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Necrotizing enterocolitis (NEC) is a complex disease involving among others 
bacterial invasion, infl ammation, and necrosis of (premature) intestinal tissue.1 NEC 
is a devastating gastrointestinal disease occurring in preterm infants.2 NEC has also 
been one of the most diffi cult diseases in neonatal care to eradicate, and thus has 
become a priority for research.3

The fi rst described conditions closely resembling NEC go far back, but the 
disease was not widely recognized until after the development of modern neonatal 
intensive care.3–5 The incidence of NEC increased during the 1970s, due to 
higher neonatal survival rates resulting from seminal breakthroughs in neonatal 
care, such as Continuous Positive Airway Pressure and total parental nutrition.6

Despite improvements in neonatal care and extensive research regarding NEC, the 
disturbing reality is that the reported incidence and survival of infants with NEC 
has not changed in the past quarter of the century.6 One of the explanations for the 
unchanged incidence and survival of NEC infants is the fact that its etiology and 
pathophysiology are as yet incompletely understood. Therapeutic options therefore 
mainly consist of supportive measures, such as bowel rest and inotropics and/or 
mechanical ventilation. Therefore, the main goal of this thesis is to increase our 
knowledge about the underlying pathophysiology of NEC, focusing in particular 
on the role of the intestinal barrier function, intestinal perfusion, and the intestinal 
microbiota.  

Epidemiology
NEC primarily affects preterm infants.7 When the gestational age (GA) and birth 
weight (BW) decreases, the incidence of NEC will increase.8 The lower the GA, the 
later this condition occurs after birth, with a peak incidence at a postmenstrual age 
(PMA) of 29-33 weeks.3

Cases of NEC appear to occur sporadically with reports of clusters of outbreaks.9

A few large scale NEC outbreaks occurring simultaneously at different sites have 
provided evidence of the potential clustering of cases.9 The occurrence of these 
temporal clusters provide support for a common etiological factor whose exposure 
may be involved in the etiology of NEC.9 However, there is currently no generally 
accepted operational defi nition of a NEC cluster.9 While most NEC cases occur 
sporadically, NEC ‘epidemics’ have been reported in the literature, with the number 
of cases, clinical presentations, and potentially causative agents differing greatly.9

Overall, large multicenter and population-based studies estimate the incidence of 
NEC in very low birth weight infants (birth weight <1500 grams) between 7 and 
11%.10–13 As mentioned previously, the incidence of NEC vary across neonatal 
intensive care units (NICUs) and countries.14 We do not know if and how the 
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incidence of NEC in the Netherlands has evolved in the last decade. In this thesis 
we will therefore start with investigating the incidence of NEC in three pediatric 
surgical centers in the Netherlands. 

Clinical presentation
The clinical presentation of NEC can range from non-specifi c signs that progress 
insidiously over several days to a fulminant onset of gastrointestinal signs, multi-organ 
dysfunction and shock within a few hours.4 Symptoms that indicate the presence 
of NEC can include both intestinal and systemic perturbations, such as abdominal 
distention, feeding intolerance, bloody stools, apnea, bradycardia, and temperature 
instability.3,4,15 Common laboratory fi ndings are leukocytosis, thrombocytopenia, 
metabolic acidosis, and increased C-reactive protein levels.4,15 The fact that these 
symptoms and laboratory results can be observed in the presence of a variety of 
other diagnoses, such as sepsis, make a timely diagnosis of NEC challenging.4,16

The only signs that confi rm the presence of NEC are pneumatosis intestinalis 
(representing submucosal gas possibly produced by bacterial fermentation) and/or 
portal venous gas on abdominal radiographic examination.3

Several staging systems have been developed to help and guide clinicians in 
diagnosing and treating NEC.17–19 In our NICU, the modifi ed Bell’s staging system 
is used,18 as presented in Table 1 (page 14 as presented in Table 1 (page 14 as presented in Table 1 ( ). The modifi ed Bell’s staging system 
has shortcomings, since severe NEC requiring surgery can develop in patients 
even though pneumatosis intestinalis and/or portal gas has not been detected on 
imaging.3 These patients may only have abdominal distention, without intraluminal 
bowel gas, on presentation.20 Therefore, the ominous progression of the disease 
may be missed, with a failure to intervene early enough.3 A more reliable diagnostic 
approach that allows for aggressive preventive measures is needed. Such an 
approach might include biomarkers (such as intestinal fatty acid-binding protein 
(I-FABP), interleukin-8 (IL-8), and near infrared spectroscopy (NIRS) monitoring) that 
accurately predict the development and progression of NEC.
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TABLE 1:

Modifi ed Bell’s staging criteria for NEC

Modifi ed from Walsh MC, Kliegman RN. Necrotizing enterocolitis: treatment based 
on staging criteria. Pediatr Clin North Am 1986; 33:179–201.18

Treatment options 
Current NEC treatment options do not target the specifi c underlying disease 
processes due to the limited understanding of the pathophysiology of NEC. As 
treatment does not specifi cally target the underlying pathology it often proves 
inadequate.21 Symptomatic treatment of the infant with NEC begins with prompt 
recognition of the symptoms and medical stabilization.22 Medical interventions 
typically include abdominal decompression, bowel rest, and broad-spectrum 
intravenous antibiotics.3 Surgical interventions are generally required in infants 
with intestinal perforation and/or infants with clinical deterioration despite maximal 
medical treatment. Surgical procedures may involve drain placement and/or an 

Stage Classifi cation System Signs Intestinal signs Radiological signs

1A Suspected NEC Temperature, instability, Increased gastric aspirates, Normal or intestinal
  apnea, bradycardia, mild abdominal distension, dilation, mild
  lethargy emesis, occult blood in stool ileus

1B Suspected NEC Same as above Same as above, plus bright Same as above
   red blood from rectum

2A Proven Same as above Same as above, plus absent Intestinal dilation,
NEC-mild  bowel sounds, with or without ileus, pneumatosis

   abdominal tenderness intestinalis

2B Proven Same as above plus Same as above, plus Same as 2A, plus
 NEC-moderate mild metabolic acidosis absent bowel sounds,  portal venous gas,
  and mild defi nite abdominal with or without
  thrombocytopenia tenderness, with or without  ascites
   abdominal cellulitis or right 
   lower quadrant mass

3A Advanced As 2B plus hypotension, Same as above, Same as 2B, plus
 NEC – severe,  bradycardia, severe plus signs of defi nite ascites
 bowel intact apnea, combined  generalized peritonitis,
  respiratory and metabolic marked tenderness,
  acidosis, disseminated  and distension
  intravascular coagulation  of abdomen
  and neutropenia

3B Advanced Same as 3A Same as 3A Same as 2B, plus
 NEC – severe,   pneumoperitoneum
 bowel perforated

Stage Classifi cation System Signs Intestinal signs Radiological signs

1A Suspected NEC 
  apnea, bradycardia, mild abdominal distension, dilation, mild
  lethargy emesis, occult blood in stool ileus

1B Suspected NEC 
   red blood from rectum

2A Proven 

   abdominal tenderness intestinalis

2B Proven 
 NEC-moderate 
  and mild defi nite abdominal with or without
  thrombocytopenia tenderness, with or without  ascites
   abdominal cellulitis or right 
   lower quadrant mass

3A Advanced 
 NEC – severe,  
 bowel intact 
  respiratory and metabolic marked tenderness,
  acidosis, disseminated  and distension
  intravascular coagulation  of abdomen
  and neutropenia

3B Advanced 
 NEC – severe,   
 bowel perforated

Stage Classifi cation System Signs Intestinal signs Radiological signs

  apnea, bradycardia, mild abdominal distension, dilation, mild
  lethargy emesis, occult blood in stool ileus

   red blood from rectum

  bowel sounds, with or without ileus, pneumatosis
   abdominal tenderness intestinalis

  and mild defi nite abdominal with or without
  thrombocytopenia tenderness, with or without  ascites
   abdominal cellulitis or right 
   lower quadrant mass

  respiratory and metabolic marked tenderness,
  acidosis, disseminated  and distension
  intravascular coagulation  of abdomen
  and neutropenia

 NEC – severe,   

Stage Classifi cation System Signs Intestinal signs Radiological signs

Temperature, instability, Increased gastric aspirates, Normal or intestinal
  apnea, bradycardia, mild abdominal distension, dilation, mild
  lethargy emesis, occult blood in stool ileus

Same as above Same as above, plus bright Same as above
   red blood from rectum

Same as above Same as above, plus absent Intestinal dilation,
  bowel sounds, with or without ileus, pneumatosis

   abdominal tenderness intestinalis

Same as above plus Same as above, plus Same as 2A, plus
mild metabolic acidosis absent bowel sounds,  portal venous gas,

  and mild defi nite abdominal with or without
  thrombocytopenia tenderness, with or without  ascites
   abdominal cellulitis or right 
   lower quadrant mass

As 2B plus hypotension, Same as above, Same as 2B, plus
bradycardia, severe plus signs of defi nite ascites
apnea, combined  generalized peritonitis,

  respiratory and metabolic marked tenderness,
  acidosis, disseminated  and distension
  intravascular coagulation  of abdomen

Same as 3A Same as 3A Same as 2B, plus
 NEC – severe,   

Stage Classifi cation System Signs Intestinal signs Radiological signs

Temperature, instability, Increased gastric aspirates, Normal or intestinal
  apnea, bradycardia, mild abdominal distension, dilation, mild
  lethargy emesis, occult blood in stool ileus

Same as above Same as above, plus bright Same as above

Same as above Same as above, plus absent Intestinal dilation,
  bowel sounds, with or without ileus, pneumatosis

   abdominal tenderness intestinalis

Same as above plus Same as above, plus Same as 2A, plus
mild metabolic acidosis absent bowel sounds,  portal venous gas,

  and mild defi nite abdominal with or without
  thrombocytopenia tenderness, with or without  ascites

As 2B plus hypotension, Same as above, Same as 2B, plus
bradycardia, severe plus signs of defi nite ascites

Same as 3A Same as 3A Same as 2B, plus
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exploratory laparotomy with resection of diseased bowel followed by primary 
anastomosis or the construction of one or more ostomies.3,23 The assessment 
of intestinal necrosis and the timing of surgery, especially in the absence of 
perforation, remains a key problem in NEC.24 Furthermore, the decision of early 
surgical intervention might lead to an unnecessary laparotomy (including general 
anesthesia with its associated risks), while postponing surgery might lead to further 
disease progression with severe sepsis and eventually death.4,23 Consequently, 
novel diagnostic and prognostic tools are in great demand. 

Disease outcomes
Internationally, mortality rates range between 20-40%, but vary with the severity and 
extent of intestinal necrosis.4 Mortality is inversely related to GA.3,4,12 We do not know how 
mortality rates of NEC in the Netherlands have evolved in the last decade. Approximately 
27-63% of affected infants may require surgery, and as many as 50% infants may die 
in the peri-operative period.25,26 Subacute complications include intestinal strictures, 
recurrent NEC, dysmotility of the bowel, malabsorption, short bowel syndrome, and 
cholestatic liver disease.27–30 Severe NEC is associated with growth delay that can persist 
beyond infancy into childhood and with poor neurodevelopmental outcomes.25,31,32

Pathophysiology 
Current evidence supports a complex, multifactorial model of NEC (Figure 1).25

FIGURE 1:

Multifactorial model of NEC
The preterm infant has 
an immature intestine, 
immune system, and 
circulation which all 
make the preterm 
infant vulnerable for the 
development of NEC. 
Preterm infants have an 
immature intestine with 
loose and/or disrupted 
tight junctions (TJs), less paneth cells (PCs) and less goblet cells. The immune 
system is not yet fully developed, whereby preterm infants often suffer from an 
exaggerated excessive immune response. The preterm infant experiences stressors 
such as hypoxia, hypoperfusion, and enteral feeding that may induce an impaired 
intestinal perfusion of this vulnerable bowel. Lastly, the preterm infants have a 
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different intestinal bacterial colonization pattern, which is in turn also infl uenced by 
enteral feeding. All factors mentioned above are considered to increase the risk of 
NEC development in the preterm infant. 

The pathophysiology of NEC includes a complex interplay between components 
of the gut with its microbiota and the immune system (Figure 2). The intestine 
of a preterm infant is characterized by underdeveloped, uncontrolled immune 
defenses and a compromised intestinal barrier function.3,33 Preterm infants often 
experience prenatal stressors such as hypoxia, hypoperfusion, and postnatal 
stressors including enteral feeding that may induce an impaired intestinal perfusion 
by infl uencing the vascular resistance.4,33 Therefore, these events may predispose 
preterm infants to intestinal mucosal injury.4,33 An impaired intestinal perfusion might 
set the stage for further intestinal barrier breakdown and invasion of the intestinal 
wall by opportunistic/pathogenic bacteria, which incite an exuberant infl ammatory 
response resulting in NEC.33 Elucidating this complex interplay of factors associated 
with the development of NEC might open new avenues to prevent the disease and/
or to improve outcomes. 

FIGURE 2:

Simplifi ed model of the intestine in healthy term infants
compared to preterm infants at risk for NEC
Healthy: The epithelium of a term and healthy infant includes an intact intestinal 
barrier function: solid tight junctions (TJs), adequate immune- cells and receptors 
(e.g. goblet cells, paneth cells (PCs) and Toll-like receptors (TLRs)). Thereby, the 
intestine is well vascularized and colonized with commensal bacteria.
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NEC: The epithelium of a preterm infant at risk for NEC development has often a 
decreased intestinal barrier integrity due to loose and/or disrupted TJs, immature 
immune cells and receptors (e.g. goblet cells, PCs and TLRs). Thereby, the immature 
intestine is vulnerable for ischemic and hypoxic stressors. These factors set the 
stage for further deterioration of the intestinal barrier breakdown and subsequent 
pathogenic bacterial invasion, which causes an exaggerated infl ammatory response 
and in the most severe cases frank necrosis of the intestine. 

Intestinal barrier
The gastrointestinal system is unique because of its close interaction between the 
single epithelial lining, the immune system, and the intestinal microbiota.34

The epithelium is a key host defense mechanism critical for confi ning pathogenic 
bacteria to the intestinal lumen, but it must also allow the passage of nutrients 
from the intestine into the circulation.35 Preterm infants have an increased intestinal 
permeability, perhaps to allow passage of important macromolecules from amniotic 
fl uid or breast milk.36 However, this same increased permeability can lead to an 
increased bacterial translocation.34 Maintenance of an intact intestinal epithelium 
is crucial to maintain intestinal barrier integrity.37 Contrariwise, disruption of the 
intestinal barrier decreases intestinal barrier integrity and makes bacterial invasion 
possible. This is thought to be an early event in the pathogenic cascade of 
NEC.34,37,38 The infl ammatory response of the intestinal barrier can be triggered by 
either commensal, opportunistic, or pathogenic bacteria.39

Recently, knowledge has expended about several signaling pathways, including the 
Notch receptor, Wnt/ß-catenin receptor, and Toll-like receptor (TLR) signaling pathways, 
regulating the differentiation of the intestinal epithelium (such as enterocytes, paneth 
cells (PCs), and goblet cells).35 We discuss these pathways more clearly because of its 
potential impact on the impaired intestinal barrier in preterm infants contributing to the 
pathophysiology of NEC. Sodhi et al.35,40 demonstrated that TLR4, present on the epithelial 
lining, infl uences Notch and Wnt/ß-catenin signaling pathways. In the development 
of a healthy (term) infant the Notch and Wnt/ß-catenin signaling pathways, regulated 
via (among others) TLR expression, provide a balanced intestinal epithelial integrity.41

This mechanism is controlled by a strictly regulated balance between proliferation 
and differentiation of epithelium for intestinal epithelial stem cells and cellular loss by 
apoptosis.41 The upstream mechanisms that initiate intestinal differentiation remain 
largely unknown, but TLR expression is discovered to be important.34,35 The expression 
of TLR4 in the intestinal lining increases during embryonic development and decreases 
signifi cantly after (term) birth.35 This mechanism might explain the preponderance of 
NEC in preterm infants, as the expression of TLR4 is highly present in preterm infants. 
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Another role of TLR4 in the human intestine is to detect pathogenic bacteria close 
to the intestinal surface. Activation of TLR4 by pathogenic bacteria induce various 
infl ammatory mediators, such as the infl ammatory cytokine interleukin-8 (IL-8).33,42

IL-8 can increase the production of acute-phase proteins in the intestine as seen in 
NEC and fi nally induce ischemia and necrosis.43–45

The intestinal barrier includes two components: the intrinsic barrier and the extrinsic 
barrier.46 The intrinsic barrier includes the epithelial cells (enterocytes/colonocytes), 
tight junctions (TJs) and (immune) cells derived from proliferation of stem cells 
(e.g. PCs and goblet cells).38,46 The extrinsic barrier includes mucus that coats the 
epithelial lining.46 Both the intrinsic- and extrinsic barrier contributes to maintain the 
intestinal barrier function. 

