of complications involved with the creation and closure of an enterostomy.

Due to the fulminant nature of necrotizing enterocolitis, it is unlikely 
that new treatment strategies will provide any major breakthroughs in  reduc-
ing necrotizing enterocolitis-associated mortality and morbidity in  the near 
future.8 Prevention of necrotizing enterocolitis is likely to yield better results and 
improve clinical outcomes for preterm infants.8,9 To prevent the development of 
necrotizing enterocolitis, however, it is essential that we accurately predict which 
neonates are at a high risk of developing the disease.9 Understanding the risk factors 
for necrotizing enterocolitis and identifying indicators that detect these abnormali-
ties early can help us to define markers that aid in the prediction of the disease. As 
the population of affected patients with necrotizing enterocolitis mainly consists of 
vulnerable preterm infants for whom invasive techniques (such as frequent blood 
sampling) are highly undesirable, the ideal marker should be measurable using 
non-invasive methods.10,11

This thesis is about prediction and early diagnostics of necrotizing entero-
colitis, in relation to several non-invasive biomarkers. It also covers various clinical 
aspects. The first aim was to determine noninvasive markers to predict the develop-
ment of necrotizing enterocolitis in asymptomatic preterm infants. The second aim 
was to determine a possible marker that independently predicts the progression of 
necrotizing enterocolitis within the first day after diagnosis. Our third aim, then, 
was to assess the rate and type of complications after the creation and closure of an 
enterostomy in neonates with an acute abdominal emergency in our center.  To this 
end, we formulated the following research questions:
1.  What is known in  the literature about predicting necrotizing enterocolitis 

in preterm infants using noninvasive markers? (Chapter 2)
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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? (Chapter 3)

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)

4.  Can serial measurements of fecal bile salts aid in  identifying which preterm 
infants have an increased risk for the development of necrotizing enterocolitis? 
(Chapter 5)

5.  Can cerebral and intestinal oxygenation differentiate high-risk infants who 
develop necrotizing enterocolitis from those who do not? (Chapter 6)

6.  Can conventional laboratory parameters, obtained in an early stage of the dis-
ease, be used to predict the progression of necrotizing enterocolitis? (Chapter 7)

7.  What complications occur after the creation and closure of an enterostomy 
in neonates with an acute abdominal emergency in our center? Is the creation of 
an enterostomy a safe alternative or should it preferably be avoided? (Chapter 8)

General discussion
Many studies in this thesis are part of the prospective CALIFORNIA study, which 
aimed to identify several promising non-invasive markers for necrotizing entero-
colitis.12 These studies could also shed light on the pathophysiology of necroti zing 
enterocolitis, as the markers we tested are all related to different aspects of the 
pathophysiology of the disease. We analyzed markers of intestinal damage, intes-
tinal inflammation, intestinal perfusion and bile salts metabolism respectively for 
their role in  the identification of infants with an increased risk for the develop-
ment of necrotizing enterocolitis. Two of the markers (that of intestinal damage 
and intestinal inflammation) might not be useful (chapter 3, chapter 4), whereas 
the other two (intestinal perfusion and bile salt metabolism) showed more promis-
ing results in the prediction of necrotizing enterocolitis (chapter 5, chapter 6). Our 
main findings are presented in Table 1.

We first investigated a marker for enterocyte damage in  the prediction of 
necrotizing enterocolitis. Urinary intestinal fatty acid-binding protein (iFABPu) 
is among the most commonly studied potential markers for the prediction of 
necrotizing enterocolitis (Chapter 2).13 Given its clear association with intestinal 
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(enterocyte) damage and reports of its potent ability to predict the development 
of necrotizing enterocolitis, iFABP could be considered among the most promis-
ing biomarkers studied so far.13,14 Elevated iFABPu levels during the first days after 
birth were suggested to be the initial sign of mucosal damage that predisposes an 
infant to necrotizing enterocolitis.15,16 In previous studies, such high iFABPu levels 
immediately after birth have been found in infants who subsequently developed the 
disease.15  Furthermore, Gregory et al. suggested that iFABPu is a useful predictor 
of necrotizing enterocolitis within a week (sens. 60%, spec. 78%) and, even more 
strongly, within three days (sens. 65%, spec. 84%) preceding the diagnosis.17 A sen-
sitivity and specificity up to 100% and 96% resp. of iFABPu at the day prior to the 
diagnosis of necrotizing enterocolitis were described by Gollin et al.16

We therefore studied iFABP/cru ratios prospectively and longitudinally 
in a large cohort of high-risk infants. We used iFABP to creatinine ratios (iFABP/
cru) to correct for variations in  kidney function and urine concentration. We 
were surprised that our results contradicted the findings of previous studies. We 
demonstrated clearly that iFABP/cru ratios have no role in the early prediction of 
imminent necrotizing enterocolitis in preterm infants (Chapter 3). That our findings 
contradict earlier literature might, at least partly, be the result of differences in study 
design. Other researchers measured iFABP levels up to the time of the confirmed 
diagnosis of necrotizing enterocolitis.16,17 The confirmation of the diagnosis may 
have been stated at a considerable time after clinical suspicion of necrotizing entero-
colitis arose, explaining why iFABP levels were already elevated in these studies. We 
analyzed the predictive value of iFABP/cru ratios much earlier, until the first clini-
cal symptoms of the disease, which we defined as the first abdominal x-ray within 
the episode of suspected necrotizing enterocolitis. In our cohort, iFABP/cru did not 
differ prior to the onset of symptoms between subjects that developed necrotizing 
enterocolitis and controls. The ratios were, however, significantly higher in subjects 
with necrotizing enterocolitis immediately after the first clinical suspicion of the 
disease had arisen. These findings suggest that necrotizing enterocolitis is a disease 
in which intestinal (enterocyte) damage, detected by an increased level of iFABP, 
rapidly leads to clinical signs.14 But detection of intestinal damage prior to the onset 
of the disease seems therefore not feasible using iFABP measurements in urine. This 
appears to fit the often very acute clinical course of the disease. The low sensitivity 
described in literature of iFABP to predict NEC at respectively 7 and 3 days prior to 
the onset of the disease17 (60% and 65%, resp.), chimes with this suggestion.
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As necrotizing enterocolitis is an acute inflammatory process, establishing a marker 
for bowel wall inflammation could theoretically be helpful in its prediction or early 
detection.18 Previously, fecal calprotectin had shown high sensitivity and specificity 
to predict moderate necrotizing enterocolitis in a small number of infants within 
one day prior to the onset of the disease (Chapter 2).19 Although these results were 
promising, the effectiveness of using this protein in neonates was still doubted as 
previously high levels and wide interindividual variations in fecal calprotectin were 
observed during the first month of life.20–24 We therefore measured fecal calprotec-
tin serially during the first five weeks after birth in preterm infants at high-risk for 
necrotizing enterocolitis. We found no differences between calprotectin concentra-
tions in subjects who developed necrotizing enterocolitis and controls during the 
week before the first clinical suspicion of the disease. Furthermore, within subjects 
developing necrotizing enterocolitis we did not detect an intra-individual rise 
in  calprotectin concentrations before clinical symptoms of the disease occurred. 
Our results confirmed the previous findings of high concentrations and wide 
interindividual variation in calprotectin.20,22,24–26 Additionally, we observed a wide 
intra-individual variation, which further precludes the use of serial calprotectin 
concentrations in neonatal care in general and, more specifically, in the prediction 
of necrotizing enterocolitis (Chapter 4).