Enterocytes
Enterocytes and colonocytes are the most abundant cell types in both small and 
large intestines and defi ne the structure of the mucosa.38 The primary function of 
enterocytes is to absorb nutrients apically and export them basally.38 The apical 
surfaces of enterocytes consist of characteristic microvilli that comprise the brush 
border. Thereby, enterocytes separate the host from the community of commensal, 
opportunistic and pathogenic microorganisms in the lumen of the intestine, which 
form the microbiota.47 As current evidence supports, enterocyte damage is not 
primarily causing NEC, but is part of a vicious cycle of infl ammation-infl icted 
epithelial damage.48 Pathogenic bacteria can interact with specifi c apical surface 
receptors on the enterocytes.49 This interaction triggers a response that induces 
overexpression of infl ammatory cytokines, causing an exaggerated infl ammatory 
response in the preterm gut resulting in NEC. This exaggerated infl ammatory 
response damages the vulnerable enterocytes during NEC, and causes decreased 
intestinal barrier integrity resulting in progression of the disease.49  

Intestinal fatty acid-binding protein (I-FABP), a marker for enterocyte damage, might 
be a possible biomarker for NEC.24,50–52 When enterocytes are damaged, I-FABPs 
are released from the enterocytes.50–52 I-FABP is a small cytoplasmic protein with 
high organ sensitivity found in the enterocytes located at the tip of the villi.50 In 
the context of progressive intestinal barrier breakdown in NEC, enterocytes are 
damaged and I-FABPs are released in the circulation with subsequent secretion 
by the kidneys.50–52 In this thesis we focus on the role of I-FABP as a marker for 
mucosal damage in NEC and its relation with an impaired intestinal perfusion. 
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Tight junctions (TJs)
TJ proteins that form the TJ in the intestinal tract are key molecules for the regulation of 
permeability of the epithelial lining.53–55 TJs seal the intercellular spaces at the apical 
parts of adjacent enterocytes, thus forming a barrier lattice that is impenetrable to 
bacteria and most macromolecules.56 TJs thereby contribute signifi cantly to the 
defense against microbes.53–55

TJs develop early in the second trimester of pregnancy.56,57 They mature during the 
remainder of pregnancy. During this maturation the TJ proteins get more embedded 
in the epithelium.56,57 In case of prematurity, the TJ proteins might lay looser in the 
epithelium making the TJs more vulnerable compared to TJs in term infants. 

The TJ has a surprisingly complex protein composition compared with other cell-
cell junctions and is composed of at least 40 different proteins, including zonula 
occluding proteins (e.g. ZO-1, ZO-2 and ZO-3), and membrane-spanning proteins 
(e.g. occludin, junction adhesion molecules, and claudin).34,58,59 An abnormal intestinal 
microbiota (such as colonization with gram-negative bacteria), that activate the 
immune system via lipopolysaccharide (LPS), can affect the TJ protein function.50,53

Yang et al.60 observed that LPS initiates a decrease in the TJ protein expression, 
and thereby increase the intestinal wall permeability. Contrariwise, lactobacilli 
and bifi dobacteria are examples of bacteria that up-regulate the expression of TJ 
proteins, improving the intestinal barrier function signifi cantly.60  
The abnormal microbial colonization patterns and lack of normal commensal bacteria 
in preterm infants can also result in a decrease in TJ proteins which might result in 
loose and/or disrupted TJs, further compromising the intestinal barrier. Loose- and 
disrupted TJs have been related to the pathogenesis of NEC.61 Thuijls et al.50 observed 
increased claudin-3 levels, a marker for loss of TJs, during early NEC compared with 
infants without NEC. Loose and/or disrupted TJs are involved in the pathophysiology 
of NEC by causing an increase in intestinal wall permeability. The increase in intestinal 
wall permeability might be either primary due to structural immaturity or secondary 
to an abnormal bacterial colonization and/or ischemic damage of the entire intestinal 
wall.54 In both cases this results in an increased permeability leading to invasion of 
(opportunistic/pathogenic) bacteria and toxins, which in turn could further diminish the 
intestinal barrier integrity and cause infl ammation as seen in NEC.53,54,56,57 Contrariwise, 
the presence of commensal bacteria has been shown to maintain and improve 
intestinal barrier integrity by up-regulating the expression of TJ proteins.56,60,62,63

Immune cells contributing to the intestinal barrier
The extrinsic barrier includes post-miotic differentiated cells, including PCs and 
goblet cells, derived from stem cells that reside near the base of the crypts under 
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the interaction of the Notch and Wnt/ß-catenin signaling pathways 38,64 PCs and 
goblet cells both are related to the pathogenesis of NEC.34,37,38 Because PCs  and 
goblet cells are related with NEC development, the mechanism of differentiation of 
both cells is of high interest for the present studies. 

Paneth cells
PCs are specialized epithelial cells, located at the base of the crypts of Lieberkühn in 
the small intestine. PCs protect the intestinal stem cells from pathogens, stimulate 
stem cell differentiation, shape the intestinal microbiota, and assist in repairing the 
intestine.65 PCs secrete (among others) human α-defensins (HD5/HD6).16 These 
defensins show protective activity against bacterial agents, and are thought to be 
associated with initiating and adapting immunity.15 As such PCs can be considered 
the “guardians of the crypt.”65 According to current animal and laboratory studies 
(i.e. gene expression- and intestinal isograft studies), PCs fi rst appear in the fi rst 
trimester under infl uence of the Notch and Wnt/ß-catenin signaling pathways. They 
subsequently mature in antimicrobial expression at 22-24 weeks of gestation and 
increase in numbers by term gestation.1,16,66,67 We do not fully understand the process 
of PC development and maturation during human gestation. This will therefore be 
one of the topics of the present thesis. 

The maturation of immune competent PCs might be crucial for NEC development.8,65,68,69

The current – and contradictory - hypotheses on the role of PCs in NEC development 
are based on either depletion of PCs, increased immune activity of PCs or PC 
dysfunction.68–70 In the fi rst hypothesis, it is suggested that there is a relative defi ciency 
of (immune competent) PCs in the immature intestine.65,71 This defi ciency could lead to 
a limited protection against opportunistic bacteria involved in NEC development.65,71

In the second hypothesis, the secretion of antimicrobial peptides by PCs might 
be over-activitated in the immature immune system leading to an overwhelming 
infl ammatory response.72–74 This exaggerated infl ammatory response could lead to 
increased intestinal damage, bacterial dysbiosis (the disruption of a healthy, functional 
microbiota) and reduced epithelial repair which in turn contributes to the development 
of NEC.72–74 The last hypothesis assumes a dysfunction of PCs by environmental 
stressors: dysfunction of PCs may be an early event that predisposes the preterm 
infant to NEC by inducing bacterial dysbiosis.72,75,76 Despite the possible role for PCs in 
the pathophysiology of NEC, little is known about PC maturation and functioning in the 
immature intestine and its subsequent relation with development of NEC.

With the suggested relation between PCs, located in the crypts of the intestinal villi, 
and the development of NEC, another point of debate comes up, i.e. the location 
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within the bowel wall where NEC starts to develop. Does intestinal ischemia start 
at the top of the villi, or on the contrary, in the crypts? The classic hypothesis 
states that intra-luminal bacteria disrupt and invade the mucosa at the tip of the 
intestinal villi, where they induce an infl ammatory response resulting in NEC.65 This 
is further aggravated as the tips of the villi are the most distant parts and therefore 
most vulnerable for ischemia. However, the validity of this hypothesis needs to be 
questioned. McElroy, et al.65 hypothesized that NEC begins at the crypts of the 
intestine. The close location of the crypts to the lamina propria and submucosal 
arterioles suggest that bacterial invasion through the crypts is a more plausible 
explanation for an infl ammatory response in the mucosa, compared to pathogens 
entering the intestine at the tip of the villi.65 The infl ammatory response in the mucosa 
at the crypts activates the coagulation system in major blood vessels nearby 
resulting in ischemia of the intestine as seen in NEC. Other possible evidence, which 
might plead for the crypts as start point of NEC, includes: 1. the central role of PCs 
in crypt-related homeostasis, 2. the anatomic location of pneumatosis intestinalis 
close to the crypts, and 3. the proximity of PCs to occluded blood cells that cause 
ischemia.65 According to this hypothesis, PCs can therefore be considered as a key 
player in the development of NEC. 

Goblet cells
Goblet cells are part of the innate immune system and produce and secrete mucins.65

Mucins coat the epithelial lining and provide the extrinsic barrier function and 
protect, on this manner, against bacterial invasion.65 While the production of mucus 
starts early during the development of the intestine, and the production reaches 
its ‘adult level’ by a gestation of 27 weeks, the mucus from preterm infants differs 
from that of term infants.2 Mucus produced in the immature intestinal tracts has a 
different viscosity, buoyancy, and carbohydrate composition than mucus produced 
by adults.77 If the ‘preterm mucus’ is less effective in providing an adequate extrinsic 
intestinal barrier compared to the mucus in term infants, it may help explain why 
preterm infants are more susceptible to NEC due to a diminished protection against 
pathogenic bacterial invasion.2,51  

The role of intestinal mucus in the pathophysiology of NEC is unknown. Recently a 
rat model of NEC showed decreased muc2-stained goblet cells in the intestine.78 In 
the complex role of goblet cells in NEC a couple of questions remain unanswered, 
namely 1. whether mucins are altered in infants who suffer from NEC, 2. whether 
this loss of mucins goes along with prematurity, and 3. whether this loss of mucins 
results from a decreased number and/or change of goblet cell function.2
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Hypoxic-ischemic mechanisms
Ischemia is an event involved in the pathophysiology of NEC which occurrence is 
proven by the pathological fi ndings of NEC (necrosis of the intestine). Whether the 
hypoxic-ischemic insults incite the development of NEC or are a result of the local 
infl ammatory response accompanying NEC is still a matter of debate. As mentioned 
before, preterm infants are more vulnerable for events causing hypoxia and intestinal 
ischemia (e.g. inappropriate oxygenation and hemodynamic instability).22

Preterm infants are also more vulnerable for intestinal ischemia because their 
system for regulating vascular resistance is immature.22 Vascular resistance is an 
important factor involved in the autoregulation of blood fl ow. Autoregulation is 
the ability of an organ (such as the kidneys, cerebrum, and heart) to maintain a 
consistent blood pressure despite negative- or positive infl uencing factors. Nitric 
oxide (NO) and endothelin-1 (ET1) are important components of the vasculatory 
regulatory system contributing to autoregulation.22 NO causes vasodilatation, while 
ET1 causes vasoconstriction.22

The most explicit characteristic of the intestinal circulation of the preterm infant 
is the very low vascular resistance due to substantial generation of endothelial 
derived NO.4,79 Increased levels of NO in the preterm infant causes a defective 
splanchnic autoregulation in response to hypotension when the infants suffers 
from hemodynamic instability, causing hypoxia of the intestine.22 On top of that, 
the preterm infant is not able to adjust to the increased oxygen demands during 
hemodynamic instability, and hypoxia of the intestinal tissue can be a secondary 
event. At the same moment, the blood fl ow is preferentially diverted to the most 
vital organs, such as the heart and brain, rather than less vital organs (including 
the intestine), also causing hypoxia in the intestine.22 Also secondary factors, 
such as infl ammatory mediators, can cause hypoxic-ischemic insults.4,80 In a 
neonatal rat model of NEC, which is currently the best accepted model, hypoxia-
ischemia is one of the essential factors needed to generate NEC.81 In this model the 
authors suggested that a hypoxic-ischemic insult directly damages the intestinal 
barrier, causing bacterial infl ammation. It still needs to be elucidated whether 
hypoxic-ischemic mechanisms in human infants have a primary inciting role in the 
development of NEC or occur merely secondary after infl ammation.81,82 

NIRS 
Impaired intestinal perfusion incited by hypoxic-ischemic events can be measured 
via near infrared spectroscopy (NIRS). NIRS is a non-invasive tool that can be used 
to continuously and non-invasively assess the cerebral and intestinal perfusion.83–89 

NIRS uses light in the near-infrared range (wavelength between 700 and 1000nm), 
which can be effectively transmitted through biological tissue over longed 
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distances.84–95 Within the near-infrared range, the majority of the near-infrared light 
will be absorbed by oxygenated and deoxygenated hemoglobin, each of which 
have a distinct absorption spectrum.84–95 The residual of the light will be refl ected or 
scattered. Via the use of NIRS we can measure the spectral absorption for oxygenated 
and deoxygenated hemoglobin separately.84–95 We are able to calculate the ratio of 
oxygenated hemoglobin to total hemoglobin. Via these NIRS measurements we 
are able to gain information on the regional tissue oxygen saturation (rSO2), which 
represents oxygen uptake in tissue. When at the same moment transcutaneous 
arterial oxygen saturation (SpO2) is measured, fractional tissue oxygen extraction 
(FTOE) can be calculated, with the following formula: FTOE = (SpO2 - rSO2)/ SpO/ SpO/ 2.

90

FTOE refl ects the balance between tissue oxygen supply and consumption.90 FTOE 
can be used to gain information on tissue perfusion and possible hypoxic-ischemic 
events.70 Splanchnic NIRS monitoring is of additive value for the prediction of the 
onset and development of NEC and its complications. Therefore, NIRS monitoring 
are part of the studies in this thesis. Since the technical aspects of NIRS are beyond 
the scope of this thesis, we refer to other articles discussing this issue more in 
detail.84–95 

INVOS 5100C spectrometer
We used the INVOS 5100C spectrometer (Covidien, Mansfi eld, MA, USA) with 
neonatal SomaSensors (Covidien) for our study on the intestinal perfusion during 
NEC. The SomaSensor has one light emitting diode that emits two wavelengths 
into underlying itssue, i.e. 730 and 810 nm. A shallow and deep detector, at 30 
and 40 mm distance from the emitter respectively, receive the light as a function of 
wavelength. The shallow detector provides information about surface tissue oxygen 
saturation and the deep detector information about the oxygen saturation of deeper 
tissues. The rSO2 is calculated by subtracting the oxygen saturation of the surface 
path from the deeper path and represents the venous weighted oxygen saturation 
of tissues at a depth of approximately 20 mm. 

Bacterial colonization
The intestine is colonized with around 1014  bacteria and characterized by a genomic 
content (microbiota), which represents more than 100 times the human genome.96 The 
intestinal microbiota can consists out of commensal, opportunistic and pathogenic 
bacteria. Commensal bacteria are bacteria which are benefi cial for maintaining the 
intestinal barrier and do not trigger an immune response. Opportunistic bacteria 
include bacteria that require a systemic immunosuppression in order to establish an 
infection. Pathogenic bacteria require no systemic immunosuppression to establish 
an infection. 
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The intestinal tract is colonized with a variety of ingested environmental and maternal 
microbiota rapidly after birth.80,96,97 The microbiota plays an crucial role in protecting 
the infant from disease by acting as a barrier against pathogens, exerting metabolic 
functions and stimulating the development of the immune system.80,97 The immune 
system’s ability to coevolve with the microbiota during the perinatal period allows 
the host and the microbiota to coexist in a relationship of mutual benefi t.80,97 In the 
preterm infant this relationship is still developing, and thus very vulnerable to many 
environmental disturbances, as presented in Figure 3.96 In the current thesis we 
focus on the relation between the intestinal microbiota and NEC.

FIGURE 3:

Most important environmental factors infl uencing the infants’
intestinal microbiota 
The bacterial colonization process might start already in utero. Afterwards the intestinal 
microbiota undergoes rapid maturation during the fi rst year after birth and is securely 
established in an adult form by three years of age. Within the fi rst weeks after birth 
the bacterial colonization of the intestines is most important, because it effects the 
composition of the individuals’ future intestinal microbiota via a variety of factors. The 
microbiota is established via a complex interplay between a variety of environmental microbiota is established via a complex interplay between a variety of environmental 
factors, the initial colonizing microbiota, genes, intestinal development, and diet. factors, the initial colonizing microbiota, genes, intestinal development, and diet. 
Importantly, for this thesis, an abnormal colonization of bacteria in the intestine during Importantly, for this thesis, an abnormal colonization of bacteria in the intestine during 
the fi rst weeks after birth is linked with infl ammatory intestinal diseases, such as NEC. the fi rst weeks after birth is linked with infl ammatory intestinal diseases, such as NEC. 

Preterm- versus term microbiotaPreterm- versus term microbiota
In the term infant, Enterobacteriaceae (in particular Eschierichia coli and Eschierichia coli and Eschierichia coli Klebsiella
species) are the initial colonizers of the gut.98 These bacteria reduce the high redox 
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potential in the intestinal and allow other bacteria to colonize the gut.98 By introducing 
feeding to the infant bacteria, such as bifi dobacteria and lactobacilli, will dominate 
colonization within the intestine. Preterm infants, especially very-low-birth-weight 
infants, have a different intestinal microbiota which is less favorable to maintain health 
compared to term infants.98 This altered microbiota might be associated with the 
development of NEC. Multiple factors contribute to the development of the intestinal 
microbiota besides intestinal immaturity, and include among others: preterm prolonged 
rupture of membranes, maternal infection, increased incidence of Cesarean delivery, 
perinatal and postnatal broad-spectrum antibiotic exposure, exposure to other intestinal-
modifying medications such as H2-blockers, altered intestinal motility, periods of fasting, 
intensive care infection control standards and selection for resistant microbes, and 
decreased exposure to human milk (Figure 3).98–100 Given these factors the preterm infant’s 
intestinal microbiota has a reduced microbial diversity with an increase in colonization 
with opportunistic and/or pathogenic organisms compared to term infants.98,101

Arboleya et al.102 demonstrated that when compared with full-term infants, preterm 
infants showed increased populations of facultative anaerobes such as enterococci 
and Enterobacteriaceae, increased numbers of staphylococci, and decreased numbers 
of anaerobes like bifi dobacteria, Bacteroides, and Atopobium. Butel et al.103 suggest 
that there might be GA threshold for colonization with certain microbes. For example, 
33 weeks of gestation appears to be the milestone for appearance of bifi dobacteria
species, the organism most commonly implicated in the development and maintenance 
of a healthy intestinal microbiota.103 Why these thresholds appear, the mechanisms of 
these thresholds, and the possible relation with NEC, still need to be revealed.  