Recently, an aberrant bile salt metabolism has been associated with the 
development of necrotizing enterocolitis.27 The findings of this thesis suggest that 
serial measurements of fecal bile salts levels might be useful in the prediction of 
necrotizing enterocolitis (Chapter 5). We measured unconjugated and conjugated 
fecal bile salts in the first feces sample after birth and in two samples prior to the 
manifestation of necrotizing enterocolitis in ten infants who developed necrotizing 
enterocolitis and in twenty matched controls. We observed that total unconjugated 
bile salt concentrations in  preterm infants that develop necrotizing enterocolitis 
decrease at a  slower rate after birth compared to controls. The level of fecal bile 
salts might be influenced by several factors, such as antibiotic treatment or formula 
feeding.28 Further studies are needed to determine the factors that affect levels of 
fecal bile salts in preterm infants, and whether measuring fecal bile salts has suf-
ficient predictive value and clinical applicability for the development of necrotizing 
enterocolitis. Further research is also necessary to determine whether the levels 
of bile salts are causally related to the development of necrotizing enterocolitis or 
whether altered levels of bile salts are just a bystander effect of other factors that are 
thought to be related to necrotizing enterocolitis e.g. an altered microbiota.29

The last marker that was studied in the CALIFORNIA cohort in this thesis 
focused on perfusion of both the intestines and the brain (Chapter 6). Our findings 
suggest that measuring cerebral oxygenation might be useful in the prediction of 
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necrotizing enterocolitis. We found that infants with cerebral oxygen saturation 
values below 70 percent (below the 25th percentile) in the first two days after birth 
had a  nine-fold higher risk of developing necrotizing enterocolitis than infants 
with cerebral oxygen saturation above 70 percent (greater than or equal to the 25th 
percentile). Intestinal oxygenation values obtained in the first two days after birth 
were not associated with the development of necrotizing enterocolitis later on. At 2 
days prior to necrotizing enterocolitis, however, intestinal fractional tissue oxygen 
extraction (FTOE) was significantly higher in infants who developed necrotizing 
enterocolitis with infants who did not, indicating that intestinal perfusion may 
have been impaired in the infants developing necrotizing enterocolitis a few days 
later. We were, however, only able to measure intestinal oxygenation values in 23% 
of the infants (Chapter 6), particular during the first week after birth. This small 
sample size may have limited our ability to detect significant differences in intesti-
nal oxygenation values between the two groups. We encountered several practical 
difficulties in monitoring the infra-umbilical region in the first days after birth. On 
the very preterm infants and the infants small for their gestational age space was 
lacking for adequate sensor placement. Furthermore, the presence of an umbilicus 
venous catheter taped to the abdominal skin impeded sensor placement. These 
findings indicate that monitoring at the infra-umbilical region is accompanied with 
practical difficulties in preterm infants in the first days after birth, potentially limit-
ing the usefulness of this measurement procedure in clinical practice.

The clinical presentation of neonates with signs and symptoms that sug-
gest necrotizing enterocolitis can be obscured by similarities to other inflamma-
tory conditions of the newborn.30 Moreover, there are no reliable prognostic signs 
of progressive necrotizing enterocolitis that prelude disease progression prior to 
patients reaching an irreversible state requiring surgery or leading to death.31 We 
assessed, in a 20-year cohort of necrotizing enterocolitis infants, the abilities of con-
ventional laboratory parameters obtained at three different time points during the 
first 24 hours after diagnosis to independently predict the progression of necrotiz-
ing enterocolitis in a large population of patients (Chapter 7). Metabolic acidosis 
(pH < 7.3) and thrombocytopenia were found to be the independent predictors for 
the progression to severe disease.  We concluded, therefore, that acidosis and/or 
thrombocytopenia at onset and during the first 12 to 24 hours after diagnosis of 
necrotizing enterocolitis should alert clinicians to the considerably increased risk 
of progressive disease later on.

In conclusion, the findings in this thesis suggest that necrotizing enterocoli-
tis is a disease in which intestinal damage is almost immediately followed by clinical 
signs. Therefore, markers that detect intestinal damage or intestinal inflammation 
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might not be useful in the early identification of infants who will develop necro-
tizing enterocolitis. The high concentrations and wide inter- and intra-individual 
variation in  fecal calprotectin in  preterm infants during the first weeks of life 
preclude their use to differentiate infants who will develop necrotizing enteroco-
litis from those who will not. Promising results were found for measurements of 
respectively fecal bile salt levels and cerebral and perhaps intestinal oxygenation. 
These markers might be useful in the early identification of preterm infants who 
will develop necrotizing enterocolitis, but further studies are needed to determine 
their precise predictive value and clinical applicability.

While our findings might not have pointed directly towards a new marker 
for the prediction of necrotizing enterocolitis, they did offer insights into the patho-
physiology of necrotizing enterocolitis. Understanding the factors involved in the 
pathophysiology of necrotizing enterocolitis can also help us to identify predictive 
markers in the future.

Pathophysiology
Factors that might be related to the pathophysiology of necrotizing enterocolitis 
in  preterm infants include an impaired intestinal circulation,32–34 intestinal cell 
damage,16,17 intestinal inflammation,2,5 and intestinal bile salt metabolism.27,35 
In Figure 1 we present a schematic overview of the insights into the pathophysiol-
ogy of necrotizing enterocolitis as found in this thesis.

An early postnatal factor that has been associated with the development of 
necrotizing enterocolitis later in life is the presence of impaired intestinal circulation 
during the first days of life.33,36,37 Indications of impaired splanchnic perfusion were 
found in the first days after birth in infants who developed necrotizing enterocolitis 
later on.33 This impaired perfusion might possibly lead to local, subclinical damage 
of the mucosal layer that further predisposes the infant to the later develop ment of 
necrotizing enterocolitis.

In the first two days after birth, we found no differences in intestinal oxygen-
ation values between infants who went on to develop necrotizing enterocolitis and 
controls (Chapter 6). Neither did we observe differences in iFABP/cru ratios between 
the two groups (Chapter 3). These results appear to be in line with each other: as 
no impaired intestinal oxygenation occurred, no ischemic mucosal damage took 
place. Infants who developed necrotizing enterocolitis, however, had lower cerebral 
oxygenation values compared to controls. These findings suggest that the systemic 
circulation is compromised in those infants during the first two days after birth.
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As decreased blood flow to the cerebral tissue usually occurs when compensa-
tory flow redistribution, e.g. reduction of splanchnic circulation, has failed,38 we 
speculate that the splanchnic perfusion also has been affected. The small sample 
size might have led to the absence of significant differences in intestinal oxygen-
ation values between infants who developed necrotizing enterocolitis and controls. 
In line with previous studies we speculate that impaired intestinal circulation that 
occurs early after birth can predispose an infant to the development of necrotizing 
enterocolitis later in life.33,36,37 The direct effect of this impaired circulation on intes-
tinal integrity seems, however, relatively mild since enterocyte damage is not yet 
detectable in  the first week of life. We speculate, therefore, that a  combination 
of several early and late postnatal factors eventually contribute to the development 
of necrotizing enterocolitis and related enterocyte damage (Figure 1).

Beside risk factors early after birth, several factors during the first week(s) 
of life might be related to the development of necrotizing enterocolitis later on. 
Numerous late factors might negatively influence the splanchnic perfusion, includ-
ing anemia,39,40 relative ischemia during or after enteral feeding,41–43 or the presence 
of a hemodynamically significant patent ductus arteriosus (hsPDA).44 All of these 
factors have been suggested previously to increase the risk of the development of 
necrotizing enterocolitis. Two days prior to the onset of necrotizing enterocolitis 
(at median postnatal day eight), we observed statistically significant higher values 
of intestinal FTOE in  infants who developed necrotizing enterocolitis compared 
with controls (Chapter 6). This finding suggests that impaired splanchnic perfu-
sion is present before the first clinical symptoms of necrotizing enterocolitis occur. 
The impaired circulation on intestinal integrity does, however, not seem to induce 
direct damage of the intestinal cells, as we found no differences in iFABP/cru, ratios 
between subjects that developed necrotizing enterocolitis and controls in the week 
prior to the development of necrotizing enterocolitis (Chapter 3).

After the clinical suspicion of necrotizing enterocolitis had arisen, we clearly 
observed higher levels of iFABP/cru in necrotizing enterocolitis subjects compared 
to controls (Chapter 3). This is in line with previous data, also from our institution.45 
We therefore concluded that necrotizing enterocolitis is a disease in which intestinal 
damage and clinical signs go together. In the studies described in this thesis, we did 
not measure regional tissue oxygenation after the clinical suspicion of necrotizing 
enterocolitis. Data from another prospective trial in our center regarding the course 
of necrotizing enterocolitis (No-NEC-trial), however, showed a strong correlation 
between cerebral and splanchnic FTOE values with plasma iFABP levels during the 
first 16 hours after the onset of necrotizing enterocolitis.46 We speculate, then, that 
the elevated iFABP/cru ratios we found after the clinical suspicion of necrotizing 
enterocolitis also have been accompanied by higher cerebral and splanchnic FTOE 
values. Nevertheless, it would be interesting to investigate whether this speculation 
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or hypothesis is true. If so, the combination of cerebral and splanchnic FTOE values 
with iFABP levels in urine might aid in the noninvasive prediction of the progression 
of necrotizing enterocolitis.