Mother-child symbiosis
The hypothesis supposes that during the uterine life, the fetus develops in a sterile 
environment.96 The presence of bacteria in the amniotic fl uid, when revealed, causes 
amnionitis, funisitis, and chorioamnionitis. Such infections are associated with a 
preterm delivery.96,104 Within days after birth the intestine is colonized by bacteria 
mainly maternal derived maternally, but also from the external environment.96 Mode 
of delivery is an important event that infl uences the intestinal microbiota of the 
newborn. Infants born via vaginal delivery are colonized with bacteria derived from 
the maternal vaginal fl ora, such as lactobacillus and Prevotella species.98 Infants 
born via Cesarean delivery are colonized by epidermal rather than vaginal species, 
such as Clostridium spp, staphylococci, Propionibacterium, and Cornynebacterium
and they have a defi ciency of anaerobes with lower numbers of Bacteroides
and bifi dobacteria when compared to vaginally born infants.98 Multiple studies 
stated a possible relationship between an altered bacterial colonization by mode 
of delivery and the development of NEC.96,98,105 While we did not investigate the 
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mother’s intestinal microbiota in this thesis, we did investigate if there are relations 
between maternal factors (such as (chorio)amnionitis, preterm premature rupture of 
membrane and mode of delivery) and the intestinal microbiota of the preterm infant. 

Infl uence of nutrition on the intestinal microbiota
Nutrition, via breast milk and/or formula feeding, during the early life of the newborns 
infl uences the composition of the intestinal microbiota.98 Nutrition can alter the 
composition of the intestinal microbiota, and could therefore be related to NEC 
development. Oligosaccharides, glycoconjugates, and natural components of breast milk 
stimulate the growth of bifi dobacteria.96,98,106 Bacteria are also observed in breast milk, 
including staphylococcus, streptococcus, bifi dobacteria and lactobacilli.107 In infants who 
are breast-fed, transmission of sIgA from the mother is refl ective of her own microbiota 
providing protection against pathogens that could lead to dysbiosis (the disruption 
of a healthy, functional microbiota).98 Conversely, formula-fed infants are exposed 
to a different array of carbohydrates, bacteria and nutrients, which results in different 
colonization patterns.98 The intestinal microbiota in formula-fed infants is colonized with 
bacteria, including Escherichia coli, Clostridium diffi cile, Bacteroides, Prevotella and 
lactobacilli.108–111 Interestingly, even relatively small amounts of formula supplementation 
of breast-fed infants will result in a shift from a breast-fed to a formula-fed pattern.112

Intestinal microbiota associated with NEC
The linkage of NEC to bacterial colonization was recognized by Santulli et al.113 over 
three decades ago. Additional observations showing case clustering, outbreaks 
in institutions, the fi nding of pneumatosis intestinalis, and the common fi nding of 
bacteremia and endotoxinemia in affected infants, all support a microbial role in 
the pathogenesis of NEC.97 While we know that prematurity, mode of delivery, and 
nutrition are associated to an altered microbiota, the details of the relationship 
between an altered microbiota and NEC pathogenesis remain poorly understood.96,114

Studies have suggested that a decreased bacterial diversity and the presence of 
microorganisms, such as clostridia, Klebsiella pneumonia, and E. coli, increases the 
risk for NEC development.114–118 The results of these studies vary and only few analyzed 
the microbiota during the whole interval between birth and NEC development. An 
abnormal colonization after birth is hypothesized to be associated with an increased 
risk of the development of NEC.117 NEC will develop when additional insults or 
vulnerabilities will occur, including later exposures of pathogens or oxidative stress.117

As we did in the current thesis, further exploration of the alterations in the intestinal 
microbiota of infants at risk for NEC should be considered as an important research 
priority in order to gain insight in the role of microbiota within the pathophysiology of 
NEC and to develop new diagnostic and preventive tools. 
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Probiotics, live microorganisms supplements, possibly promotes the acquisition of 
a ‘healthy’ intestinal microbiota in the preterm neonatal population.98,119 Probiotics 
might be valuable in the prevention of NEC and its associated morbidity by prevention 
of (pathogenic) bacterial invasion, prevention against dysbiotic conditions, and by 
enhancing the immune responses of the host.98,119 Probiotics result in an enhanced 
epithelial barrier function, direct antagonism against pathogens, enhanced mucosal 
IgA responses, prevention of apoptosis of cells, production of anti-infl ammatory 
cytokines, and down-regulation of pro-infl ammatory pathways.120–122 Prospective 
randomized trials during the past decade have evaluated the effects of various 
probiotics to prevent NEC.123,124 The most recently reported multicenter trial of 
probiotics suggested that the probiotic approach decreased the incidence of NEC, 
but did not decrease mortality from NEC.3 The Cochrane review by Alfaleh, et al.119

concluded that supplementation with probiotics reduced the risk of severe NEC and 
lowered the mortality in infants with a birth weight >1000 grams. This Cochrane review 
concluded that there were no available studies concerning on the use of probiotics in 
the population infants born with a birth weight <1000 grams, and therefore, a reliable 
estimation of the safety and effectiveness of the use of probiotics cannot be made 
in this population.119 To investigate the use of probiotics and its (benefi cial- and side) 
effects a large multicenter randomized controlled trial is needed. 

Microbiota analysis via 16S rRNA sequencing 
Studies describing microbial composition in infants with NEC have rapidly expanded 
in the last decade.125 Advances in 16S rRNA based sequencing technologies 
nowadays allow for a rapid and detailed analysis of the bacterial composition 
of feces, the so-called microbiota. This includes the accurate measurement of 
unculturable bacterial species.57,65,126 Raveh-Sadka et al.127 clearly demonstrated the 
opportunities of the rapidly evolving sequencing technologies as a tool for research 
on the bacterial involvement in NEC. The majority of the studies on intestinal 
microbiota composition reported disease-specifi c abnormalities as compared with 
controls.125 16S rRNA sequencing can be considered as a potential future predictive/
diagnostic tool.

Aims of the thesis
Both preventive and treatment options in NEC are limited due to the incomplete 
understanding of the underlying multifactorial pathophysiology of NEC. Therefore, 
the overall aim of this thesis is to enlarge the present state of knowledge on the 
pathophysiology of NEC by focusing on three major contributing components: 
the intestinal barrier function, intestinal perfusion, and the intestinal microbiota. 
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In chapter 2 we retrospectively analyzed the changes in incidence, clinical 
presentation and mortality of NEC during the last nine years in three academic 
referral centers in the Netherlands. We hypothesized that the incidence and mortality 
had not changed during the last decade, making NEC an important research priority.

In section 2 and 3 of this thesis we zoomed in on the pathophysiology of NEC. In 
section 2 we investigated intestinal barrier integrity and the circulation. In chapter 
3 we focused on the relation between PCs and NEC. Because knowledge is limited 
about the development of PCs in the human gut we retrospectively determined 
when PCs arise and when they become immune competent in the developing 
human gut. In chapter 4 and 5 we studied epithelial damage and the role of an 
impaired perfusion contributing to the pathophysiology of NEC. In chapter 4, we 
prospectively determined whether cerebral and splanchnic FTOE values are related 
to mucosal damage in NEC. We also investigated whether cerebral and splanchnic 
FTOE values together with I-FABP levels give insight in the pathological cascade of 
uncomplicated and complicated NEC cases. In chapter 5 we prospectively studied 
whether the extent of mucosal damage, measured via I-FABP levels, correlated with 
the extent of necrotic bowel. 
Section 3 describes studies concerning bacterial colonization and NEC. In chapter 
6, 7 and 8 we focus on bacterial involvement in NEC. In chapter 6 we retrospectively 
investigated whether bloodstream infections predisposed to NEC development (e.g. 
by activating the pro-infl ammatory response) or resulted from the loss of intestinal 
barrier integrity during NEC development. 
In chapter 7 we concentrate on the intestinal microbiota in infants with a high risk 
for NEC development. Previous studies have suggested that an abnormal intestinal 
microbiota increases the risk for NEC development.114–118  Therefore, we determined 
in chapter 7 the diversity and the composition of the intestinal microbiota in preterm 
infants at risk for NEC and its relation to NEC development in a prospective study. In 
the same chapter we investigated possible associations between maternal- and/or 
neonatal factors and the intestinal microbiota, which could lead to NEC development. 
In chapter 8 we focused on the intestinal microbiota during NEC. There is limited 
information on the identity and abundance of bacteria in the intestine during 
complicated NEC. Therefore, we investigated in chapter 8 retrospectively the 
bacterial invasion of the intestinal wall in surgical (complicated) NEC cases. 

We discuss the main fi ndings and the hypotheses of the pathophysiology of NEC 
in a general discussion presented in chapter 9. In the same chapter we offer 
implications for clinical practice and directions for future research. A summary of 
the main fi ndings and conclusions of this thesis are given in chapter 10 and 11.
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Abstract
Introduction: Necrotizing enterocolitis (NEC) is a severe infl ammatory disease with 
high mortality rates, mostly occurring in preterm infants. The Dutch guidelines for 
active treatment of extremely preterm infants changed in 2006 from 26+0 to 25+0 
weeks of gestation, and in 2010 to 24+0 of gestation. The aim of this study was to 
gain insight in the incidence, the clinical outcomes and treatment strategies, in three 
academic referral centers in the Netherlands during the last nine years.
Methods: We performed a multicenter retrospective cohort study of all patients 
with NEC (Bell stadium ≥ 2a) in three academic referral centers diagnosed between 
2005 and 2013. Outcome measures consisted of incidence, changes in clinical 
presentation, treatment strategies and mortality. 
Results: Between 2005 and 2013 14.161 children were admitted to the neonatal 
intensive care unit in the three centers. The overall percentage of children born 
at a gestational age of 24 weeks and 25 weeks increased with 1.7% after the 
introduction of the guidelines in 2006 and 2010. The incidence of NEC increased 
signifi cantly (period 2005-2007: 2.1%; period 2008-2010 3.9%; period 2011-2013: 
3.4%; p=0.001). We observed a signifi cant decrease of peritoneal drainages (16%; 
p=0.001) and a decrease of laparotomies (24%; p=0.002). The mortality rate (33% 
in 2011-2013) remained unchanged. 
Conclusion: The incidence of NEC signifi cantly increased in the last nine years. 
The increase in incidence of NEC seems to be related with the increase of the total 
admissions of children born at a gestational age of 24- and 25 weeks. The percentage 
of patients needing surgery decreased, while 30-day mortality did not change. 
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Introduction
Necrotizing enterocolitis (NEC) is a life-threatening intestinal disease. NEC is 
characterized by severe intestinal infl ammation and necrosis.1 NEC is mostly seen 
in very premature infants (≤32 weeks of gestation) and/or in infants with an extreme 
low birth weight (ELBW <1500 grams). Of the high-risk infants, 7-10% develops 
NEC.1–4 In the Netherlands this accounts for around 200 infants each year.1,5

NEC is clinically characterized by a distended abdomen, blood per anum, and/or 
bilious gastric retentions. In a short amount of time intestinal necrosis can develop, 
followed by intestinal perforation, severe acidosis, shock and death.1 Subsequently, 
±30% of the infants are reported to die due to NEC.1,6

The pathophysiology of NEC is still incompletely understood.7 NEC probably has 
a multifactorial origin, with prematurity as the most important associated factor. 
Prematurity goes along with immaturity of the gastrointestinal tract, abnormal 
bacterial colonization, and an exaggerated infl ammatory immune response which 
all seem to contribute to this disease.7,8

Initially, treatment of NEC starts with discontinuing all enteral feedings, nasogastric 
aspiration, antibiotic therapy and when necessary respiratory and hemodynamic 
support.9 Surgical intervention is indicated in case of intestinal perforation or when 
there is clinical deterioration despite maximal conservative therapy. During surgery 
the necrotic part of the intestine is resected after which an anastomosis or ostomy 
is constructed. 
In 2006 the Dutch guideline for active treatment of extremely preterm births changed 
to active treatment from 26+0 to 25+0 weeks of gestation and in 2010 again to 24+0 
weeks of gestation. 
In the current study we describe the incidence, the clinical presentation, and the 
outcome of treatment in patients with NEC in three tertiary referral centers. In 
particularly we focus on NEC in premature infants born at a gestational age of 24- 
and 25 weeks.10

Methods
Patients
This multicenter, retrospective cohort study was performed in the Academic 
Medical Center Amsterdam (AMC), VU medical Center Amsterdam (VUmc) and the 
University Medical Center Groningen (UMCG). The diagnosis NEC was made with 
the use of the modifi ed Bell’s staging criteria (Table 1).11,12 Patients with Bell’s stages 
≥2A (defi nite NEC) between January 2005 and December 2013 were included in our 
study. The medical ethical committee in all three centers approved the use of the 
clinically acquired data for the purpose of this study and waived written parental 
informed consent. 
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Timing of the NEC diagnosis was defi ned as the moment an abdominal X-ray was 
obtained when suspicion for NEC arose. The diagnosis NEC was confi rmed when 
pneumatosis intestinalis and/or portal venous gas was present on the abdominal X-ray. 

Demographic data
All data were retrospectively collected from medical reports. Demographic data – 
gestational age, birth weight, sex – were collected. Gestational age and birth weight 
were classifi ed following the WHO criteria, in which infants born at a gestational age 
<28 weeks were classifi ed as extreme premature (EP; (11)), and infants born with a 
birth weight <1500 grams were classifi ed as extreme low birth weight (ELBW; (12)). 
Thereby, clinical parameters were collected, including severity of NEC (Bell’s stage 
Table 111,12), persistent ductus arteriosus, quantitative hematological/biochemical 
data (leucocytes, thrombocytes, hemoglobin (Hb), arterial pH and CRP) at the 
moment of diagnosis, fi ndings on abdominal X-ray during NEC, treatment strategies, 
and length of treatment. 

TABLE 1:

Modifi ed Bell’s staging criteria 

Adapted from Bell MJ, et al (1978), and Walsh MC, et al (1986)

NEC Stadium Symptoms

Suspected NEC Stadium 1A Mild abdominal distension
  Gastric retention
  Feeding intolerance
  Heme positive stool
  Mild ileus on abdominal radiography

Suspected NEC Stadium 1B Same as 1A with:
  Macroscopic blood with stools 

Defi nite NEC Stadium 2A Same as 1A with:
  Increased abdominal distension with gastrointestinal blood loss
  Pneumatosis intestinalis on abdominal radiography

Defi nite NEC Stadium 2B Same as 2A with:
  Venous portal gas, possibly with ascites 

Advanced NEC Stadium 3A Same as 2A with:
  Characteristics of septic shock
  Generalized pneumatosis intestinalis with fi xated intestinal loops with ascites

Advanced NEC Stadium 3B Same as 2A with:
  Pneumoperitoneum on abdominal radiography

NEC Stadium Symptoms

Suspected NEC Stadium 1A Mild abdominal distension
  Gastric retention
  Feeding intolerance
  Heme positive stool
  Mild ileus on abdominal radiography

Suspected NEC Stadium 1B Same as 1A with:
  Macroscopic blood with stools 

Defi nite NEC Stadium 2A Same as 1A with:
  Increased abdominal distension with gastrointestinal blood loss
  Pneumatosis intestinalis on abdominal radiography

Defi nite NEC Stadium 2B Same as 2A with:
  Venous portal gas, possibly with ascites 

Advanced NEC Stadium 3A Same as 2A with:
  Characteristics of septic shock
  Generalized pneumatosis intestinalis with fi xated intestinal loops with ascites

Advanced NEC Stadium 3B Same as 2A with:
  Pneumoperitoneum on abdominal radiography

NEC Stadium Symptoms

Suspected NEC Stadium 1A Mild abdominal distension
  Gastric retention
  Feeding intolerance
  Heme positive stool
  Mild ileus on abdominal radiography

Suspected NEC Stadium 1B Same as 1A with:
  Macroscopic blood with stools 

Defi nite NEC Stadium 2A Same as 1A with:
  Increased abdominal distension with gastrointestinal blood loss
  Pneumatosis intestinalis on abdominal radiography

Defi nite NEC Stadium 2B Same as 2A with:
  Venous portal gas, possibly with ascites 

Advanced NEC Stadium 3A Same as 2A with:
  Characteristics of septic shock
  Generalized pneumatosis intestinalis with fi xated intestinal loops with ascites

Advanced NEC Stadium 3B Same as 2A with:
  Pneumoperitoneum on abdominal radiography
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Statistical analysis
The cohort was subdivided in three periods: period 1: 2005-2007, period 2: 2008-
2010 and period 3: 2011-2013. The statistical analyses were performed using the 
Statistical Package for the Social Sciences (IBM SPSS Statistics 22, IBM Corp., 
Armonk, New York, USA). For all descriptive data we used mean and standard 
deviation for homogenous distribution and median with range for heterogeneous 
distribution. Two-sided p-values <0.05 were considered statistically signifi cant. To 
test statistical differences between the three time periods, the ANOVA-test with 
the additional test of Tukey or the Kruskal-Wallis test with the Mann-Whitney U 
test were used. To test differences between normally distributed variables we used 
the Student t-test. Differences between categorical variables were analyzed using 
the Chi-Square test. Risk factors for 30-day mortality were tested with the use of 
univariate and multivariate analyses, presented with the Odds ratio (OR) and the 
95% confi dence interval (CI). 

Results
Epidemiology 
Between 2005 and 2013 a total of 14.161 infants were admitted to the three neonatal 
intensive care units (NICUs). The percentage of infants born at a gestational age of 
24 weeks and 25 weeks increased from 1.7% (n=240) in period 1 to 3.4% (n=481) 
in period 3 (p=0.01). In total, 441 patients (3.1%) were diagnosed with NEC (Table 
2-3). Table 2 presents the epidemiological changes of NEC between 2005 and 
2013 in the three NICUs. The overall incidence of NEC increased from 2.1% in 
period 1 to 3.4% in period 3 (p<0.001). The incidence of NEC in the EP-group (<28 
weeks) increased from 6.4% in period 1 to 16% in period 2 and 3 (p=0.001). Further 
breakdown shows that NEC in the EP-group primarily increased in the group infants 
born at a gestational age of 24- and 25 weeks: 2.5% (9/359) in period 1 to 5.3% 
(21/396) in period 2, to 6.8% (30/441) in period 3 (p=0.01). 
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TABLE 2:

Epidemiology characteristics of NEC from 2005 - 2013

Diagnosis
Between 2005 and 2013 the abdominal X-ray is still the golden standard for the 
diagnosis of NEC, with pneumatosis intestinalis and/or portal venous gas as 
characteristics for NEC.

 2005 - 2007 2008 - 2010 2011 - 2013 p-value

NEC, n 99 178 164 0.0011

Incidence NEC, % (n) 2.1 (99/4782) 3.9 (178/4518) 3.4 (164/4891) <0.0012

Incidence NEC per center
Center 1 (n) 2.1 (35/1661) 3.9 (57/1458) 3.5 (57/1632) 0.013

Center 2 (n) 2.5 (42/1697) 3,1(52/1664) 3.7(63/1690) 0.13
Center 3 (n) 1.6 (22/1394) 4.9 (69/1396) 2.8 (44/1569) 0.09

Incidence NEC per gestational age
<28 weeks, % (n) 6.4 (23/359) 16 (63/396) 16 (71/441) <0.0014

24 & 25 weeks (n) 11 (9/81) 18 (21/118) 18 (30/168) 0.025

28 - 32 weeks % (n) 3.8 (52/1356) 6.3 (81/1288) 5.7 (66/1161) 0.046

>33 weeks, % (n) 0.8 (24/3067) 1.2 (34/2834) 0.8 (27/3289) 0.18

Incidence NEC per birth weight
< 1000 grams, % (n) 9.2 (40/436) 16 (67/429) 15 (70/469) 0.0087

1000 – 1500 grams, % (n) 3.9 (32/826) 7.5 (60/796) 6,8 (50/733) 0.0058

1500 – 2500 grams, % (n) 1.3 (19/1430) 2.7 (36/1333) 2.5 (35/1384) 0.039

>2500 grams, % (n) 0.4 (8/2090) 0.8 (15/1960) 0.4 (9/2305) 0.14

1 – Difference between all three time periods: p=0.001
2 – 2005 - 2007 versus 2008 - 2010: p<0.001; 2005 - 2007 versus 2011 - 2013: p<0.001
3 – 2005 - 2007 versus 2008 - 2010: p=0.02; 2008 - 2010 versus 2011 - 2013: p=0.040
4 – 2005 - 2007 versus 2008 - 2010: p=<0.001; 2005 - 2007 versus 2011 - 2013: p<0.001
5 – 2005 - 2007 versus 2008 - 2010: p=0.02; 2005 - 2007 versus 2011 - 2013: p=0.02
6 – 2005 - 2007 versus 2008 - 2010: p=0.04.
7 – 2005 - 2007 versus 2008 - 2010: p=0.01; 2005 - 2007 versus 2011 - 2013: p=0.03
8 – 2005 - 2007 versus 2008 - 2010: p=0.005; 2005 - 2007 versus 2011 - 2013: p=0.04
9 – 2005 - 2007 versus 2008 - 2010: p=0.04

 2005 - 2007 2008 - 2010 2011 - 2013 p-value

 99 178 164 0.001
 2.1 (99/4782) 3.9 (178/4518) 3.4 (164/4891) <0.001

 1.6 (22/1394) 4.9 (69/1396) 2.8 (44/1569) 0.09

 2005 - 2007 2008 - 2010 2011 - 2013 p-value

 99 178 164 0.001
 2.1 (99/4782) 3.9 (178/4518) 3.4 (164/4891) <0.001

2.1 (35/1661) 3.9 (57/1458) 3.5 (57/1632) 0.01
2.5 (42/1697) 3,1(52/1664) 3.7(63/1690) 0.13

 1.6 (22/1394) 4.9 (69/1396) 2.8 (44/1569) 0.09

6.4 (23/359) 16 (63/396) 16 (71/441) <0.001
11 (9/81) 18 (21/118) 18 (30/168) 0.02
3.8 (52/1356) 6.3 (81/1288) 5.7 (66/1161) 0.04
0.8 (24/3067) 1.2 (34/2834) 0.8 (27/3289) 0.18

9.2 (40/436) 16 (67/429) 15 (70/469) 0.008
3.9 (32/826) 7.5 (60/796) 6,8 (50/733) 0.005
1.3 (19/1430) 2.7 (36/1333) 2.5 (35/1384) 0.03
0.4 (8/2090) 0.8 (15/1960) 0.4 (9/2305) 0.14

 2005 - 2007 2008 - 2010 2011 - 2013 p-value

 99 178 164 0.001
 2.1 (99/4782) 3.9 (178/4518) 3.4 (164/4891) <0.001

2.1 (35/1661) 3.9 (57/1458) 3.5 (57/1632) 0.01
2.5 (42/1697) 3,1(52/1664) 3.7(63/1690) 0.13

 1.6 (22/1394) 4.9 (69/1396) 2.8 (44/1569) 0.09

6.4 (23/359) 16 (63/396) 16 (71/441) <0.001
11 (9/81) 18 (21/118) 18 (30/168) 0.02
3.8 (52/1356) 6.3 (81/1288) 5.7 (66/1161) 0.04
0.8 (24/3067) 1.2 (34/2834) 0.8 (27/3289) 0.18

9.2 (40/436) 16 (67/429) 15 (70/469) 0.008
3.9 (32/826) 7.5 (60/796) 6,8 (50/733) 0.005
1.3 (19/1430) 2.7 (36/1333) 2.5 (35/1384) 0.03
0.4 (8/2090) 0.8 (15/1960) 0.4 (9/2305) 0.14

 2005 - 2007 2008 - 2010 2011 - 2013 p-value

 99 178 164 0.001
 2.1 (99/4782) 3.9 (178/4518) 3.4 (164/4891) <0.001

2.1 (35/1661) 3.9 (57/1458) 3.5 (57/1632) 0.01
2.5 (42/1697) 3,1(52/1664) 3.7(63/1690) 0.13

 1.6 (22/1394) 4.9 (69/1396) 2.8 (44/1569) 0.09

6.4 (23/359) 16 (63/396) 16 (71/441) <0.001
11 (9/81) 18 (21/118) 18 (30/168) 0.02
3.8 (52/1356) 6.3 (81/1288) 5.7 (66/1161) 0.04
0.8 (24/3067) 1.2 (34/2834) 0.8 (27/3289) 0.18

9.2 (40/436) 16 (67/429) 15 (70/469) 0.008
3.9 (32/826) 7.5 (60/796) 6,8 (50/733) 0.005
1.3 (19/1430) 2.7 (36/1333) 2.5 (35/1384) 0.03
0.4 (8/2090) 0.8 (15/1960) 0.4 (9/2305) 0.14
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Treatment
Table 3 and 4 show the patient- and treatment characteristics of NEC. In 83% of the 
patients treatment of NEC was started conservatively with nil per os (NPO), gastric 
aspiration and broad-spectrum antibiotics directly after the diagnosis. Indications 
for surgical intervention were intestinal perforation, and clinical deterioration despite 
maximum conservative therapy (Table 3). In the majority of the cases respiratory 
and/or hemodynamic support was given (Table 3). 

TABLE 3:

Patient characteristics

Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164

Gestational age (weeks) 29 (24 – 41) 29 (24 – 40) 28 (24 – 39) 0.19

<28 weeks  23 (23) 63 (35) 71 (43) 0.011

24 & 25 weeks  9 (8) 21 (12) 30 (18) 0.0012

28 – 32 weeks 52 (53) 81 (46) 66 (40) 0.20
>33 weeks  24 (24) 34 (19) 27 (17) 0.30

Birth weight (grams) 1160 (540 – 3700) 1200 (430 – 4130) 1070 (410 – 3590) 0.31

< 1000 grams  40 (40) 67 (38) 70 (43) 0.64
1000 – 1500 grams  32 (32) 60 (34) 50 (30) 0.90
1500 – 2500 grams 19 (19) 36 (20) 35 (21) 0.87
 >2500 grams 8 (8) 15 (8) 9 (6) 0.06

Male 50 (51)  107 (60) 97 (59) 0.43

Caesarean section 51 (52) 91 (51) 77 (47) 0.75

Persistent  ductus arteriosus (PDA) 37 (37) 66 (37) 66 (40) 0.86
Clipping PDA 14 (14) 37(21) 23 (14) 0.68Clipping PDA 14 (14) 37(21) 23 (14) 0.68Clipping PDA

Laboratory values at NEC diagnosis
Hb (mmol/L) 8.2 (4.8 – 10.5) 8.0 (4.9 – 14.4) 7.9 (4.8 – 13.3) 0.22
pH 7.3 (6.8 – 7.6) 7.3 (6.7 – 7.6) 7.3 (6.6 – 7.5) 0.05
CRP (mg/L) 27 (1 – 297)  25 (0.6 – 296) 30 (0.3 – 319) 0.57
Leukocytes (10^9/L) 8.6 (0.8 – 46.7) 8.6 (0.6 – 86) 9.2 (1.4 – 59) 0.90
Trombocytes (10^9/L) 193 (4 – 723) 202 (10 – 642) 218 (1 – 780) 0.08

Postconceptional age NEC (weeks) 31 (25 – 42) 31 (25 – 42) 31 (24 – 43) 0.48

Bell’s stadium 2  77 (78) 151 (84) 125 (76) 0.15
Bell’s stadium 3  22 (22) 27 (16) 39 (24)

Acute phase mortality 33 (33) 43 (24) 41 (25) 0.19Acute phase mortality 33 (33) 43 (24) 41 (25) 0.19Acute phase mortality
(30-day mortality)

Overall mortality  41 (41) 52 (29) 54 (33) 0.10

* Data are presented as median (range) or in numbers (percentage) unless otherwise stated
1 – Differences between all three periods; p=0.01
2 – 2005 - 2007 versus 2008 - 2010: p=0.001; 2005 - 2007 versus 2011 - 2013: p=0.001

Clinical variables 2005 - 2007
 n=99 n=178 n=164

 51 (52) 91 (51) 77 (47) 0.75

 37 (37) 66 (37) 66 (40) 0.86
 14 (14) 37(21) 23 (14) 0.68

 8.2 (4.8 – 10.5) 8.0 (4.9 – 14.4) 7.9 (4.8 – 13.3) 0.22
 7.3 (6.8 – 7.6) 7.3 (6.7 – 7.6) 7.3 (6.6 – 7.5) 0.05

 27 (1 – 297)  25 (0.6 – 296) 30 (0.3 – 319) 0.57
 8.6 (0.8 – 46.7) 8.6 (0.6 – 86) 9.2 (1.4 – 59) 0.90

 193 (4 – 723) 202 (10 – 642) 218 (1 – 780) 0.08

 31 (25 – 42) 31 (25 – 42) 31 (24 – 43) 0.48

 77 (78) 151 (84) 125 (76) 0.15
 22 (22) 27 (16) 39 (24)

 33 (33) 43 (24) 41 (25) 0.19

 41 (41) 52 (29) 54 (33) 0.10

 n=99 n=178 n=164

29 (24 – 41) 29 (24 – 40) 28 (24 – 39) 0.19

23 (23) 63 (35) 71 (43) 
9 (8) 21 (12) 30 (18) 
52 (53) 81 (46) 66 (40) 0.20
24 (24) 34 (19)

1160 (540 – 3700) 1200 (430 – 4130) 1070 (410 – 3590) 0.31

40 (40) 67 (38) 70 (43) 0.64
32 (32) 60 (34) 50 (30) 0.90
19 (19) 36 (20) 35 (21) 0.87
8 (8) 15 (8) 9 (6) 0.06

50 (51)  107 (60) 97 (59) 0.43

 51 (52) 91 (51) 77 (47) 0.75

 37 (37) 66 (37) 66 (40) 0.86
 14 (14) 37(21) 23 (14) 0.68

 8.2 (4.8 – 10.5) 8.0 (4.9 – 14.4) 7.9 (4.8 – 13.3) 0.22
 7.3 (6.8 – 7.6) 7.3 (6.7 – 7.6) 7.3 (6.6 – 7.5) 0.05

 27 (1 – 297)  25 (0.6 – 296) 30 (0.3 – 319) 0.57
 8.6 (0.8 – 46.7) 8.6 (0.6 – 86) 9.2 (1.4 – 59) 0.90

 193 (4 – 723) 202 (10 – 642) 218 (1 – 780) 0.08

 31 (25 – 42) 31 (25 – 42) 31 (24 – 43) 0.48

 77 (78) 151 (84) 125 (76) 0.15
 22 (22) 27 (16) 39 (24)

 33 (33) 43 (24) 41 (25) 0.19

 41 (41) 52 (29) 54 (33) 0.10

2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164

29 (24 – 41) 29 (24 – 40) 28 (24 – 39) 0.19

23 (23) 63 (35) 71 (43) 
9 (8) 21 (12) 30 (18) 
52 (53) 81 (46) 66 (40) 0.20

1160 (540 – 3700) 1200 (430 – 4130) 1070 (410 – 3590) 0.31

40 (40) 67 (38) 70 (43) 0.64
32 (32) 60 (34) 50 (30) 0.90
19 (19) 36 (20) 35 (21) 0.87
8 (8) 15 (8) 9 (6) 0.06

50 (51)  107 (60) 97 (59) 0.43

 51 (52) 91 (51) 77 (47) 0.75

 37 (37) 66 (37) 66 (40) 0.86
 14 (14) 37(21) 23 (14) 0.68

 8.2 (4.8 – 10.5) 8.0 (4.9 – 14.4) 7.9 (4.8 – 13.3) 0.22
 7.3 (6.8 – 7.6) 7.3 (6.7 – 7.6) 7.3 (6.6 – 7.5) 0.05

 27 (1 – 297)  25 (0.6 – 296) 30 (0.3 – 319) 0.57
 8.6 (0.8 – 46.7) 8.6 (0.6 – 86) 9.2 (1.4 – 59) 0.90

 193 (4 – 723) 202 (10 – 642) 218 (1 – 780) 0.08

 31 (25 – 42) 31 (25 – 42) 31 (24 – 43) 0.48

 77 (78) 151 (84) 125 (76) 0.15
 22 (22) 27 (16) 39 (24)

 33 (33) 43 (24) 41 (25) 0.19

 41 (41) 52 (29) 54 (33) 0.10

2008 - 2010 2011 - 2013 p-value

29 (24 – 41) 29 (24 – 40) 28 (24 – 39) 0.19

52 (53) 81 (46) 66 (40) 0.20
27 (17) 0.30

1160 (540 – 3700) 1200 (430 – 4130) 1070 (410 – 3590) 0.31

40 (40) 67 (38) 70 (43) 0.64
32 (32) 60 (34) 50 (30) 0.90
19 (19) 36 (20) 35 (21) 0.87
8 (8) 15 (8) 9 (6) 0.06

50 (51)  107 (60) 97 (59) 0.43

 51 (52) 91 (51) 77 (47) 0.75

 37 (37) 66 (37) 66 (40) 0.86
 14 (14) 37(21) 23 (14) 0.68

 8.2 (4.8 – 10.5) 8.0 (4.9 – 14.4) 7.9 (4.8 – 13.3) 0.22
 7.3 (6.8 – 7.6) 7.3 (6.7 – 7.6) 7.3 (6.6 – 7.5) 0.05

 27 (1 – 297)  25 (0.6 – 296) 30 (0.3 – 319) 0.57
 8.6 (0.8 – 46.7) 8.6 (0.6 – 86) 9.2 (1.4 – 59) 0.90

 193 (4 – 723) 202 (10 – 642) 218 (1 – 780) 0.08

 31 (25 – 42) 31 (25 – 42) 31 (24 – 43) 0.48

 77 (78) 151 (84) 125 (76) 0.15

 33 (33) 43 (24) 41 (25) 0.19

 41 (41) 52 (29) 54 (33) 0.10
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Surgical treatment
Table 4 shows the details of surgical treatment in NEC. The use of peritoneal 
drainage decreased signifi cantly (28/99 in period 1, 5/178 in period 2, 20/164 in 
period 3; p=0.001). The percentage of patients needing a surgical intervention 
decreased signifi cantly (52/99 cases in period 1, 61/178 cases in period 2, 48/164 
cases in period 3; p<0.001). In the EP group there was no signifi cant change in the 
percentage of patients undergoing surgery (11/23 cases in period 1, 20/63 in period 
2, and 25/71 cases in period 3).