An obvious risk factor for necrotizing enterocolitis that is directly related to 
prematurity is the immaturity of the immune defense together with an excessive 
inflammatory response.32 It is unknown whether the onset of necrotizing entero-
colitis is preceded by a low-grade inflammatory process that does not yet induce 
clinical signs. This inflammatory process might be accompanied by subclinical 
enterocyte damage. In the week prior to the onset of necrotizing enterocolitis, we 
found no differences in fecal calprotectin levels between infants who went on to 
develop necrotizing enterocolitis and controls (Chapter 4). Neither did we observe 
differences in  iFABP/cru ratios between the two groups (Chapter 3). These find-
ings suggest that there is no subclinical inflammatory process and accompanying 
enterocyte damage prior to the onset of necrotizing enterocolitis. We did find, 
however, high concentrations and wide interindividual variation in calprotectin 
levels in  our study population when compared to calprotectin concentrations 
in  children and adults. These high concentrations may reflect increased trans-
epithelial migration of neutrophils into the intestinal lumen as a result of higher 
intestinal permeability during the neonatal period.22,47,48 Even so, this higher per-
meability does not seem to be related to the development of necrotizing enteroco-
litis later on, as concentrations of calprotectin were comparable in infants who did 
not develop the disease.

Another risk factor of the development of necrotizing enterocolitis might 
be the level of fecal bile salts. Intra-luminal accumulation of fecal bile salt levels 
can result in intestinal epithelial destruction. This epithelial damage is similar to 
histopathological findings in  necrotizing enterocolitis.35 In  the first feces sample 
after birth i.e. at the 3rd postnatal day, we found no differences in both composition 
and concentration of fecal bile salt levels between infants who went on to develop 
necrotizing enterocolitis and infants who did not (controls). We observed, however, 
a  slower decrease of total unconjugated fecal bile salt concentrations in  subjects 
that developed necrotizing enterocolitis between birth and the onset of the disease 
when compared to controls. In the week prior to the development of necrotizing 
enterocolitis, total unconjugated bile salts were higher in infants developing necro-
tizing enterocolitis compared with levels measured in controls.

In line with previous studies we speculate that this transient failure to 
decrease bile salts coincides with an increased level of intra-enteric bile salts of the 
preterm intestine, predisposing an infant to the development of necrotizing entero-
colitis. This leaves the question: how can increased levels of fecal bile salts be related 
to increased levels of intra-enterocyte bile salts? One answer to this question is that 
intracellular intestinal bile salts have been shown to decrease ileal mucin produc-
tion and alter the intestinal mucus layer which might compromise the intestinal 
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barriers function.49 Another possibility is involvement of apical sodium dependent 
bile acid transporter (ASBT), a protein involved in the luminal uptake of bile salts 
into the enterocyte.29,50 Necrotizing enterocolitis was attenuated in ASBT knockout 
mice and in rats treated with an ASBT inhibitor.50 In according with the postulated 
role of increased bile-salt uptake at the distal small intestine, ASBT expression was 
increased in  intestinal samples of preterm infants with necrotizing enterocolitis, 
compared with ileal surgical samples from preterm infants with other diseases.50 
Interestingly, it has recently been suggested that the expression of ASBT is influenced 
by the intestinal microbiota.29 Under physiological circumstances, the microbiota 
causes a suppression of ASBT expression, limiting the expression of this transporter 
to the terminal ileum. An alteration of the intestinal microbiota, as a result of, for 
instance, antibiotic treatment or formula feeding, might lead to a change in ASBT 
expression and hence to increased levels of intra-enterocyte bile salts. Whether the 
course of fecal bile salts in preterm infants is influenced by antibiotic treatment or 
type of feeding is unknown, just as it is unclear whether this course of bile salts is 
related to the microbiota, iFABP levels or circulatory measurement.

In conclusion, the results of this thesis confirm the prevailing idea that pre-
term necrotizing enterocolitis is a multifactorial disease. Those infants who develop 
necrotizing enterocolitis do so because they have acquired multiple distinct risk 
factors. The direct effect of these factors on  intestinal integrity seems relatively 
mild since enterocyte damage is not detectable prior to the first clinical signs of 
the disease. The first ‘hit’ (e.g. a  reduction of intestinal circulation) might occur 
even before birth, or during the first days after birth and predispose an infant to the 
development of necrotizing enterocolitis later in life. When this first hit is followed 
by multiple distinct factors that have additive risk, such as anemia and the pres-
ence of an hsPDA that impair the intestinal circulation or antibiotic treatment and 
formula feeding that might affect the levels of bile salts, the preterm infant might go 
on to develop necrotizing enterocolitis. The coincidence of risk factors seems to be 
an acute event, in which damage of the intestinal cells rapidly leads to clinical signs.

Future perspectives
The markers we described in this thesis were all investigated separately for their role 
in the identification of infants who are most likely to develop necrotizing entero-
colitis. It would be very interesting and of added value to determine the potential 
predictive power of combining these different markers.

We mentioned that measuring cerebral and splanchnic oxygenations might 
be useful in the early identification of preterm infants who will develop necrotiz-
ing enterocolitis. The results were, however, found in a relatively small number of 
infants and the clinical relevance of these values needs further determination. The 
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usefulness of monitoring cerebral and splanchnic oxygenation values to predict the 
onset of necrotizing enterocolitis needs to be investigated further in a larger, prefer-
ably multi-center, trial. Until data of such a trial becomes available, we suggest that 
infants with low cerebral oxygenation saturation within the first two days after birth 
should be monitored more intensively in order to notify the first clinical signs of 
necrotizing enterocolitis as early as possible.

Although no specific change in  the intestinal microbiota has been impli-
cated in necrotizing enterocolitis so far, disturbance of the colonization patterns 
in the developing intestine is thought to play a role in the pathophysiology of the 
disease.11,51 Recent advances in 16S rRNA based sequencing technologies allow for 
detailed analysis of the bacterial composition of feces, including the accurate mea-
surement of unculturable bacteria.52–54 Further studies are needed to determine the 
composition of the intestinal microbiota in  preterm neonates and its relation to 
the development of necrotizing enterocolitis later on.  Early microbial signatures 
in both feces and urine should also be studied, as they might provide highly predic-
tive biomarkers of necrotizing enterocolitis.51

Both an altered microbiota and formula feeding are thought to influence 
the levels of fecal bile salts.28,29 As we found higher levels of fecal bile salts prior to 
the development of necrotizing enterocolitis, it would be very interesting to inves-
tigate the precise effect of the microbiota, antibiotic treatment and type of feeding 
on levels of fecal bile salts in preterm infants, and determine their role in the patho-
physiology of necrotizing enterocolitis.

Studies on non-invasive markers in the prediction of necrotizing entero-
colitis remain essential in  the near future. These studies should, however, go 
together with studies regarding the unraveling of the pathophysiology of necro-
tizing enterocolitis. The more we understand the pathophysiology of this devastat-
ing disease, the better we will be able to strike out preventative strategies, which 
may subsequently improve neonatal outcome. Prevention of this highly damaging 
disease should be considered the common goal for all researchers in the field of 
necrotizing enterocolitis.
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Summary in English
Necrotizing enterocolitis is the most common and devastating gastrointestinal 
disease in newborn infants. It predominantly affects infants with a very low birth 
weight: over 90% of children who develop the disease are born preterm. As a greater 
number of preterm infants survive the early neonatal period, the patient population 
at greatest risk of necrotizing enterocolitis increases. 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. Prevalence of necrotizing 
enterocolitis ranges between 7% and 11% of infants weighing less than 1500 grams. 
Mortality rates range from 15% to 30%, with the highest rate among infants with 
the most advanced stages of necrotizing enterocolitis.