TABLE 4:

NEC treatment characteristics

Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164

Inotropes during NEC, n(%) 31 (31) 39 (22) 57 (35) 0.05

Intubation during NEC, n(%) 34 (34) 59 (33) 85 (52) 0.45

Surgical intervention <30 days  52 (53)* 61 (34)* 48 (29)* <0.001*
after diagnosis, n (%)

Surgical intervention because of  24 (47)** 34 (56) 30 (63) 0.006**
pneumopertineum, n(%)#

Peritoneal drainage, n(%) 28 (28)*** 5 (2.8)*** 20 (12)*** <0.001***

Open/closing procedure, n (%)# 8 (15) 9 (15) 5 (11) 0.76

Primary anastomosis (%)# 18 (35) 25 (41) 23 (47) 0.68

Enterostomy, n(%)# 26 (50) 27 (44) 20 (42) 0.67

Unplanned re-laparotomy 5 (40) 9 (37) 6 (35) 0.57
 (% of total re-laparotomies)

*2005 - 2007 and 2008 - 2010: p=0.006/ 2005 - 2007 and 2011- 2013: p=<0.001
**2005 - 2007 and 2008 - 2010: p=0.033/2005 - 2007 and 2011 - 2013: p=0.005
***2005 - 2007 and 2008 - 2010: p<0.001/2005 - 2007 and 2011 - 2013: p=0.02
# % of total surgical interventions 
* Data are presented as numbers (percentages). Continuity repairs are included in the planned re-laparotomies.

Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164
Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164

31 (31) 39 (22) 57 (35) 0.05

34 (34) 59 (33) 85 (52) 0.45

52 (53)* 61 (34)* 48 (29)* 

24 (47)** 34 (56) 30 (63) 

28 (28)*** 5 (2.8)*** 20 (12)*** 

8 (15) 9 (15) 5 (11) 0.76

18 (35) 25 (41) 23 (47) 0.68

26 (50) 27 (44) 20 (42) 0.67

5 (40) 9 (37) 6 (35) 0.57

Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value
 n=99 n=178 n=164

31 (31) 39 (22) 57 (35) 0.05

34 (34) 59 (33) 85 (52) 0.45

52 (53)* 61 (34)* 48 (29)* 

24 (47)** 34 (56) 30 (63) 

28 (28)*** 5 (2.8)*** 20 (12)*** 

8 (15) 9 (15) 5 (11) 0.76

18 (35) 25 (41) 23 (47) 0.68

26 (50) 27 (44) 20 (42) 0.67

5 (40) 9 (37) 6 (35) 0.57

Clinical variables 2005 - 2007 2008 - 2010 2011 - 2013 p-value

31 (31) 39 (22) 57 (35) 0.05

34 (34) 59 (33) 85 (52) 0.45

8 (15) 9 (15) 5 (11) 0.76

18 (35) 25 (41) 23 (47) 0.68

26 (50) 27 (44) 20 (42) 0.67

5 (40) 9 (37) 6 (35) 0.57
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Mortality
The acute-phase mortality (30-days) of NEC did not change signifi cantly in the 
last nine years. Also, the overall mortality did not change over time. In a univariate 
analysis the following factors seemed to be associated with 30-day mortality: 
extreme prematurity (<28 weeks; OR 3.9, CI 1.3-12; p=0.02), need for inotropes 
during NEC (OR 3.1, CI 1.1-8.6; p=0.03), peritoneal drainage (OR 5.9, CI 2.29-15; 
p=0.001), and surgical interventions during the acute phase of NEC (OR 9.2, CI 1.5-
55; p=0.02). In a multivariate analysis only peritoneal drainage was independently 
associated with 30-day mortality (OR 4.8, CI 1.8-13; p=0.002). 

Discussion
In the current study we evaluated the incidence, clinical presentation, and 
results of treatments of NEC in a 9-year period in three tertiary referral centers 
in the Netherlands, after modifi cation of the Dutch perinatal guidelines. Since the 
guidelines changed for active treatment to 24 and 25 weeks of gestation, we focus 
on these premature infants. 

The most important fi nding of the study is the increased incidence of NEC between 
2005 and 2013. This increase in incidence might combine with changes in the 
guidelines for active treatment in EP-infants. Especially in this group of infants, born 
at a gestational age of 24 weeks and 25 weeks, a higher incidence of NEC was 
observed. Another observation was, despite extensive international research on 
NEC, that the mortality rate of NEC did not change between 2007 and 2013.
During the study period, the incidence of NEC was 3.1% of all NICU-admissions in 
the three participating academic referral centers. We observed that the incidence of 
NEC in the EP-group mostly increased in the infants born at a gestational age of 24- 
and 25 weeks (2.5% in period 1 to 6.8% in period 3). We give two explanations for this 
increase in incidence. First, in all probability, a reason for the increased incidence of 
NEC is the increased incidence of infants born at a gestational age of 24 weeks after 
the change in the ‘perinatal management in extreme premature birth’ for lowering the 
active treatment to 24 weeks of gestation. A study on the health outcomes after the 
change of this guideline a comparable incidence of NEC was reported for infants born 
at 24- and 25 weeks of gestation.14 A second explanation for the increase in incidence 
of NEC is the improved early survival of infants who otherwise would been deceased 
before the reach of the typical postmenstrual age when NEC normally presents.15

NEC effects 10% of the EP-infants, of which 1 out of 3 deceases.16 In accordance 
with the literature2 we report a 30-day mortality of respectively 33%, 24% and 25% 
over the three periods during 2005-2013. Despite the high morbidity and mortality, 
currently, adequate preventive- and treatment strategies are not yet available for 
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clinical practice. After 2005 there were no major changes in the conservative treatment 
of NEC in the three tertiary referral centers. The addition of probiotics to nutrition is 
an upcoming experimental preventive therapy. However, there are still questions that 
need to be answered regarding the use and safety of probiotics before the use of 
probiotics can be implemented in standard clinical treatment. Currently, probiotics are 
not used in clinical practice in one of the three participating centers. 
We observed that the percentage of surgical interventions decreased between 2005 
and 2013 (a decrease of 53% to 29%). This percentage is similar to reports from 
literature in which a percentage between 20 and 40% surgical interventions in the acute 
phase of NEC is described.16 While it is plausible that this trend is primarily due to 
the increase of the EP-group of total NICU admissions – the group of infants in which 
health practitioners are generally restrained with surgical interventions – we did not see 
a decrease of infants who underwent surgery due to NEC in the EP-group after 2007. 

In the past nine years, the use of peritoneal drainage in critically ill infants decreased. 
The use of peritoneal drainage is controversial, and is mostly used as a temporary 
measure to stabilize the infant before surgery.2,16–18 Our study shows that the use of 
peritoneal drainage has signifi cantly decreased (from 28% to 12%). Thereby, we 
observed that the use of peritoneal drainage is associated with 30-day mortality. 
In all probability the association between peritoneal drainage and mortality is most 
likely a refl ection of the use of peritoneal drainage in the most severely ill children in 
an attempt to stabilize infants who are too instable for surgical intervention.

Preventive measures to prevent the development of NEC mainly focus on maternal 
donor milk and the supplementation of pre- and probiotics to the neonatal feeding of 
the vulnerable infant. A diet with exclusively mother’s milk for premature infants until 
the postmenstrual age of 33 weeks has a protective effect against NEC.17 Thereby, 
the use of pre- and probiotics might have positive effects protecting the infant from 
NEC development.17,18 A recent Cochrane review of Alfaleh et al.18 concluded that 
the supplementation of probiotics decreased the incidence of NEC in infants with 
a birth weight >1500 grams. However, the benefi ts and the possible side-effects 
of probiotics in infants born with a birth weight <1000 grams, the infants with the 
highest risk on NEC development, are still not fully elucidated.18 More studies are 
needed to elucidate the safety and effectiveness, and especially to reveal the exact 
composition of the probiotics.9

The current study has its limitations. First, the retrospective nature of the study could 
have led to historical data loss. A second limitation is the composition of the cohort. We 
only included NEC patients in our cohort, without the use of a (healthy) control group. 
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Conclusion
This retrospective cohort study shows an increased incidence of NEC after, among 
others, since the guidelines changed for active treatment to 24 and 25 weeks 
of gestation. Thereby, this study shows that the total of surgical interventions 
decreased, but the mortality did not change during the last nine years. Further 
research should be done to develop new and/or improve preventive- and treatment 
strategies against NEC.
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Abstract 
Background: Little is known about the perinatal development of paneth cells (PCs) 
during gestation and the relation with NEC.  We aimed to investigate when PCs 
arise and when they become immune competent during gestation. 
Methods: We included 57 samples of ileum tissue of fetuses/infants with a gestational 
age (GA) between 9 – 40 weeks taken as part of a standard autopsy procedure. 
Hematoxylin-eosin staining and anti-human defensin 5 immunohistochemistry were 
performed. We performed a semi-quantitative assessment of (immune competent) 
PC numbers per 10 crypts per tissue section per GA.
Results: The number of PCs and the number of immune competent PCs increased 
with increasing GA (Spearman’s rho=0.41, p=0.002 and rho=0.61, p<0.001, 
respectively).  Whilst signifi cantly higher PC numbers were observed after 37 weeks’ 
gestation (median 7, range 0 – 12) compared to preterm infants (median 0, range 
0–15; p=0.002), we counted higher numbers of immune competent PCs already in 
infants with GA above 29 weeks (median 6, range 0 – 18) compared to infants with 
GA under 29 weeks (median 2, range 0 – 9; p<0.001). 
Conclusion: The signifi cant increase of immune competent PCs starting from a GA 
of 29 weeks mimics the rise in incidence of NEC during a similar postmenstrual age 
in preterm infants.
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Introduction
Paneth cells (PCs) are specialized epithelial immune cells located in the base of the 
crypts of Lieberkühn located in the small intestine.1,2 PCs can be seen in the gut 
by the fi rst trimester and are thought to mature during gestation1,2 PCs protect the 
intestinal stem cells from pathogens by stimulating stem cell differentiation, shaping 
the intestinal microbiota, and assist in reparation of the gut.2 To this end, they secrete 
(among other things) human alpha-defensins (HD5/HD6).3 These defensins protect 
the intestinal mucosa against bacterial invasion, and are thought to be associated 
with initiating and adapting immunity.3 How PCs develop after the fi rst trimester and 
when PCs become immune competent remains uncertain. 
PCs are thought to contribute to the development of NEC, a common and devastating 
disease most commonly observed in preterm infants.4–6 NEC involves the preterm 
intestine and has a complex pathophysiology in which bacterial invasion and an 
excessive infl ammatory response is an important contributing factor.5,6 Unfortunately 
the exact pathophysiology is incompletely understood. 
It has been hypothesized that maturation of immune competent PCs is crucial for NEC 
development.4,6–8 In the preterm gut, PCs secrete defensins that might contribute to 
an excessive infl ammatory response as observed in NEC.4 This hypothesis is derived 
from the observation that extremely-low-birth-weight (ELBW) human infants generally 
have the longest interval before the onset of NEC - with a peak incidence at the 
postmenstrual age of 29-33 weeks.4,6–8 Despite the possible role for PC-maturation in 
the pathophysiology of NEC, little is known about PC-maturation and functioning in 
the immature intestine. Therefore, we aimed to investigate when PCs arise and when 
they become immune competent in human tissue during gestation.

Methods
Patients
This retrospective study was conducted in a tertiary referral NICU center. The archives 
of the department of Pathology & Medical Biology were searched for fetal and neonatal 
ileum tissue taken as part of a standard autopsy procedure. Tissue samples from cases 
with a gestational age (GA) between 0 and 40 weeks were selected. GA between 0 and 40 
weeks were divided in four- week intervals. Upon retrieval from the archive Hematoxylin-
eosin (HE) stained sections were reviewed. Only those with an intact mucosa without 
injury or autolysis were selected for the study. We excluded autopsy material from patients 
who died two days or more postpartum to minimize the possible external infl uences on 
PC development. We attempted to include eight fetuses/infants per four-week interval of 
GA. Parental consent was not needed to utilize the tissue samples following the WMO 
Medical Research Involving Human Subjects Act requirements. This study was approved 
by the Medical Ethical Committee of the University Medical Center Groningen. 
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Tissue modifi cation and immunohistochemistry
After sampling ileum tissue was fi xed in 10% buffered formalin, embedded in 
paraffi n, and 4 µm-thick serial sections were prepared. Paraffi n-embedded sections 
were stained with HE. Tissue morphology was qualitatively assisted by two trained 
observers (FH and AT).
To determine PC-specifi c expression of HD5, we performed immunohistochemistry. 
Deparaffi nized sections (4 µm) were subjected to heat-induced antigen retrieval by 
15 min incubation in 1 mM EDTA buffer (pH 8.0) at 95°C. Endogenous peroxidase was 
blocked for 30 min with 0.075% H2O2 in PBS. Primary antibody Cat. No. MABF31, 
Anti-alpha Defensin 5, clone 8C8 (Merck Millipore, Billerica, MA, USA) was diluted 
1/100 in 1% BSA/PBS, were incubated for 60 min at room temperature. Binding was 
detected using sequential incubations (30 min) with rabbit-anti-mouse peroxidase-
labeled secondary antibody (DakoCytomation, Glostrup, Denmark) and goat-anti-
rabbit peroxidase-labeled tertiairy antibody (DakoCytomation) diluted in PBS with 
1% BSA and 1% normal human serum. Peroxidase activity was developed using 
3,3’-diaminobenzidine tetrachloride (DAB) for 10 min. Sections were counterstained 
with HE. Evaluation of a positive control of immunohistochemistry was done in 
normal human transverse colon tissue.

PC count
Ileum tissue samples were used for analysis to accomplish greater equality during 
the following analysis.  We scored number of PCs per 10 crypts per tissue section 
with HE staining, in random order determined by the observer and blinded for GA, 
using microscopy at a magnifi cation of 400x. PCs were identifi ed based on their 
eosinophilic granules and incident light fl uorescence.9 The numbers of PCs were 
scored starting from the fi rst uninterrupted undamaged tissue at the lower right 
region of the tissue section for the length of 10 crypts. Next, we performed a semi-
quantitative assessment of the numbers of immune competent PCs based on HD5 
positive cells. Whereas we have to point out that HD5 immunohistochemistry is 
a more sensitive method for detecting PCs than routine HE staining.10 PCs were 
scored as described above. All scores were given by one observer and validated 
by the second observer blinded for the results of the fi rst observer, after which the 
intra-observer variability was assessed.

Analysis and statistics
First, to investigate when PCs arise in the developing intestine, we analyzed PC 
numbers in the HE stained sections per GA via PC count in each section. Secondly, 
to investigate immune competency (maturity) of PCs per GA, we counted all PCs in 
each section that was stained with the anti-human HD5 antibody per GA.
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Inter-observer variability was analyzed using intraclass correlation coeffi cients (ICC). 
Comparison between PC counts per GA group was performed using the Kruskal-
Wallis test considering our data as non-normally distributed. The Mann Whitney U test 
was used to assess differences between (each) GA group(s) in case of a signifi cant 
difference found using the Kruskal-Wallis test. For comparison between two 
categorical variables the χ2 analysis was used, the Spearman rho-test for continuous 
variables and the Mann Whitney U test was used for the combination of a categorical 
and a continuous variable, as appropriate. Statistical analyses were performed using 
the Statistical Package for the Social Sciences (IBM SPSS Statistics 21, IBM Corp., 
Armonk, New York, USA). Data were presented as median with range, unless specifi ed 
otherwise. Two sided p-values less than 0.05 were considered signifi cant. 