Despite decades of intensive research, understanding of the pathophysiol-
ogy of necrotizing enterocolitis remains poor. Several characteristics of the preterm 
intestine, including immature gastrointestinal motility, inadequate circulatory reg-
ulation, inadequate intestinal barrier function, altered microbiota and an impaired 
immune defense might play a role in the development of the disease. Early detec-
tion of these specific mechanisms may give the clinician an early warning about the 
onset of the disease. Markers of intestinal damage (iFABP), markers of intestinal 
inflammation (calprotectin), intestinal bile salt levels and markers of intestinal 
perfusion (using NIRS) could therefore be helpful in  identifying infants with an 
increased risk for the development of necrotizing enterocolitis.

The main aim of this thesis was to investigate several noninvasive markers 
to predict the development of necrotizing enterocolitis in asymptomatic preterm 
infants. The second aim was to determine a possible marker that independently 
predicts the progression of necrotizing enterocolitis within the first day after diag-
nosis. Our third aim, then, was to assess the rate and type of complications after 
the creation and closure of an enterostomy in neonates with an acute abdominal 
emergency in our center.
To this end, we formulated the following research questions:
1.  What is known in the medical literature about predicting necrotizing enteroco-

litis in preterm infants using noninvasive markers? (Chapter 2)
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? (Chapter 3)

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)

4.  Can serial measurements of fecal bile salts aid in  identifying which preterm 
infants have an increased risk for the development of necrotizing enterocolitis? 
(Chapter 5)
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5.  Can cerebral and intestinal oxygenation differentiate high-risk infants who 
develop necrotizing enterocolitis from those who do not? (Chapter 6)

6.  Can conventional laboratory parameters, obtained in an early stage of the dis-
ease, be used to predict the progression of necrotizing enterocolitis? (Chapter 7)

7.  What complications occur after the creation and closure of an enterostomy 
in neonates with an acute abdominal emergency in our center? Is the creation of 
an enterostomy a safe alternative or should it preferably be avoided? (Chapter 8)

What is known in the literature about predicting necrotizing enterocolitis 
in preterm infants using noninvasive markers?

To answer this question, we systematically searched for literature on the use of 
noninvasive markers in the prediction of necrotizing enterocolitis in asymptom-
atic preterm infants, published in  the past fifteen years. Although many stud-
ies have been published on the use of (bio)markers in necrotizing enterocolitis, 
only ten studies focused on noninvasive markers in the prediction of the disease. 
Predictive markers that showed promising results in small studies include those 
related to intestinal damage (urinary intestinal fatty acid-binding protein), fecal 
inflammatory markers (calprotectin, calgranulin-C) and markers measuring the 
intestinal circulation (e.g. flow velocimetry in the superior mesenteric artery and 
regional tissue oxygenation). Validation of these emerging candidate markers is, 
however, required in larger studies to develop the best predictive strategy for nec-
rotizing enterocolitis.

Can we differentiate high-risk infants who develop necrotizing enterocolitis 
from those who do not by prospectively measuring urinary intestinal fatty 
acid binding protein?

To answer this question we compared iFABP/cru ratios between infants who devel-
oped necrotizing enterocolitis and infants who did not (controls) in the first week 
after birth, in  the week prior to the development of the disease and within two 
days after the clinical suspicion of the disease. Nor during the first week after birth, 
neither in the week preceding the onset of necrotizing enterocolitis we found dif-
ferences in iFABP/cru ratios between subjects that developed necrotizing enteroco-
litis and controls. We conclude therefore that urinary intestinal fatty acid binding 
protein cannot be used to predict the development of necrotizing enterocolitis 
in asymptomatic preterm infants.
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After the first clinical suspicion of necrotizing enterocolitis had arisen, how-
ever, the iFABP/cru ratios were significantly higher in  subjects with necrotizing 
enterocolitis compared to controls. Urinary intestinal fatty acid-binding protein 
might therefore be useful in the detection of intestinal damage in symptomatic pre-
term infants with definite necrotizing enterocolitis. It might be helpful as a diagnostic 
marker to differentiate necrotizing enterocolitis from other gastrointestinal diseases 
with similar symptoms.

Can serial measurements of fecal calprotectin help us to differentiate high-
risk infants who develop necrotizing enterocolitis from those who do not?

We measured fecal calprotectin two times a week from Day 1 after birth until five 
weeks after birth or until the onset of necrotizing enterocolitis. Both in  subjects 
with necrotizing enterocolitis and in controls, we identified high fecal calprotectin 
concentrations during the first weeks after birth, and high inter- and intra-indi-
vidual variability. We found no differences in calprotectin concentrations between 
subjects that developed necrotizing enterocolitis and controls in the week before 
the onset of the disease. Neither did we find an intra-individual rise in calprotectin 
concentrations within subjects that developed necrotizing enterocolitis. We believe 
that measurement of fecal calprotectin is not adequate for the prediction of nec-
rotizing enterocolitis. Based on the present data fecal calprotectin does not seem 
a promising diagnostic marker either.

Can serial measurements of fecal bile salts aid in identifying which preterm 
infants have an increased risk for the development of necrotizing enterocolitis?

To address this question, we measured unconjugated and conjugated fecal bile salts 
in  the first feces sample after birth and in  two samples prior to manifestation of 
necrotizing enterocolitis in ten infants who developed necrotizing enterocolitis and 
in twenty matched controls. We compared fecal bile salt composition and concen-
tration between these two groups. We observed that total unconjugated bile salt 
concentrations in preterm infants that developed necrotizing enterocolitis decrease 
at  a  slower rate after birth, compared with controls. To determine, however, the 
precise predictive value and clinical applicability of fecal bile salts in the develop-
ment of necrotizing enterocolitis, further studies are needed.
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Can cerebral and intestinal oxygenation differentiate high-risk infants who 
develop necrotizing enterocolitis from those who do not?

To answer this question, we monitored cerebral and intestinal oxygenation in high-
risk infants during the first weeks of life. Infants with cerebral oxygen saturation 
values below 70 percent (below the 25th percentile) in the first two days after birth 
had a nine-fold higher risk of developing necrotizing enterocolitis than infants with 
cerebral oxygen saturation above 70 percent (greater than or equal to the 25th per-
centile). Intestinal oxygenation values obtained in the first two days after birth were 
not predictive for the development of necrotizing enterocolitis. Two days prior to 
the onset of necrotizing enterocolitis, we found higher values of intestinal FTOE 
in infants who developed the disease compared with controls.

Can conventional laboratory parameters, obtained in an early stage of the 
disease, be used to predict the progression of necrotizing enterocolitis?

To answer this question we retrospectively analyzed the data of all patients with nec-
rotizing enterocolitis admitted between 1990 and 2010 in our center and measured 
pH, glucose, leukocytes, platelet-count and values of C-reactive protein at three dif-
ferent time-points within the first day after diagnosis. We found statistically signifi-
cant odds ratios for pH and platelet levels for the prediction of disease progression. 
Acidosis (pH-level < 7.30) at onset of necrotizing enterocolitis, thrombocytopenia 
after 12 hours, and acidosis after 24 hours (OR: 21.2, 20.9, 16.1, resp.) proved to 
be independent predictors for the progression of the disease, defined as need for 
surgery or leading to death. We concluded that acidosis and/or thrombocytopenia 
during the first 24 hour after diagnosis of necrotizing enterocolitis should alert cli-
nicians to the considerably increased risk of progressive disease.

What complications occur after the creation and closure of an enterostomy in 
neonates with an acute abdominal emergency in our center? Is the creation of 
an enterostomy a safe alternative or should it preferably be avoided?

We analyzed all data regarding neonates ( < 30 days of age) who underwent a lapa-
rotomy for a suspected abdominal emergency between 2000 and 2010 in our center. 
We were mainly interested in  the rate and type of complications after both the 
creation and closure of an enterostomy.  We found a considerable occurrence of 
complications after the creation of an enterostomy (34%), for which almost about 
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half of patients needed a reoperation. After the closure of the enterostomy, 25% of 
the patients developed a complication, of which another 50% needed a reopera-
tion. We realize that creating an enterostomy in newborns is preferable in certain 
situation, but pediatric surgeons should be aware of the high rate of substantial 
enterostomy related complications. We prefer to perform a primary anastomosis 
in the treatment of an acute abdominal emergency in neonates, unless peroperative 
conditions dictate otherwise.

Insights and future perspectives

The results of this thesis confirm the prevailing idea that preterm necrotizing entero-
colitis is a  multifactorial disease. Those infants who develop necrotizing entero-
colitis do so because they have acquired multiple distinct risk factors. The direct 
effect of these factors on intestinal integrity seems relatively mild since enterocyte 
damage is not detectable prior to the first clinical signs of the disease. The first ‘hit’ 
(e.g. a reduction of intestinal circulation) might occur even before birth, or during 
the first days after birth and this predisposes the infant to an increased risk of  
developing necrotizing enterocolitis later in life. When this first hit is followed by 
single or multiple distinct factors that add to this risk, the preterm infant might go 
on to develop necrotizing enterocolitis. The coincidence of risk factors seems to be 
an acute event, in which damage of the intestinal cells rapidly leads to clinical signs.

Measuring cerebral and splanchnic oxygenations might be useful in the early 
identification of preterm infants who will develop necrotizing enterocolitis. Infants 
with low cerebral oxygenation saturation within the first two days after birth should 
be monitored more intensively in order to notify the first clinical signs of necrotiz-
ing enterocolitis as early as possible.

As we found higher levels of fecal bile salts prior to the development of nec-
rotizing enterocolitis, it would be very interesting to investigate the precise effect of 
the microbiota, antibiotic treatment and type of feeding on levels of fecal bile salts 
in preterm infants, and determine their role in the pathophysiology of necrotizing 
enterocolitis.

 Studies on non-invasive markers in the prediction of necrotizing enteroco-
litis remain essential in the near future. These studies should, however, go together 
with studies unraveling the pathophysiology of necrotizing enterocolitis. The more 
we understand the pathophysiology of this devastating disease, the better we will 
be able to create preventative strategies, which may subsequently improve neona-
tal outcome. Prevention of this highly damaging disease should be considered the 
common goal for all researchers in the field of necrotizing enterocolitis.
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Nederlandse samenvatting
Necrotiserende enterocolitis (NEC) is de meest voorkomende en meest ernstige 
gastro-intestinale ziekte bij pasgeboren kinderen. NEC komt voornamelijk voor bij 
kinderen met een extreem laag geboortegewicht: meer dan 90% van de kinderen 
die de ziekte ontwikkelen zijn preterm geboren. Aangezien een steeds groter aantal 
van de te vroeg geboren kinderen de vroege neonatale periode overleeft, neemt de 
populatie die het grootste risico op NEC heeft toe. Ondanks de sterke vooruitgang 
in neonatale intensive care geneeskunde en de significante toename van de overle-
ving van preterm geboren neonaten gedurende de afgelopen decennia, blijft NEC 
de meest voorkomende oorzaak van morbiditeit en mortaliteit in neonatale inten-
sive care units (NICUs) wereldwijd. De prevalentie van NEC varieert tussen de 7% 
en 11% in kinderen met een geboortegewicht onder de 1500 gram. Sterftecijfers 
variëren tussen de 15% en 30%, met de hoogste sterfte bij kinderen met de meest 
vergevorderde stadia van NEC.

De kennis met betrekking tot de pathofysiologie van NEC blijft, ondanks 
decennia van uitgebreid wetenschappelijk onderzoek, beperkt. Verscheidene 
eigenschappen van de premature darm kunnen mogelijk een rol spelen bij het 
ontstaan van de ziekte, zoals: verminderde gastrointestinale motiliteit, inadequate 
circulatoire regulatie, inadequate functie van de darmwandbarrière, een veran-
derd microbioom en een nog niet volledig ontwikkelde immuunrespons. Vroege 
detectie van dergelijke pathofysiologische mechanismen zou verpleegkundigen en 
artsen alert kunnen maken op het ontstaan van de ziekte. Markers van intestinale 
schade (iFABP), markers van intestinale inflammatie (Calprotectine), intestinale 
galzouten spiegels en markers van intestinale perfusie (met het gebruik van Near 
Infrared Spectroscopy–NIRS) zijn daarom mogelijk bruikbaar om kinderen met 
een toegenomen risico op het ontwikkelen van NEC te identificeren.

Het hoofddoel van dit proefschrift was het onderzoeken van niet-invasieve 
markers die de ontwikkeling van NEC kunnen voorspellen in  asymptomatische 
premature neonaten. Het tweede doel was het onderzoeken van laboratoriumwaar-
den die onafhankelijk de progressie van NEC binnen de eerste dag na diagnose 
kunnen voorspellen. Het derde doel, tot slot, was het in kaart brengen van de com-
plicaties na het aanleggen en opheffen van een stoma bij pasgeborenen met acute 
abdominale pathologie.
Hiervoor hebben we de volgende onderzoeksvragen geformuleerd:
1.  Wat is er bekend in de wetenschappelijke literatuur over het voorspellen van NEC 

in premature neonaten met behulp van niet-invasieve markers? (Hoofdstuk 2)
2.  Is het mogelijk om hoog-risico prematuren die later NEC ontwikkelen te onder-

scheiden van hoog-risico prematuren die later geen NEC ontwikkelen door het 
prospectief meten van urine iFABP? (Hoofdstuk 3)
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3.  Kunnen seriële bepalingen van fecaal calprotectine ons helpen hoog-risico pre-
maturen die NEC ontwikkelen te onderscheiden van hoog-risico prematuren 
die dat niet doen? (Hoofdstuk 4)

4.  Kunnen seriële bepalingen van fecale galzouten onderscheiden welke hoog-ri-
sico premature neonaten een verhoogd risico hebben op de ontwikkeling van 
NEC? (Hoofdstuk 5)

5.  Kan het prospectief meten van cerebrale en intestinale zuurstofvoorziening bij 
hoog-risico neonaten helpen bij het onderscheiden van neonaten die NEC ont-
wikkelen en neonaten die dat niet doen? (Hoofdstuk 6)

6.  Kunnen conventionele laboratoriumparameters, verzameld in de eerste 24 uur 
na diagnose, worden gebruikt om de progressie van NEC vroeg te voorspellen? 
(Hoofdstuk 7)

7.  Welke complicaties treden op na zowel het aanleggen als het opheffen van een 
stoma bij neonaten met acuut abdominale pathologie? Is het creëren van een 
stoma een veilige behandelkeuze of moet het bij voorkeur worden vermeden? 
(Hoofdstuk 8)

Wat is er bekend in de wetenschappelijke literatuur over het voorspellen van 
NEC in premature neonaten met behulp van niet-invasieve markers?

Om deze vraag te beantwoorden hebben we systematisch gezocht naar literatuur 
over het gebruik van niet-invasieve markers in het voorspellen van NEC bij asymp-
tomatische premature neonaten, gepubliceerd in de afgelopen vijftien jaar. Hoewel 
vele artikelen zijn gepubliceerd over het gebruik van (bio)markers in NEC, zijn er 
slechts tien onderzoeken verschenen over het gebruik van niet-invasieve markers 
in het voorspellen van de ziekte. Veelbelovende resultaten werden beschreven over 
markers van darmwandschade (iFABP), fecale ontstekingswaarden (calprotectine, 
calgranuline-C) en markers die informatie geven over de intestinale circulatie. 
Validatie van deze veelbelovende markers dient echter verricht te worden in grotere 
onderzoeken.

Is het mogelijk om hoog-risico prematuren die later NEC ontwikkelen te 
onderscheiden van hoog-risico prematuren die later geen NEC ontwikkelen 
door het prospectief meten van urine iFABP?

We vergeleken iFABP/creatinine ratios tussen kinderen die NEC ontwikkelden en 
kinderen die dat niet deden (controle groep) in de eerste week na de geboorte, in de 
week voor de ontwikkeling van de ziekte en binnen twee dagen na de eerste kli-
nisch verdenking op NEC. Noch tijdens de eerste week na de geboorte, noch in de 
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week voorafgaand aan het ontstaan van NEC vonden we verschillen in iFABP/cru 
ratios tussen de groep die NEC ontwikkelde en de controle groep. We concluderen 
daarom dat de urine iFABP niet kan worden gebruikt om de ontwikkeling van NEC 
bij asymptomatische prematuren te voorspellen.

Echter, in patiënten met NEC waren na de eerste klinische verdenking op de 
ziekte de iFABP /cru ratio’s wel significant hoger vergeleken met de controle groep. 
We concluderen daarom dat urine iFABP mogelijk een belangrijk hulpmiddel kan 
zijn bij het vroeg diagnosticeren van NEC.