Results
Patients
We included ileum tissue from 57 fetuses/infants born between June 2003 and June 
2014. The fetuses/infants were divided into eight groups based upon gestational 
age (GA) in weeks (1: 9-12, 2: 13-16, 3: 17-20, 4: 21-24, 5: 25-28, 6: 29-32, 7: 33-
36, 8: 37-40).  Eight fetuses/infants were included per group, except for groups 1 
(n=2) and 5 (n=7). Major causes for death were intra-uterine fetal death (n=17; 30%) 
and clinically indicated termination of pregnancy for fetal or maternal disease (n=16; 
28%). Six infants died two days post partum. We present the patient characteristics 
in Table 1 and in the Supplemental table S1 (supplements). 

TABLE 1:

Patient characteristics 

Patients 57

Gestational age in weeks, median (range) 26 (9 - 40) 

Sex (male), n (%) 32 (56)

Birth weight (grams), median (range) 627 (11 - 4756)

Survival period, n (%)
  Zero days 37 (65)
  One day 14 (25)
  Two days 6 (10)

Cause of death, n (%)
  Intra-uterine fetal death 17(30)
  Clinically indicated termination 16(28)
  Respiratory/circulatory insuffi ciency 11 (19)
  Live birth, other causes of death 13 (23)

* Data are expressed as median (range) or as numbers unless specifi ed otherwise.

Patients 57

Gestational age in weeks, median (range) 26 (9 - 40) 

Sex (male), n (%) 32 (56)

Birth weight (grams), median (range) 627 (11 - 4756)

  Zero days 37 (65)
  One day 14 (25)
  Two days 6 (10)

  Intra-uterine fetal death 17(30)
  Clinically indicated termination 16(28)
  Respiratory/circulatory insuffi ciency 11 (19)
  Live birth, other causes of death 13 (23)
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Histological PC count
Figures 1 and 2 and Table 2 show (total numbers of) PCs that stained positively 
with HE staining. Intra-observer variability for the PC count was excellent (ICC 0.95 
(95% CI: 0.91 - 0.97)). GA correlated positively and strongly with the number of 
PCs (rho=0.41, p=0.002). We observed a signifi cant difference between the eight 
groups in terms of PC numbers, using the Kruskal-Wallis test (p=0.02). Signifi cantly 
higher numbers of PCs were counted in infants with a GA above 37 weeks (median 
7, range 0 - 12) compared to all preterm infants (median 0, range 0 - 15; p=0.002). 
No signifi cant differences in total PC counts were found between the groups before 
the GA of 37 weeks (values are depicted in Table 2). Supplemental fi gure S1 and 
supplemental table S1 present detailed patient characteristics and PC count. 

FIGURE 1:

Paneth cells (PCs) HE staining and anti-HD 5 immunohistochemistry
PCs on HE staining are characterized by their rose color, eosinophilic granules, 
incident light fl uorescence and their location in the crypts. Immune competent PCs 
on anti-HD5 staining are characterized by the brown color and their location in the 
crypts. Figure A and B show tissue of a patient with a GA of 20 weeks. No PCs or 
immune competent PCs are observed. Figure C and D show tissue of a patient 
with a GA of 37 weeks. Multiple PCs are observed (the arrow indicates a (immune 
competent) PC). Magnifi cation of 400x, scale bar represents 200 µm.competent) PC). Magnifi cation of 400x, scale bar represents 200 µm.
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FIGURE 2:

Boxplot of numbers of (immune competent) PCs
Y-as represents number of (immune competent) PCs per crypt, whereas        represents 
numbers of PCs on HE staining, and        represents numbers of (immune competent) 
PCs on anti-HD5 staining. Numbers of PCs were scored per 10 crypts per tissue 
section in random order. The bars represent interquartile range (Q3-Q1), the whiskers 
represent the ranges, and the stars, open/closed circles represent all outliers.  

Y-as represents number of (immune competent) PCs per crypt, whereas        represents 
numbers of PCs on HE staining, and        represents numbers of (immune competent) numbers of PCs on HE staining, and        represents numbers of (immune competent) numbers of PCs on HE staining, and        represents numbers of (immune competent) 
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TABLE 2:

Differences in (immune competent) PC count per GA

Anti-HD 5 immunohistochemistry PC count
Figures 1 and 2 and Table 2 show (total numbers of) immune competent PCs. Intra-
observer variability for the PC count was excellent (ICC 0.98 (95% CI: 0.98 – 0.99)). 
GA correlated positively and strongly with the number of immune competent PCs 
(rho=0.61, p<0.001). Kruskal-Wallis test demonstrated a signifi cant difference 
between the eight groups in terms of immune competent PC numbers (p=0.001). In 
infants with a GA of 29 weeks or greater had signifi cantly more immune competent 
PCs (median 6, range 0 – 18) when compared to infants with a GA of less than 
29 weeks (median 2, range 0 – 9; p<0.001). When infants became term (GA of 37 
weeks) even higher numbers of immune competent PCs (median 10, range 3 – 
18) were observed when compared to preterm infants (GA <37 weeks; median 3; 
range 0 – 17; p=0.003). Supplemental fi gure S1 and supplemental table S1 present 
detailed patient characteristics and PC count.

 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40 GA 9-12 GA 13-16 GA 17-20 GA 21-24 GA 25-28 GA 29-32 GA 33-36 GA 37-40

PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)PC numbers  0 (0-0) 0 (0-2) .5 (0-15) 0 (0-3) 0 (0-0) 2 (0-6) 2 (0-6) 6.5 (0-12)
HE staining

Immune competent 0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)0 (0-1) 1 (0-4) 3 (0-7) 3 (0-9) 2 (0-8) 5 (0-12) 6 (3-17) 10 (3-18)
PC numbers
(HD5 expression)

GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* GA 13-16 0.64**  0.10* 0.49* 0.39* 0.07* 0.16* 0.008*

GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*GA 17-20 0.19** 0.24**  0.28* 0.05* 0.65* 0.80* 0.16*

GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* GA 21-24 0.11** 0.07** 0.92**  0.20* 0.47* 0.41* 0.02*

GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*GA 25-28 0.29** 0.36** 0.52** 0.38**  0.20* 0.47* 0.41*

GA 29-32 0.09** GA 29-32 0.09** 0.02** 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09* 0.29** 0.22** 0.12**  0.57* 0.09*

GA 33-36 0.03** 0.002** 0.02** 0.02** 0.013**0.03** 0.002** 0.02** 0.02** 0.013**0.03** 0.002** 0.02** 0.02** 0.013**0.03** 0.002** 0.02** 0.02** 0.013**0.03** 0.002** 0.02** 0.02** 0.013**0.03** 0.002** 0.02** 0.02** 0.013** 0.18**  0.05* 0.18**  0.05* 0.18**  0.05* 0.18**  0.05*

GA 37-40 0.04** 0.002** 0.02** 0.011** 0.007**0.04** 0.002** 0.02** 0.011** 0.007**0.04** 0.002** 0.02** 0.011** 0.007**0.04** 0.002** 0.02** 0.011** 0.007**0.04** 0.002** 0.02** 0.011** 0.007**0.04** 0.002** 0.02** 0.011** 0.007** 0.09** 0.71** 0.09** 0.71** 0.09** 0.71**

Data are expressed as median (range) or as numbers unless specifi ed otherwise. Comparison between 
PC counts per GA group was performed using the Kruskal-Wallis test. The Mann Whitney U test was 
used to assess differences between (each) GA group(s) in case of a signifi cant difference found using 
the Kruskal-Wallis test. Signifi cance is shown by boldfaced values. * p-values represent GA versus PC 
numbers. ** p-values represent GA versus immune competent PC numbers.
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Discussion
Although a role for PCs in the pathophysiology of NEC has been suggested, little 
is known about the PC number and functioning in the immature human gut and 
its relation with the development of NEC. The present study suggests that the 
number of PCs increases rapidly after a GA of 37 weeks. However, starting from 
29 weeks of gestation, we observed a rapid increase in immune competent PCs as 
demonstrated by the expression of defensin HD5. This corresponds with the peak 
incidence of NEC occurring at a postmenstrual age of 29-33 weeks. When taken 
together, these observations suggest a putative role for immune competent PCs in 
the pathophysiology of NEC. 

Most insights on PC development and functioning are from murine studies. Their 
epithelium is immature at birth and undergoes extensive postnatal remodeling and 
crypt ontogeny after birth.11 These animal studies are not directly comparable with 
human tissue because human PCs are thought to develop during the fi rst trimester 
of gestation.11 According to current laboratory studies using gene expression 
- and intestinal isografts, PCs develop during the fi rst trimester of gestation and 
increase in numbers by term gestation.1,11,12 The present study could not confi rm the 
development of PCs during the fi rst trimester, which is possibly the result of the only 
moderate sensitivity of HE staining.10 However, we did observe signifi cantly higher 
numbers of PCs at term gestation. 

It has been suggested that  PCs start producing defensins, including HD5 around a 
GA of 13 weeks.4 Both PC numbers and defensins expression are hypothesized to 
be lower in preterm infants with a GA of 24 weeks compared with term infants.1,13

According to our current understanding, the appearance of HD5 coincides 
approximately with PC differentiation during intestinal crypt ontogeny.1113 The 
present study suggests that HD5 expression coincides with PC development until 
a GA of 28 weeks; in the period starting from 29 weeks of GA, HD5 expression 
increases more rapidly than the number of PCs.

PCs with their defensin expression, such as HD5, play a key role in the intestinal 
innate immunity and development of diseases.14–16 PCs with their defensin 
expression are previously described in the pathophysiology of Crohn’s disease.16

The present study hypothesizes associations between PC defensin expression and 
NEC. This hypothesis is based on the fi nding that the increase of HD5 expression 
by PCs equals the peak incidence of NEC at a postmenstrual age of 29-33 weeks, 
if we assume that, after preterm birth, PCs follow the same developmental path as 
before birth.
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The current hypotheses on the role of PCs in NEC development are based on 
either depletion of PCs, increased immune activity of PCs or PC dysfunction6,8,9

In the fi rst hypothesis, it is suggested that there is a relative defi ciency of (immune 
competent) PCs at a low GA.4,17 This defi ciency could lead to a limited protection 
against opportunistic and/or pathogenic bacteria involved in NEC development.4,17

Our data is not consistent with this hypothesis, because we observed a signifi cant 
increase of immune competent PCs during gestation and not depletion. In the 
second hypothesis, the secretion of antimicrobial peptides by the PCs might 
be over-activated in the immature immune system leading to an overwhelming 
infl ammatory response.1,18,19 This exaggerated infl ammatory response could lead 
to increased intestinal damage, bacterial dysbiosis and reduced epithelial repair 
which in turn would lead to the development of NEC.1,18,19 With the results of the 
present study, one could speculate that the rapid increase of defensin expression 
around a GA of 29 weeks, in combination with colonization with opportunistic and/
or pathogenic pathogens and a still premature intestine, triggers NEC development. 
The last hypothesis assumes a dysfunction of PCs by environmental stressors: 
dysfunction of PCs may be an early event that predisposes the preterm infant to 
NEC by inducing bacterial dysbiosis.1,20,21 This hypothesis could, however, not be 
tested in the present study and should be subject of future research.

We acknowledge several limitations in the present study. First, epithelial 
differentiation from common progenitor stem cells, including the differentiation into 
PCs, is controlled by transcription factors, such as Math 1, under the control of 
the Wnt and Notch signaling pathways starting during crypt morphogenesis within 
the fi rst trimester of pregnancy.13,22 It is not yet known how this pathway further 
develops during gestation, e.g. when it reaches its maximum and if it infl uences HD5 
expression of the PCs. We could therefore not relate the infl uence of the epithelial 
differentiation pathway to the results of the present study. Future studies should 
focus on elucidating signaling pathways mediating PC formation – such as the Wnt 
and Notch signaling pathways - and function in the premature intestine. Second, 
the population size is small. However, this study is to our knowledge the fi rst study 
focusing on the emergence and immune competence of PCs per GA performed in 
human tissue. Third, we only studied anti-HD5, whilst there are more antimicrobial 
products secreted by PCs that could be of interest (i.e. HD6, sPLA2, lysozymes, 
Reg3G).17However, of the antimicrobial expression of PCs, HD5 is responsible for 
the majority of total antimicrobial expression.17 In line with Shen et al.21 the data of 
the present study indicates that HD5 immunohistochemistry is a more sensitive 
method for detecting PCs than routine HE staining that could have infl uenced our 
results. However, detection of PCs with HE staining gives valuable additional insight 
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into the numbers of PCs, potentially without immune competency. Lastly, we did not 
use NEC tissue for our analysis, and therefore the exact relation between PCs and 
NEC development remains speculative. Unfortunately, NEC resection specimens 
were too damaged for PC analysis according to our methods and, thereby, only give 
insight at the end stage of the disease rather than in the early development stage 
of NEC. 
A key defi ciency in our understanding of PCs is still the mechanisms that underlie their 
formation during development. We also do not understand the signaling pathways 
that mediate PC formation and their behaviour during critical events during late 
fetal and perinatal development.23 Understanding of these pathways together with 
the knowledge of our study, will shed light on PC development in human intestinal 
tissue. The considerable increase of antimicrobial expression of the PCs starting 
from 29 weeks’ GA could lead to an excessive infl ammatory response which is seen 
in NEC.

Conclusion
With the present study we were able to investigate when PCs arise and when they 
become immune competent in human tissue during gestation. We observed that 
while the number of PCs signifi cantly increased when infants became term, the 
increase of immune competent PCs increased signifi cantly starting from 29 weeks 
of gestation, which equals the peak incidence of NEC at a postmenstrual age of 29-
33 weeks. Whether this association between PCs and NEC is a causal one remains 
to be seen. 
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Supplements
Supplemental table S1: Detailed patient characteristics

 GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs GA  Gender Weight Nature of specimen Number of PCs Number of PCs
 (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining (weeks)  (grams)  HE staining anti-HD5 staining

1 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 01 9 Male 11 Termination of pregnancy 0 0
2 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 12 12 male 15 Termination of pregnancy 0 1
3 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 13 14 Male 32 Intra-uterine death 0 1
4 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 24 15 Male 94 Intra-uterine death 0 2
5 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 15 15 Male 55 Termination of pregnancy 0 1
6 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 06 15 Unknown unknown Intra-uterine death 0 0
7 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 07 16 Unknown unknown Termination of pregnancy 0 0
8 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 08 16 Unknown unknown Termination of pregnancy 2 0
9 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 09 16 Female 82 Termination of pregnancy 0 0
10 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 410 16 Male 75 Termination of pregnancy 0 4
11 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 011 17 Male 164 Intra-uterine death 0 0
12 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 312 19 Male 210 Intra-uterine death 1 3
13 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 313 19 Male 19 Termination of pregnancy 0 3
14 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 214 19 Female 80 Termination of pregnancy 0 2
15 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 015 19 Female 532 Termination of pregnancy 0 0
16 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 716 20 Female 218 Intra-uterine death 3 7
17 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 417 20 Female 226 Termination of pregnancy 3 4
18 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 418 20 Female 302 Intra-uterine death 2 4
19 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 619 21 Male 410 Termination of pregnancy 15 6
20 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 420 21 Female 312 Termination of pregnancy 0 4
21 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 121 22 Female 438 Termination of pregnancy 0 1
22 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 922 22 Male 610 Respiratory/circulatory 0 9
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
23 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 523 23 Male 610 Termination of pregnancy 3 5
24 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 224 24 Female 570 Intra-uterine death 0 2
25 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 225 24 Male 588 Respiratory/circulatory 2 2
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
26 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 626 24 Female 336 Live birth, other 0 6
    causes of death    causes of death    causes of death    causes of death    causes of death
27 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 027 25 Male 550 Intra-uterine death 6 0
28 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 328 25 Male 644 Intra-uterine death 0 3
29 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 229 26 Male 556 Intra-uterine death 0 2
30 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 830 26 Male 946 Intra-uterine death 0 8
31 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 131 26 Male 870 Intra-uterine death 0 1
32 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 032 28 Female 318 Intra-uterine death 0 0
33 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 333 28 Female 600 Respiratory/circulatory 0 3
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
34 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 334 30 Unknown 1656 Live birth, other 0 3
    causes of death    causes of death    causes of death    causes of death    causes of death
35 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 1035 30 Male 2046 Live birth, other 4 10
    causes of death    causes of death    causes of death    causes of death    causes of death
36 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 536 31 Female 2200 Live birth, other 0 5
    causes of death    causes of death    causes of death    causes of death    causes of death
37 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 1237 32 Male 1092 Live birth, other 6 12
    causes of death    causes of death    causes of death    causes of death    causes of death
38 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 038 32 Male 2120 Live birth, other 0 0
    causes of death    causes of death    causes of death    causes of death    causes of death
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39 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 239 32 Male 1850 Live birth, other 0 2
    causes of death    causes of death    causes of death    causes of death    causes of death
40 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 640 32 Male 2124 Live birth, other 4 6
    causes of death    causes of death    causes of death    causes of death    causes of death
41 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 541 32 Male 1558 Termination of pregnancy 4 5
42 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 342 33 Male 1165 Live birth, other 0 3
    causes of death    causes of death    causes of death    causes of death    causes of death
43 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 1743 33 Male 2450 Live birth, other 6 17
    causes of death    causes of death    causes of death    causes of death    causes of death
44 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 644 34 Female 2554 Respiratory/circulatory 2 6
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
45 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 645 34 Male 3750 Live birth, other 3 6
    causes of death    causes of death    causes of death    causes of death    causes of death
46 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 646 34 Male 1720 Intra-uterine death 0 6
47 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 647 34 Male 1570 Respiratory/circulatory 2 6
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
48 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 848 36 Male 2486 Respiratory/circulatory 0 8
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
49 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 849 36 Female 2172 Intra-uterine death 0 8
50 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 650 37 Male 3359 Respiratory/circulatory 0 6
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
51 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 551 37 Male 3820 Live birth, other 3 5
    causes of death    causes of death    causes of death    causes of death    causes of death
52 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 1852 39 Female 2110 Respiratory/circulatory 12 18
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
53 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 1853 40 Female 4756 Respiratory/circulatory 7 18
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
54 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 1454 40 Female 4236 Respiratory/circulatory 10 14
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
55 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 355 40 Female 3800 Intra-uterine death 0 3
56 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 1456 40 Female 3456 Respiratory/circulatory 6 14
    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency    insuffi ciency
57 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 557 40 female 3000 Live birth, other 12 5
    causes of death    causes of death    causes of death    causes of death    causes of death
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SUPPLEMENTAL FIGURE S1:

Gestational age versus number of (immune competent) PCs
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Abstract
Objectives: The underlying pathophysiology of necrotizing enterocolitis (NEC) 
remains incompletely understood, particularly the role of intestinal perfusion. We 
aimed to determine the relation between cerebral and splanchnic fractional tissue 
oxygen extraction (FTOE) with intestinal fatty acid-binding protein in plasma (I-FABPp), 
a marker for intestinal damage, in infants with NEC. Furthermore, we investigated the 
courses of cerebral and splanchnic FTOE values and I-FABPp levels in uncomplicated 
(conservative treatment) and complicated NEC (surgery, or death). 
Design: This study was part of a prospective observational cohort study
Patients: We included 19 preterm infants with NEC (9 uncomplicated, 
10 complicated).
Interventions: Using NIRS, we measured regional cerebral and splanchnic tissue 
oxygen saturations continuously for 48 hours after NEC onset. We measured 
I-FABPp levels simultaneously. 
Main outcome measures: We used Spearman correlation tests to calculate 
correlation coeffi cients between FTOE values and I-FABPp levels in uncomplicated 
and complicated NEC. 
Results: Median (range) gestational age was 28 (25-36) weeks and median (range) 
birth weight was 1290 (740-2400) grams. Cerebral and splanchnic FTOE values 
correlated strongly with I-FABPp levels (rho between 0.745 and 0.900; p<0.001 - 
0.037) during the fi rst 16 hours after NEC onset. Thereafter, in uncomplicated NEC, 
splanchnic FTOE values increased while I-FABPp levels decreased concomitantly. 
In complicated NEC both splanchnic FTOE values and I-FABPp levels decreased.
Conclusion: Combining cerebral and splanchnic FTOE values with I-FABPp levels 
may enable us to discriminate between the progression of and recovery from 
intestinal damage in NEC.
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Introduction
In preterm infants necrotizing enterocolitis (NEC) is the leading cause of death 
from gastrointestinal diseases.1 The role of intestinal perfusion in the underlying 
pathophysiology of NEC remains incompletely understood.2,3

Intestinal perfusion in NEC can be investigated by using near-infrared spectroscopy 
(NIRS). NIRS is a non-invasive method used increasingly in preterm infants to 
assess cerebral and intestinal perfusion.4–9 NIRS measures regional tissue oxygen 
saturation (rSO2) of underlying tissue continuously.10 When transcutaneous arterial 
oxygen saturation (SpO2) is measured simultaneously, fractional tissue oxygen 
extraction (FTOE) can be calculated.11 FTOE is thought to refl ect the balance 
between tissue oxygen supply and consumption and may, therefore, be an early 
indicator of impaired tissue perfusion.11

A possible way of gaining more insight into the role of cerebral and intestinal 
perfusion during the development of NEC is to combine FTOE values with intestinal 
fatty acid-binding protein in plasma (I-FABPp), a marker for mucosal damage.12–15

I-FABP measurements can also accurately predict development of complicated 
disease.12–15

I-FABPp has been reported as a reliable marker for the extent of intestinal damage 
in NEC.12–15 I-FABP measurements might also give insight in the progression of 
mucosal damage in infants with complicated NEC.15 However, whether a decrease 
in I-FABP refl ects healing of the mucosa or complete destruction of the mucosa 
remains unclear. 

Our fi rst aim was to investigate whether FTOE values refl ect intestinal damage due to 
NEC by relating cerebral and splanchnic FTOE values with I-FABPp levels in preterm 
infants with NEC. Secondly, we investigated whether, during the fi rst 48 hours after 
NEC onset, the courses of cerebral and splanchnic FTOE values combined with 
I-FABPp levels differed in infants with uncomplicated and complicated NEC. 

Patients
This study was part of a prospective observational cohort study conducted at the 
University Medical Center Groningen (UMCG) between October 2010 and October 
2012 (Dutch Trial Registry number NTR3239). The ethical review board of the UMCG 
approved the study. Following written informed parental consent, we included 
preterm infants who were suspected of or had recently been diagnosed with NEC. 
Suspected NEC was defi ned as the presence of non-specifi c NEC symptoms, such 
as bloody stools or distended abdomen. Defi nite NEC was defi ned if pneumatosis 
intestinalis, portal venous gas, or both were present (NEC Bell’s stage > 2).16 On 
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fi rst presentation of symptoms, all patients were put on a nil per os and gastric 
decompression regime, and received broad-spectrum antibiotics until radiographic 
signs of NEC resolved and clinical signs stabilized. 

We measured I-FABPp levels repeatedly, and also continuously measured rSO2

of cerebral and splanchnic tissue for 48 hours after NEC onset or until surgery, 
whichever came fi rst. We defi ned NEC onset as the time of the fi rst radiographic 
abdominal examination after clinical suspicion of NEC, including abdominal X-rays 
obtained in referring hospitals. After completing the study, a team of four consultants, 
blinded as to the results of the NIRS and I-FABP measurements, determined the 
modifi ed Bell’s stage at NEC onset and end-stage Bell’s stage.16 Agreement was 
reached in all cases. 

In this paper we present data of the subgroup of preterm infants with defi nite NEC 
only, i.e., Bell’s stage ≥ 2. We assigned the infants with NEC to one of two groups: 
those with uncomplicated NEC (conservative treatment) and those with complicated 
NEC (surgery and/or death). Indications for surgery, i.e. laparotomy, were bowel 
perforation or lack of improvement despite optimal conservative therapy. 

I-FABP measurements
With every routine blood analysis after NEC onset, an extra sample of 100 µL was 
obtained in an EDTA tube. Blood samples were collected every 8 hours during the 
fi rst 24 hours after NEC onset, and every 12 hours during the following 24 hours. 
Blood samples were fractioned by centrifuging them for ten minutes at approximately 
2000 x g. Plasma was then collected in a 5 mL Sarstedt tube and stored at -80°C. 
A laboratory technician, blinded to the clinical data, performed the I-FABPp 
measurements. We used a commercially available ELISA for determining I-FABPp 
levels (Human FABP2 kit from R&D systems, Minneapolis, USA). 

NIRS measurements
We used the INVOS 5100C near-infrared spectrometer (Covidien, Mansfi eld, USA) 
in combination with the neonatal SomaSensors (Covidien) to measure cerebral 
and splanchnic oxygen saturation continuously for 48 hours after NEC onset. The 
penetration of NIRS is around 2-3 cm deep.17

To measure cerebral tissue oxygen saturation (rcSO2), we placed the neonatal 
SomaSensor on the right or left frontoparietal side. We measured splanchnic 
oxygen saturation at two locations: just below the right costal arch to measure 
liver oxygen saturation (rlivSO2), and infraumbilically on the central abdomen to 
measure intestinal oxygen saturation (rintSO2). The SomaSensors were held in place 
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by elastic bandaging or Mepitel (Mölnlycke, Sweden). During routine nursing care, 
clinical assessments, and radiographic examinations the sensor was temporarily 
removed and replaced in the same location. The data, collected prospectively, 
were stored off-line for future analysis. Additionally, we collected SpO2 (Nellcor, 
Covidien). Although we intended to keep SpO2 within the former guideline 
range of 85-92%, periods of hypoxia may have occurred. By using the formula 
FTOE = SpO2 - rSO2 / SpO2, we calculated that part of the arterial oxygen content 
that is indeed extracted by the tissue, correcting for periods of arterial hypoxia.11

FTOE refl ects the balance between oxygen supply and oxygen consumption and, 
thus, may serve as an indicator of impaired tissue perfusion.11

Demographic data
We collected the following patient characteristics: gestational age, birth weight, 
postnatal age at NEC onset, gender, whether surgery was required, and mortality. 
Furthermore, we documented the fi rst concentrations during the study period of 
hemoglobin, thrombocytes, pH, C-reactive protein, and lactate. We documented the 
need for mechanical ventilation and treatment of circulatory failure (volume expansion, 
vasoactive drugs).  We also documented the presence of a hemodynamically 
signifi cant patent ductus arteriosus (PDA) during the study period, defi ned as either 
diastolic forward fl ow in the branches of the pulmonary artery, diastolic backfl ow in 
the descending aorta, or left ventricular end diastolic diameter > p 95. 

Data and statistical analysis
Cerebral and splanchnic regional tissue oxygen saturations were collected once 
every 6 seconds and SpO2 values every 5 minutes. We matched each SpO2 value 
with the corresponding single rSO2 value, leaving one coupled measurement every 
5 minutes. Next, we calculated FTOE values using these combined SpO2 and rSO2

values for the cerebral, liver, and intestinal regions separately. 
Since I-FABPp levels were collected once every eight hours in the fi rst 24 hours 
after NEC onset and once every 12 hours between 24 and 48 hours after NEC 
onset, we calculated 8-hour mean FTOE values in the fi rst 24 hours after NEC onset 
and subsequently 12-hour mean FTOE values for the remaining study period. 
For the fi rst aim of this study, we calculated correlation coeffi cients between 
cerebral and splanchnic FTOE values and I-FABPp levels during the fi rst 48 hours 
after NEC onset using the Spearman rank correlation test. For our second aim, we 
constructed courses of cerebral and splanchnic FTOE values together with I-FABPp 
levels for infants with uncomplicated NEC and complicated NEC after logarithmic 
transformation of I-FABPp levels.
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We used SPSS 22.0 software for Windows (IBM SPSS Statistics 22, IBM Corp., 
Armonk, NY, USA) for statistical analyses. We considered a p value <0.05 
statistically signifi cant.

Results
We enrolled 19 preterm infants with NEC Bell’s stage ≥ 2 in whom we were able 
to measure cerebral and splanchnic tissue oxygen saturation simultaneously and 
collected plasma for analyzing I-FABP levels (Figure 1). The median (range) time 
between NEC onset and the beginning of NIRS monitoring was 7 (2-31) hours.  
In nine infants the course of NEC was uncomplicated. None of these infants died. 
Of the 10 infants with complicated NEC, two infants diagnosed with Bell’s stage 3A 
died fi ve and 35 days after NEC onset respectively. Eight infants with complicated 
NEC required surgery; seven underwent surgery during the study period, with a 
median of 33 hours (range 9-165) between the onset of NEC symptoms and surgery. 
We present the patient characteristics in Table 1.  

FIGURE 1:

Flow diagram of the study
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TABLE 1: 

Patient characteristics 

Correlation between cerebral and splanchnic FTOE values and I-FABPp levels 
During the fi rst 16 hours, cerebral and splanchnic FTOE values correlated strongly 
with I-FABPp levels (Table 2). Thereafter, cerebral FTOE values correlated signifi cantly 
with I-FABPp levels between 24 and 36 hours after NEC onset. 

 Uncomplicated NEC (n=9) Complicated NEC (n=10)

Gestational age, weeks 31.6 (25.7-35.9) 26.7 (25.0-34.0)
Birth weight, grams 1520 (740-2400) 980 (790-2280)
Male:Female 6:3 8:2
PNA at NEC diagnosis, days 8 (3-29) 9 (7-22)
Hemoglobin 8.7 (7.0-12.4) 8.2 (6.0-10.3)
Thrombocytes 235 (131-491) 202 (42-405)
pH 7.34 (7.19-7.39) 7.24 (7.09-7.42)
C-reactive protein, mg/L 33 (0-166) 30 (0-95)
Lactate, mmol/L 2.7 (1.2-4.5) (n=4) 2.0 (1.0-11.9) (n=8)
Mechanical ventilation (%) 3 (33) 7 (70)
PDA (%) 1 (11) 3 (30)
Hemodynamically signifi cant  - 2 (20)
RBC transfusion during NEC (%) 3 (33) 4 (40)
Fluid resuscitation  4 (44) 8 (80)
Inotropes (%) - 6 (60)*
Surgery (%) 1 (11) 8 (80)* 
Mortality (%) - 7 (70)*

Data are expressed as median (range) or as numbers unless specifi ed otherwise. Abbreviations: NEC 
- necrotizing enterocolitis; PDA - patent ductus arteriosus; PNA - postnatal age; RBC - red blood cell. 
Statistical differences between the two groups are marked by * (<0.05) 

 Uncomplicated NEC (n=9) Complicated NEC (n=10)

Gestational age, weeks 31.6 (25.7-35.9) 26.7 (25.0-34.0)
Birth weight, grams 1520 (740-2400) 980 (790-2280)
Male:Female 6:3 8:2
PNA at NEC diagnosis, days 8 (3-29) 9 (7-22)
Hemoglobin 8.7 (7.0-12.4) 8.2 (6.0-10.3)
Thrombocytes 235 (131-491) 202 (42-405)
pH 7.34 (7.19-7.39) 7.24 (7.09-7.42)
C-reactive protein, mg/L 33 (0-166) 30 (0-95)
Lactate, mmol/L 2.7 (1.2-4.5) (n=4) 2.0 (1.0-11.9) (n=8)
Mechanical ventilation (%) 3 (33) 7 (70)
PDA (%) 1 (11) 3 (30)
Hemodynamically signifi cant  - 2 (20)
RBC transfusion during NEC (%) 3 (33) 4 (40)
Fluid resuscitation  4 (44) 8 (80)
Inotropes (%) - 6 (60)*
Surgery (%) 1 (11) 8 (80)* 
Mortality (%) - 7 (70)*

 Uncomplicated NEC (n=9) Complicated NEC (n=10)

Gestational age, weeks 31.6 (25.7-35.9) 26.7 (25.0-34.0)
Birth weight, grams 1520 (740-2400) 980 (790-2280)
Male:Female 6:3 8:2
PNA at NEC diagnosis, days 8 (3-29) 9 (7-22)
Hemoglobin 8.7 (7.0-12.4) 8.2 (6.0-10.3)
Thrombocytes 235 (131-491) 202 (42-405)
pH 7.34 (7.19-7.39) 7.24 (7.09-7.42)
C-reactive protein, mg/L 33 (0-166) 30 (0-95)
Lactate, mmol/L 2.7 (1.2-4.5) (n=4) 2.0 (1.0-11.9) (n=8)
Mechanical ventilation (%) 3 (33) 7 (70)
PDA (%) 1 (11) 3 (30)
Hemodynamically signifi cant  - 2 (20)
RBC transfusion during NEC (%) 3 (33) 4 (40)
Fluid resuscitation  4 (44) 8 (80)
Inotropes (%) - 6 (60)*
Surgery (%) 1 (11) 8 (80)* 
Mortality (%) - 7 (70)*
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TABLE 2:

Correlation coeffi cients between cerebral and splanchnic FTOE values
and I-FABP levels in plasma.

 cFTOE livFTOE intFTOE

0-8 hours
I-FABPp 0.786* 0.600 0.900*
 n=7 n=5 n=5
8-16 hours
I-FABPp 0.891** 0.881* 0.745*
 n=11 n=8 n=10
16-24 hours
I-FABPp 0.750 0.771 0.800
 n=7 n=6 n=4
24-36 hours
I-FABPp 0.731* 0.573 -.0285
 n=13 n=11 n=10
36-48 hours
I-FABPp 0.510 0.100 0.188
 n=12 n=11 n=10

  cFTOE - cerebral fractional tissue oxygen extraction; intFTOE - intestinal fractional tissue oxygen 
extraction; livFTOE - liver fractional tissue oxygen extraction; I-FABPp - intestinal fatty acid-binding 
protein in plasma.  Statistical differences are marked by * (< 0.05) or ** (< 0.001).

 cFTOE livFTOE intFTOE

I-FABPp 0.786* 0.600 0.900*
 n=7 n=5 n=5

I-FABPp 0.891** 0.881* 0.745*
 n=11 n=8 n=10

I-FABPp 0.750 0.771 0.800
 n=7 n=6 n=4

I-FABPp 0.731* 0.573 -.0285
 n=13 n=11 n=10

I-FABPp 0.510 0.100 0.188
 n=12 n=11 n=10

 cFTOE livFTOE intFTOE

I-FABPp 0.786* 0.600 0.900*
 n=7 n=5 n=5

I-FABPp 0.891** 0.881* 0.745*
 n=11 n=8 n=10

I-FABPp 0.750 0.771 0.800
 n=7 n=6 n=4

I-FABPp 0.731* 0.573 -.0285
 n=13 n=11 n=10

I-FABPp 0.510 0.100 0.188
 n=12 n=11 n=10

 cFTOE livFTOE intFTOE

I-FABPp 0.786* 0.600 0.900*
 n=7 n=5 n=5

I-FABPp 0.891** 0.881* 0.745*
 n=11 n=8 n=10

I-FABPp 0.750 0.771 0.800
 n=7 n=6 n=4

I-FABPp 0.731* 0.573 -.0285
 n=13 n=11 n=10

I-FABPp 0.510 0.100 0.188
 n=12 n=11 n=10
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FIGURE 2:

I-FABP en FTOE courses over time
Graphs showing the median (dots and squares) and interquartile range (lines) 
of splanchnic and cerebral FTOE values and I-FABPp levels of infants with 
uncomplicated and complicated NEC.