Kunnen seriële bepalingen van fecale calprotectine ons helpen hoog-
risico prematuren die NEC ontwikkelen te onderscheiden van hoog-risico 
prematuren die dat niet doen?

We hebben fecaal calprotectine twee keer per week gemeten vanaf dag 1  tot vijf 
weken na de geboorte of tot het ontstaan van NEC. Zowel in neonaten die uiteinde-
lijk NEC ontwikkelden als bij neonaten in de controle groep, vonden we hoge con-
centraties van calprotectine in de feces gedurende de eerste weken na de geboorte, 
met daarbij tevens een grote inter- en intra-individuele variabiliteit. We vonden 
geen verschil in calprotectine concentraties tussen neonaten die NEC ontwikkel-
den en de controle groep in de week vóór het begin van de ziekte. Evenmin vonden 
we een intra-individuele stijging in calprotectine concentraties binnen de patiënten 
die NEC ontwikkelden. Wij denken dat het meten van fecaal calprotectine niet 
bruikbaar is voor het voorspellen of vroeg diagnosticeren van NEC.

Kunnen seriële bepalingen van fecale galzouten onderscheiden welke hoog-
risico premature neonaten een verhoogd risico hebben op de ontwikkeling 
van NEC?

Om deze vraag te beantwoorden, hebben we de ongeconjugeerde en geconjugeerde 
fecale galzouten in de eerste ontlasting na de geboorte en in twee samples vooraf-
gaand aan het ontstaan van NEC gemeten. Dit hebben we gedaan bij tien kinderen 
die NEC ontwikkelden en bij twintig gepaarde controle kinderen. We bepaalden 
de fecale galzout samenstelling en concentratie en vergeleken dit tussen de twee 
groepen. We zagen dat de totale ongeconjugeerde galzout concentraties in prema-
turen die NEC ontwikkelden trager afnamen na de geboorte, in vergelijking met de 
controlegroep. Verder onderzoek is nodig om de exacte voorspellende waarde en 
de klinische toepasbaarheid van fecale galzouten in de ontwikkeling van NEC vast 
te kunnen stellen.
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Kan het prospectief meten van cerebrale en intestinale zuurstofvoorziening 
hoog-risico neonaten die NEC ontwikkelen onderscheiden van diegenen die 
dat niet doen?

Met behulp van Near Infrared Spectroscopie (NIRS) hebben we de cerebrale en inte-
stinale zuurstofvoorziening in hoog-risico neonaten in de eerste weken van het leven 
gemeten. Premature neonaten met een cerebrale zuurstofaturatie waarde onder de 
70 procent in de eerste twee dagen na de geboorte ontwikkelden NEC negen keer 
vaker dan neonaten met cerebrale zuurstofaturatie waarden boven de 70 procent. 
Intestinale oxygenatie waarden verkregen in de eerste twee dagen na geboorte bleken 
niet bruikbaar in het voorspellen van de ontwikkeling van NEC. Twee dagen voor het 
optreden van NEC vonden we daarentegen hogere waarden van intestinale FTOE bij 
kinderen die de ziekte ontwikkelden vergeleken met de controle groep.

Kunnen conventionele laboratoriumparameters, verzameld in de eerste 
24 uur na diagnose, worden gebruikt om de progressie van NEC vroeg te 
voorspellen?

De data van alle patiënten met NEC opgenomen tussen 1990 en 2010 in ons cen-
trum hebben we retrospectief geanalyseerd. We onderzochten pH, glucose, leuko-
cyten, trombocyten en waarden van CRP op drie verschillende tijdstippen binnen 
de eerste dag na diagnose. We vonden statistisch significante odd’s ratios voor pH 
en trombocyten voor het voorspellen van het beloop van de ziekte, waarbij een 
slechte uitkomst werd gedefinieerd als de noodzaak tot chirurgische behandeling 
of het overlijden ten gevolgde van NEC. Acidose (pH < 7.30) bij aanvang van NEC, 
trombocytopenie na 12 uur, en acidose na 24 uur (ORs respectievelijk 21.2, 20.9 
en 16.1) bleken onafhankelijke voorspellers voor de progressie van de ziekte. Wij 
concludeerden dat acidose en / of trombocytopenie, tijdens de eerste 24 uur na de 
diagnose van NEC, clinici alert zouden moeten maken op het aanzienlijk verhoogd 
risico op ziekteprogressie.

Welke complicaties treden op na zowel het aanleggen als het opheffen van 
een stoma bij neonaten met acuut abdominale pathologie? Is het creëren 
van een stoma een veilige behandelkeuze of moet het bij voorkeur worden 
vermeden?

We analyseerden alle data van neonaten ( < 30 dagen oud) die een laparotomie voor 
acute abdominale pathologie ondergingen in  ons centrum tussen 2000 en 2010. 
We waren vooral geïnteresseerd in het aantal en soort complicaties na zowel het 
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aanleggen als het opheffen van het stoma. We vonden een aanzienlijke hoeveelheid 
complicaties na het creëren van een stoma (34%), waarvan bijna de helft van de 
patiënten een reoperatie nodig had. Na het opheffen van het stoma, ontwikkelde 
maar liefst 25% van de patiënten een complicatie, waarvan 50% een reoperatie 
nodig had. We realiseren ons dat het aanleggen van een stoma bij pasgeborenen 
onvermijdelijk is in bepaalde situaties, maar kinderchirurgen zouden zich bewust 
moeten zijn van het hoge percentage van stoma gerelateerde complicaties.

Inzichten en toekomstperspectief

De resultaten van dit onderzoek bevestigen het heersende idee dat NEC bij prema-
turen een multifactoriële aandoening is. De kinderen die NEC ontwikkelen doen 
dat omdat er verschillende risicofactoren bij hen aanwezig zijn. De directe werking 
van deze factoren op de intestinale integriteit lijkt initieel relatief mild, aangezien 
schade aan de enterocyten niet detecteerbaar is voorafgaand aan de eerste klinische 
symptomen van de ziekte. De eerste ‘hit’ (bv. een vermindering van intestinale cir-
culatie) kan al vóór de geboorte, of tijdens de eerste dagen na de geboorte optreden 
en kunnen een kind vatbaar maken voor de ontwikkeling van NEC op (iets) latere 
leeftijd. Wanneer deze eerste hit wordt opgevolgd door één of meerdere verschil-
lende factoren die een toegevoegd risico hebben, kan de premature neonaat NEC 
ontwikkelen. Het samenkomen van deze factoren lijkt een acute gebeurtenis te zijn, 
waarbij schade aan de darmcellen snel leidt tot klinische symptomen.

Het meten van cerebrale en splanchnische saturatie kan zinvol zijn bij de 
vroegtijdige identificatie van te vroeg geboren kinderen die een grotere kans hebben 
om NEC te ontwikkelen. Kinderen met een lage cerebrale saturatie binnen de eerste 
twee dagen na de geboorte moeten intensiever worden gecontroleerd om de eerste 
klinische verschijnselen van NEC zo vroeg mogelijk te detecteren.

We hebben hogere waarden van fecale galzouten gevonden voorafgaand aan 
de ontwikkeling van NEC. Het is daarom zeer interessant om het exacte effect van 
de microbiota, antibiotische behandeling en het type voeding op de concentratie en 
samenstelling van fecale galzouten bij premature kinderen te onderzoeken, en hun 
rol in de pathofysiologie van NEC te bepalen.

Wetenschappelijk onderzoek naar niet-invasieve markers in het voorspellen 
van het optreden van NEC blijft essentieel in de nabije toekomst. Dit onderzoek 
dient tevens als doel te hebben om de pathofysiologie van NEC verder te ontrafelen. 
Hoe meer we begrijpen van de pathofysiologie van deze ziekte, hoe beter we in staat 
zullen zijn preventieve strategieën te bedenken, die uiteindelijke de uitkomst van 
de neonaat zal verbeteren. Preventie van deze zeer ernstige ziekte moet worden 
beschouwd als het gemeenschappelijke doel van alle klinici en wetenschappers op 
het gebied van NEC.
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Dankwoord
Lieve lezers,
Het schrijven van het dankwoord van dit proefschrift betekent voor mij het einde 
van een bijzondere tijd: een tijd waarin ik niet alleen op wetenschappelijk, maar 
ook op allerlei andere gebieden veel heb mogen leren. Ik wil alle mensen bedanken 
die hebben bijgedragen aan deze mogelijkheid; een aantal van hen wil ik hierbij 
persoonlijk noemen.

Allereerst, de ouders van de kinderen die we mochten benaderen om 
mee te doen aan de CALIFORNIA-trial. Ik ben jullie dankbaar dat jullie ‘ons 
onderzoekers’ toelieten in de bijzondere uren rondom de geboorte van jullie kind. 
De kinderen die deelnamen aan de CALIFORNIA-trial: zo klein maar toch zo 
groot. Ik wens jullie stuk voor stuk het allerbeste.

Mijn promotor prof. dr. A.F. Bos en copromotor dr. J.B.F. Hulscher. Een 
promotieteam bestaande uit een neonatoloog en een chirurg, had ik het beter 
kunnen treffen? De beschouwer en de snijder. De denker en de doener. De denker 
die doet en de doener die denkt. Wat heb ik veel van jullie geleerd!

Beste Arie, jij was het die rust bracht in  mijn hoofd en onderzoek. Jouw 
vertrouwen in mij en op een goede afloop hebben er voor gezorgd dat ik dit MD/
PhD-traject binnen de tijd heb kunnen afronden. Je maakte elke week tijd voor mij 
vrij in  je volle agenda en voorzag dan iedere keer geduldig –met (vul)pen- mijn 
werk van commentaar. Jij leerde mij doelgericht, optimistisch en realistisch te zijn. 
Dat mijn handen vlakbij mijn ogen zitten wist ik al, maar dat er ook nog een brein 
tussen zit heb ik van jou geleerd. Ik ben je ontzettend dankbaar. 

Beste Jan, bij jou is the sky the limit. Jij ziet altijd de mogelijkheden, en als 
ze er niet zijn, creëer je ze. Van jou kreeg ik onverwacht de kans om tijdens mijn 
studie te starten met promotieonderzoek. Dat mijn studiepad al uitgestippeld in het 
oosten van het land lag, zag jij eerder als uitdaging dan als obstakel. Je hebt me 
kansen, vertrouwen en vrijheid gegeven en daar ben ik je dankbaar voor. Dankzij 
jou weet ik nu hoe mooi de wereld van de wetenschap en de Chirurgie is, en kijk ik 
met veel plezier uit naar de toekomst.

De leden van de leescommissie, prof. mr. dr. A.A.E. Verhagen, prof. dr. 
R.M.H. Wijnen en prof. dr. J.A. Lisman wil ik hartelijk danken voor de kritische 
blik op het manuscript en het positieve eindoordeel van dit proefschrift.

Prof. dr. J.W. Snoek, coördinator masteropleiding Geneeskunde. In  2011 
hebt u mij de kans gegeven om in de vorm van een vervroegde wetenschappelijke 
stage de basis te leggen voor dit MD/PhD-traject. Zonder uw beslissing destijds had 
ik hier vandaag niet gestaan. Ik ben u zeer dankbaar.

De Junior Scientific Masterclass wil ik danken voor de mogelijkheid pro-
motieonderzoek te combineren met de master Geneeskunde in de vorm van een 
MD/PhD-traject.
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Veel dank aan iedereen die heeft meegeschreven aan dit proefschrift: mijn  
co-auteurs. Prof. dr. E. Heineman, beste Erik, samen met Arie en Jan stond jij aan 
de wieg van de CALIFORNIA-trial. Je Maastrichtse ervaringen in onderzoek naar 
NEC, iFABPs en andere markers kwamen hierbij goed van pas. Bedankt voor de 
hulp bij het opzetten van dit Groningse project. Dr. C.V. Hulzebos, beste Chris, dat 
je meer dan tien jaar na je eigen promotie nog steeds met zoveel passie kan praten 
over galzouten zegt genoeg over jouw liefde voor dit onderwerp. Bedankt dat ik 
zoveel van je heb mogen leren en voor de prettige samenwerking. Dr. E.M.W. Kooi, 
beste Elisabeth, bedankt dat je me met zoveel enthousiasme opnam in  de NIRS 
onderzoeksgroep. Ik heb er een hele fijne onderzoekstijd door gehad. M. Schurink, 
beste Maarten, wie had gedacht dat onze AIOS-Co samenwerking in  2011 zou 
leiden tot dit proefschrift? Bedankt voor al je hulp en adviezen, zowel binnen als 
buiten het onderzoek.

De medewerkers van de afdelingen Chirurgie en Neonatologie van het 
UMCG wil ik danken voor alle hulp. In het bijzonder wil ik hierbij de verpleeg-
kundigen van de NICU noemen: onvoorstelbaar hoeveel samples jullie verzameld 
hebben voor de CALIFORNIA-trial. Zonder jullie was het nooit gelukt om het 
onderzoek succesvol te laten zijn. Een extra woord van dank hierbij aan Annelies 
Olthuis. Jouw rol als schakel tussen wetenschap en kliniek is van grote waarde 
geweest voor het onderzoek. Daarnaast mijn dank aan alle neonatologen, kinder-
chirurgen en fellows voor de prettige samenwerking.

Prof. dr. E.H.H.M. Rings, beste Edmond en dr. R.H.J. Bandsma, beste 
Robert, bedankt dat jullie het vertrouwen in mij hadden om samen met jullie een 
model op te zetten voor het Short Bowel Syndrome in de muis. Hoewel de dier-
experimenten misschien niet direct de resultaten hebben opgeleverd waar we op 
hoopten, denk ik dat we trots kunnen zijn op wat we hebben neergezet. Alle mede-
werkers van de Centrale Dienst Proefdieren (CDP) wil ik bedanken voor hun 
hulp bij de experimenten. Veel dank aan de microchirurgen Andre Zandvoort, 
Annemieke Smit en Michel Weij die met veel liefde voor de dieren en passie 
voor de (micro)chirurgie de operaties uitvoerden. Miriam van der Meulen wil 
ik danken voor het meedenken over het opzetten van de experimenten. Margot 
Fijlstra, bedankt dat jij me—op onnavolgbare wijze—introduceerde in de wereld 
van de dierexperimenten.

Graag wil ik mijn collega’s van diverse laboratoria bedanken voor de fijne 
samenwerking:  Rozemarijn Kox, Anneke Muller Kobold, Lucie Wagenmakers, 
Brenda Pekel, Koos van der Belt, Martijn Koehorst, Renze Boverhof, Gerard 
Dijkstra en Tjasso Blokzijl. 

Wim van Oeveren bedankt voor de snelle en kundige iFABP bepalingen.
Dr. T. van Wulfften Palthe, bedankt voor uw correcties en verbeteringen 

van het Engels van diverse artikelen in dit proefschrift.
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Henk Groen, Koen Van Braeckel, prof. dr. H.M. Boezen, allen hartelijk 
dank voor de statistische hulp.

Alle studenten die hebben mee geholpen aan de onderzoeken wil ik bedan-
ken, met in het bijzonder Fleur van den Udenhout, Mirthe Mebius, Loes Biervliet, 
Gwendolyn Maes, David Takkenberg en Broes Vervliet. Lieve Fleur, hoe moet ik 
iemand bedanken die zoveel werk voor mijn onderzoek heeft verricht? Jij bewaakte 
het logistieke fort van de CALIFORNIA en daardoor kon ik mijn coschappen 
in Zwolle lopen. Zonder jou geen gele mappen, geen etiketten, geen gestickerde 
cupjes én potjes (ID1 t/m ID100), geen zakjes, geen geordende vriezer en geen 
overzichten van de -80C. Ik ben je erg dankbaar.

De EBVDT-groep, met in het bijzonder Rianne Jongman, Niek Leus, Gopi, 
Pjotr, Neng, Matijs van Meurs en Ingrid Molema: bij jullie is het allemaal begon-
nen! Bedankt dat jullie mij met zoveel enthousiasme voor een stage wetenschap 
hebben ontvangen. Lieve Rianne, bedankt dat jij me de (ongeschreven) regels van 
het lab hebt bijgebracht en dat jij, hoewel mijn wetenschappelijke scope zich al snel 
van basaal naar klinisch verplaatste, altijd geïnteresseerd in mij en mijn onderzoek 
bent gebleven.

Bondgenoten, lotgenoten maar bovenal Genoten van The Office: Willem 
Jan de Jong, Jenneke Hamminga, Adrian Taruttis, Jojanneke Seinen, Charlotte 
Verberne, wat was het leuk met jullie! WJ de J, ik ben blij dat jij vanaf het begin 
mijn onderzoeksmaatje bent geweest. Van Groningen via verre omwegen nu weer 
collega’s in  Den Haag. Dat onze wegen nog maar vaak mogen kruisen! Adrian, 
met terugwerkende kracht vele malen sorry voor al het gepraat (over schoenen). 
Jenneke, Jojanneke en Charly, bedankt voor al die leuke momenten binnen en 
buiten de muren van de kamer.

Mijn collega’s uit het Triade: ook al doet het gebouw anders vermoeden, het 
was altijd gezellig. Michelle van der Laan, ik bewonder je doorzettingsvermogen en 
enthousiasme. Dat je daarnaast ook nog eens altijd betrokken en behulpzaam was 
bij mijn onderzoek vind ik heel bijzonder en heb ik erg gewaardeerd. Sara Kuik, als 
afsluiting van mijn CALIFORNIA tijd met jou op roadtrip door California: had het 
beter gekund? Bedankt voor deze bijzondere reis. Veel succes met jouw onderzoek 
en: never hit a pedestrian! Janyte Holwerda, dankjewel voor je luisterend oor en 
fijne adviezen. Hardlopen bij een break-down was het allerbeste idee. Jozien Tanis, 
bedankt dat jij me altijd wist te motiveren om positief te blijven. Nynke Schat, 
dankjewel voor de samenwerking en veel geluk bij de bijzondere dingen die jou nu 
te wachten staan.

Ilse van Klei, dankjewel voor het ontwerpen van de cover van dit proef-
schrift. Ik ben er erg blij mee.

Mijn lieve collega’s van de Heelkunde van het HagaZiekenhuis. Bedankt 
dat jullie er zonder moeite voor hebben gezorgd dat ik niet in een zwart gat ben 
gevallen na mijn onderzoekstijd.
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Mijn paranimfen, Pamela Schendelaar en Jenneke Hamminga, mijn 
rotsen in de branding. Jullie rol in dit proefschrift is groter dan ‘alleen maar’ die 
van paranimf.

Pamela, studiegenoot en dierbare vriendin. Wat een geluk dat ik jou in het 
allereerste begin van Geneeskunde ontmoette. Jouw aanmoedigingen hebben er 
voor gezorgd dat ik ging solliciteren voor een MD/PhD-traject. Zo zie je maar dat 
jouw instelling if you can dream it, you can do it niet alleen jezelf, maar ook anderen 
verder brengt. Bedankt voor je motiverende woorden, je relativerende kijk op de 
dingen, je optimisme en positiviteit. 

Jenneke, kamergenoot en dierbare vriendin. Een jaar lang dag in, dag uit 
samen met jou op The Office: daar moet wel iets moois van komen. Onze vriend-
schap is daar het bewijs van. Dankzij jou weet ik dat spierpijn van het lachen echt 
bestaat en dat flauwekulletjes het slechtste humeur weer goed kunnen maken.  
Dankjewel voor je zorgzaamheid, je logeeradres, je interesse, je kaartjes en al die 
andere dingen. 

De Eindbazen in mijn leven: mijn jaarclub. Carolien, Eline, Jolein, Karlijn, 
Linda, Maud, Tessa, Wendy, Yvonne: er is zoveel meer dan promoveren! Bedankt 
voor jullie bijdrage aan een geweldige studententijd. Ik ben trots op de vriend-
schappen die we hebben opgebouwd en verheug me op alle mooie dingen die we 
nog samen gaan beleven.

‘Vriendinnen van thuisthuis’: Geralda, Imanda, Jessica, Leonie, Lisette, 
Marijke, Marlou. Bedankt voor jullie support en alle gezellige avonden en weeken-
den samen. Ik ben blij met jullie.

De rest van mijn lieve vrienden, jullie weten wie jullie zijn en wat jullie voor 
mij betekenen, dankjulliewel.

Oma Oehlers, Evaline, Willem Jan, Lisanne, Arnoud en Dyon bedankt 
voor jullie steun en fijne momenten samen. Erwin en Thea, dat het ‘laatste loodjes 
pakketje’ precies op het juiste moment kwam, bewijst en symboliseert jullie betrok-
kenheid. Bedankt voor wie jullie (voor mij) zijn.

Paul en Hendrien, bedankt voor jullie adviezen en gezelligheid. Dat de deur 
aan de Veerallee altijd (letterlijk en figuurlijk) voor me open staat vind ik een hele 
fijne gedachte. Jolien en Annabel, mijn lieve ‘kleine’ nichtjes. Bedankt voor al die 
leuke dingen waar jullie altijd voor zorgen.

Oma, bedankt voor de nodige Drentse nuchterheid. Opa, bedankt voor alle 
gezellige telefoongesprekken vol levenswijsheden. Antje, bedankt voor de fijne rol 
die jij in mijn leven speelt. Cor, lieve onrustige broer, dankjewel voor je relative-
rende woorden, je enthousiasme en het ‘trots zijn op je zusje’. Derek, lieve Dorky, 
bedankt dat je me leert, inspireert, motiveert, en nog zoveel meer. Ik hoop dat jij 
altijd de slijpsteen voor mijn geest zult blijven.
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Pappa en mamma, bedankt voor jullie perfecte mix van aanmoedigen, 
afremmen, loslaten, vasthouden, laten vallen en helpen opstaan. Jullie hebben me 
geleerd om mijn dromen na te jagen en vooral door te zetten als het moeilijk wordt 
(kop d’r veur). Er zijn geen woorden voor hoe dankbaar ik jullie ben.

Lieve Lennard, het allerbelangrijkste wat ik de afgelopen jaren heb geleerd, 
is hoe veel geluk ik met jou heb. Iemand die mij zo goed begrijpt, die precies weet 
wat ik nodig heb (vaak nog beter dan ik zelf), die mij vrij laat en vasthoudt. Wat ben 
ik blij met jou! Lief, bedankt voor alles wat jij voor mij betekent.
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Over de auteur
De auteur van dit proefschrift werd geboren te Coevorden op 1 september 1987 
en groeide op in het Drentse dorp Dalen. In 2005 behaalde zij haar VWO diploma 
aan De Nieuwe Veste te Coevorden. Na te zijn uitgeloot voor Geneeskunde ging zij 
Biologie studeren aan de Rijksuniversiteit Groningen. In 2006 had zij meer geluk bij 
de loting en kon zij beginnen aan de studie Geneeskunde te Groningen.

Na het behalen van haar bachelor in de zomer van 2009 ging zij een half 
jaar op reis door Zuid-Amerika. Aansluitend aan deze reis startte zij begin 2010 
haar master Geneeskunde met de junior coschappen in het Universitair Medisch 
Centrum Groningen (UMCG). Tijdens het coschap Chirurgie werd haar interesse 
voor wetenschappelijk onderzoek gewekt. Zij kreeg de mogelijkheid om aansluitend 
aan de junior coschappen een wetenschappelijke stage op de afdeling Chirurgie van 
het UMCG te doen. Tijdens deze stage groeide haar ambitie om te promoveren, wat 
leidde tot een sollicitatie naar een promotieplaats in de vorm van een MD/PhD-
traject. Dit traject stelt studenten in staat om de studie Geneeskunde te combineren 
met promotieonderzoek. In 2012 startte zij met het MD/PhD-traject onder leiding 
van prof. dr. A.F. Bos en dr. J.B.F. Hulscher. In 2013 deed zij de senior coschappen 
in de Isala Klinieken te Zwolle, waar zij in 2014 tevens haar semi-arts stage deed op 
de afdeling Chirurgie. Na het behalen van haar artsenbul in september 2014 heeft 
zij zich gericht op het afronden van dit proefschrift.

Zij woont samen met Lennard Oehlers in Den Haag, alwaar zij sinds juli 
2015 werkzaam is als arts-assistent niet in opleiding tot specialist (ANIOS) op de 
afdeling Heelkunde van het HagaZiekenhuis.