Courses of FTOE values and I-FABPp levels in infants with (un)complicated NEC
Figure 2 shows courses of cerebral, liver, and intestinal FTOE values and I-FABPp 
levels in preterm infants with uncomplicated NEC and infants with complicated NEC. 
During the fi rst 16 hours after NEC onset we found little differences between infants 
with uncomplicated and complicated NEC. From 16 hours after NEC onset, however, 
the courses differed: in preterm infants with complicated NEC both splanchnic 
FTOE values and I-FABPp levels decreased and in infants with uncomplicated NEC 
splanchnic FTOE values increased whilst I-FABPp levels decreased. We observed 
this increase and decrease of splanchnic FTOE values particularly in the intestinal 
region, and not in the liver region. 
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Discussion
Our results demonstrated a strong association between cerebral and splanchnic 
FTOE values and I-FABPp levels during the fi rst 16 hours after NEC onset. 
Furthermore, from 16 hours after NEC onset, we observed decreasing splanchnic 
FTOE values and I-FABPp levels in infants with complicated NEC, whilst infants 
with uncomplicated NEC showed increasing splanchnic FTOE values concomitant 
with decreasing I-FABPp levels. 

NEC is characterized by coagulation necrosis of the intestinal wall, suggesting 
that intestinal ischemia is involved in its pathogenesis.18 Our data suggested that 
high intestinal FTOE values in infants with complicated NEC refl ect low intestinal 
perfusion during the fi rst 8 to 16 hours of the development of NEC, because they 
concurred with high levels of I-FABPp, a marker for enterocyte damage.12,13

We offer several explanations for the strong associations between splanchnic 
FTOE values and I-FABPp levels during the fi rst 16 hours after NEC onset. First, the 
presence of ischemia may cause intestinal epithelial cell damage. Second, intestinal 
ischemia and hypoxia may develop due to circulatory insuffi ciency in the presence 
of intestinal epithelial cell damage. Finally, intestinal circulation may be affected 
locally as a result of intestinal injury. Whatever the cause, our data suggested that 
splanchnic FTOE values could be used to gain information about the degree of 
intestinal damage during NEC. 
Interestingly, we also observed strong associations between cerebral FTOE values 
and I-FABPp levels during the early phase of NEC and between 24 and 36 hours 
after NEC onset. This fi nding may be a refl ection of the fact that by the time NEC 
becomes clinically evident, it already has systemic effects on hemodynamics. 
Thereby affecting cerebral oxygenation. Another explanation is that cerebrovascular 
autoregulation (CAR) in these preterm infants is impaired.19,20

In all infants with NEC, we found decreasing I-FABPp levels 16 hours after NEC 
onset. This may result from one of two mechanisms: either expansion of damage or 
recovery of intestinal tissue. In complicated NEC, it could be caused by intestinal 
necrosis leaving no villi to secrete I-FABP or the absence of blood fl ow through a 
demarcated necrotic bowel segment.13,15 Conversely, when the infant’s condition is 
ameliorating and the intestinal tissue is not injured any further, secretion of I-FABP 
into the circulation will diminish.15 With simultaneous knowledge of FTOE values 
we could differentiate between the aforementioned supposed mechanisms. We 
identifi ed two distinct patterns during the fi rst 48 hours in which the disease was 
developing, differentiating uncomplicated NEC from complicated NEC. 
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In uncomplicated NEC, we observed low splanchnic FTOE values during the fi rst 16 
hours after NEC onset that increased over time. We hypothesize that hyperemia is 
present during the fi rst hours after NEC onset due to an infl ammatory response but 
this hyperemia gradually disappears. This course of FTOE values in combination 
with decreasing I-FABPp levels could represent recovery of intestinal tissue. The 
opposite occurred in complicated NEC, i.e., relatively high initial splanchnic FTOE 
values, and gradually decreasing intestinal FTOE during disease progression. 
We speculate that the initial high splanchnic FTOE values were the result of 
compromised intestinal perfusion. From 16 hours after NEC onset, a decreasing or 
absent intestinal metabolism due to the presence of necrotic bowel might result in 
decreasing splanchnic FTOE values. Decreasing I-FABPp levels in this case could 
have been the result of absent venous return from the necrotic bowel, and not 
recovery of intestinal injury

Various locations, including the liver and infraumbilical regions, have been selected 
for placing NIRS sensors to investigate the splanchnic oxygen saturation.21 In a 
previous study, Schat et al.21 observed that liver-derived and intestinal derived 
FTOE values are not interchangeable. In the present study, the intestinal region the 
increase and decrease of FTOE values was more distinct than in the liver region. 
This could be explained by the liver’s dual blood supply: in addition to receiving 
partially deoxygenated blood through the portal vein it receives oxygenated blood 
from the hepatic artery.22

This was the fi rst study to correlate FTOE values with a marker for intestinal 
damage.  The strength of this study was the regularly obtained plasma samples and 
simultaneously measured cerebral and splanchnic rSO2 values. Furthermore, we 
measured cerebral and splanchnic oxygenation for 48 consecutive hours. A limitation 
was the relatively small sample size. We also did not include a control group. We 
included, however, all infants with NEC in our cohort prospectively. Irrespective of 
some missing data, we found some very strong associations. Future research should 
investigate differences in intestinal perfusion measures between infants with NEC 
and healthy preterm infants.  Our fi ndings may have clinical implications. Combining 
splanchnic FTOE values and I-FABPp levels during early NEC might indicate infants 
who are at high risk of developing intestinal perforations. Early detection of impaired 
intestinal perfusion and hypoxia would be most helpful, because the assessment of 
intestinal necrosis and the timing of surgery for NEC, especially in the absence of 
perforation, remain diffi cult. It may also lead to new interventions, other than surgical 
ones, aimed at counteracting the progression of NEC into complicated disease. 
Further research is warranted to confi rm this hypothesis. 
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Conclusion
We found strong associations between FTOE values of cerebral and splanchnic 
tissue and I-FABPp levels during the fi rst 16 hours after NEC onset, suggesting 
that FTOE values can be used to gain information about the degree of intestinal 
damage. Additionally, during the fi rst 48 hours after NEC onset, we identifi ed distinct 
splanchnic FTOE and I-FABPp courses in preterm infants with uncomplicated and 
complicated NEC. This fi nding suggests that impaired intestinal perfusion plays an 
important role early on in the development of complicated NEC.
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Abstract
Introduction: Intestinal fatty acid-binding protein (I-FABP) is considered as a specifi c 
marker for enterocyte damage in necrotizing enterocolitis (NEC). The purpose of 
this study was to evaluate the association of plasma and urinary I-FABP levels with 
the extent of macroscopic intestinal necrosis in surgical NEC.
Methods: We combined data from prospective trials from two large academic 
pediatric surgical centers. Nine and 10 infants with surgical NEC were included, 
respectively. Plasma and urinary of I-FABP at disease onset were correlated with 
the length of intestinal resection during laparotomy. 
Results: Median length of bowel resection was 10cm (range 2.5–50) and 17cm 
(range 0 –51), respectively. Median I-FABP levels were 53ng/mL (range 6.3–370) and 
4.2ng/mL (range 1.1–15.4) in plasma in cohort 1 respectively cohort 2 and 611ng/
mL (range 3–23,336) in urine. The length of bowel resection signifi cantly correlated 
with I-FABP levels in plasma (Rho 0.68; p=0.04 and Rho 0.66;p=0.04) and in urine 
(Rho 0.92; p=0.001). 
Conclusion: This ‘proof of concept’ study demonstrates that plasma and urine 
I-FABP levels at disease onset was strongly associated with the length of intestinal 
resection in surgical NEC. This offers further evidence that I-FABP levels are a 
promising biomarker for assessing intestinal necrosis in infants with advanced NEC. 
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Introduction
Necrotizing enterocolitis (NEC) is a severe intestinal infl ammatory disorder of 
newborns associated with high mortality rates.1 Initial treatment consists of 
discontinuation of enteral feeding, nasogastric suction, intravenous administration of 
broad-spectrum antibiotics, and cardiopulmonary support.2 In the case of perforation 
or clinical deterioration despite maximal conservative treatment, resection of the 
affected bowel is often the treatment of choice.2,3 The fact that symptoms and 
laboratory results are often unspecifi c during the early stages of disease makes a 
timely diagnosis of NEC challenging.4 The assessment of intestinal necrosis and the 
timing of surgery, especially in the absence of perforation, remain as key problems 
in NEC. Furthermore, the decision of early surgical intervention might lead to an 
unnecessary laparotomy (including general anesthesia with its associated risks), 
while postponing surgery might lead to further disease progression with severe 
sepsis and eventual death.3,4 Consequently, novel diagnostic and prognostic tools 
are in great demand. 
In recent years, several promising diagnostic and prognostic markers for NEC 
have been identifi ed. One of these markers is intestinal fatty acid-binding protein 
(I-FABP). I-FABP is a cytoplasmic protein with high organ sensitivity found in the 
enterocytes located at the tip of the villi. I-FABP plays a central role in the fat-
metabolism processes of these cells.5–7 In the context of progressive gut wall barrier 
failure in NEC, enterocytes are damaged and I-FABP is released in the circulation 
with subsequent secretion by the kidneys. In several studies I-FABP levels have 
been identifi ed as an early marker and also as a predictor for the severity (including 
the need of surgical intervention) of NEC.5–7 These studies assume a correlation 
between I-FABP levels and the degree of intestinal involvement. However, no study 
confi rming the correlation between I-FABP levels and the length of resected bowel 
is available. Therefore, we aimed to investigate the relation between I-FABP levels, 
as measured in plasma and urine, and the length of resected bowel (as a surrogate 
for the extent of tissue necrosis) in neonates with surgical NEC. 

Methods
Patients
We conducted this multicenter study at the University Medical Center of Groningen 
(UMCG), termed as cohort 1, and at the Medical University of Vienna (MUV), termed 
as cohort 2. In the UMCG all parents of neonates with suspected NEC admitted 
to the NICU were asked to participate in a prospective study (registered under 
trial number NTR3239) focusing on the diagnostic value of several biomarkers in 
suspected NEC cases between October 2010 and October 2012. The Institutional 
Review Board approved this study. 
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In the MUV blood samples were collected from infants exhibiting clinical signs and 
radiographic fi ndings of NEC between January 2010 and July 2013. This prospective 
observational study aimed to evaluate the diagnostic value of different biomarkers 
in infants with proven NEC. The Institutional Review Board approved this study 
(study number EK875/2009). 
Only infants with proven NEC (Bell’s stage ≥ II) who needed surgery were included 
in the present study. Infants with isolated intestinal perforations were excluded 
in both centers. Indications for surgery were bowel perforation (NEC IIIb) or lack 
of improvement despite optimal conservative therapy.8 The decision to go to the 
operating theater was always a multidisciplinary decision by the neonatology and 
pediatric surgery team caring for the neonate. Those specialists were not aware of 
I-FABP levels during the clinical course of the disease.

Surgery and resection specimens 
All operations were performed by or under close supervision of the consultant 
pediatric surgeons in both centers. Only macroscopic necrotic tissue was resected, 
thereby saving as much as possible viable bowel. Resection material was measured 
two times in those neonates who underwent a laparotomy. During laparotomy the 
surgeon measured (using a tape-measure) or estimated the length of the affected 
bowel at its anti-mesenterial border before resecting it. The surgeon tried to avoid 
stretching of the tissue. After resection the specimen was fi xed in 10% buffered 
formalin solution. To improve measurement objectivity, the length of the bowel was 
measured again by the pathologist with a tape-measure and any abnormalities were 
recorded. Representative sections of normal and diseased bowel were taken out 
and embedded in paraffi n. Tissue sections of 4µm were stained using haematoxylin 
and eosin using standard staining protocols. The same pathologist, who was 
blinded for the I-FABP data, examined the slides. 

Sampling for I-FABP
Initial I-FABP levels were defi ned as the fi rst recorded I-FABP levels in plasma and 
urine available after the onset of NEC. In cohort 1, an extra sample of 100 µL was 
obtained for study purposes with every routine blood analysis after NEC diagnosis. 
In cohort 2, I-FABP levels in plasma were collected only at onset of disease, and no 
I-FABP levels in urine were collected. 
Blood samples were fractionated by centrifugation for 10 minutes at 2000 x g. Plasma 
was then collected in a 0.5 mL Sarstedt tube and stored at -80°C. Approximately 
1.5 mL of urine was transferred to a 2 mL Sarstedt tube and also stored at -80°C. 
Urine samples were collected at regular intervals by placing a cotton wool swab in 
the diaper of the patients. Once saturated with urine the cotton wool was gently 
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squeezed into a sterile syringe. In patients with an indwelling catheter, urine was 
collected directly from the catheter. A laboratory technician without knowledge of 
the clinical data performed plasma and urinary I-FABP measurements. We used 
commercially available ELISAs for both urine and plasma I-FABP measurements (in 
cohort 1: Human FABP2 kit from R&D Systems, Minneapolis, America and in cohort 
2: Hycult Biotech, Uden, the Netherlands). Sample workup was done according 
to the manufacturer’s recommendations. Plasma samples were diluted at 1:20. 
Absorption was determined on a microplate reader (Statfax 3200, Awareness 
Technology Inc., Palm City, FL, US) at 450nm.

Statistics 
Statistical analysis was performed using the Statistical Package for the Social 
Sciences (IBM SPSS Statistics 21, IBM Corp., Armonk, New York, USA). All data 
are presented as median with range, unless otherwise specifi ed. We compared 
baseline variables between the two centers using the Mann Whitney U test or the 
Chi squared test, where appropriate. For testing correlations between I-FABP levels 
and length of bowel resection the Spearman’s correlation test was used. Testing 
correlations between I-FABP levels in plasma at onset of disease and the length 
of bowel resection in both cohorts were separated because the ELISAs used were 
not the same and therefore I-FABP levels might not be interchangeable. To test this 
correlation for the whole population a regression analysis was performed with the 
correction for differences between the cohorts. Two sided p-values less than 0.05 
were considered statistically signifi cant.

Results
Patients
TABLE 1:

Patient Characteristics 

 UMCG MUV

Patients (n) 9 10
Gender (m/f) 7/2 6/4
Gestational age (weeks  + days) 26 +5 (25 – 34) 27 (24 – 40)
Birth weight (grams) 1000 (670 – 2280) 1130 (590 – 3200)
Time of surgery after fi rst 79 (3 – 816) 36 (8 – 172)
symptoms (hours)
Final Bell’s stage (n) NEC 3a: 2 NEC 3a: 7
 NEC 3b: 7 NEC 3b: 3 
Resection (n) Small intestine: 3 Small intestine: 2
 Colon: 5 Colon: 1
 Both: 1 Both: 4
  Covered perforation: 3
Length of resection (cm) 10.7 (2.5 – 50) 17 (0 – 51)
I-FABP at onset of disease (ng/mL) Plasma: 53 (6.3 – 370)  Plasma: 4.2 (1.1 – 15.4)
 Urine: 1,132 (3.3 – 23,335) 

** Values are expressed as median (range) if applicable.
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We included 9 (m/f: 7/2) respectively 10 (m/f: 6/4) neonates with surgical NEC in 
both centers. All infants underwent a transverse laparotomy of which none were 
treated by percutaneous drainage. In cohort 1, median gestational age was 26+5 
weeks (range 25 - 34) and median birth weight 1000 grams (range 670 – 2280). In 
cohort 2 this was 27+0 weeks (range 24-40) and 1130 grams (range 590 – 3200) 
respectively. 

Surgery and length of specimens
Resections included:  fi ve neonates with a small intestine resection, six neonates with 
a colon resection, and fi ve neonates with both a small intestine and colon resection. 
Three infants presented with characteristic morphologic changes of NEC (e.g. 
mosaic like pattern of affected intestine and pneumatosis intestinalis) and intestinal 
perforations in an otherwise non-necrotic bowel segment. These infants were treated 
with a diverting enterostomy proximal of the diseased intestine and the intestinal 
perforation was sutured, but not resected. The diagnosis of NEC was confi rmed intra-
operatively in all patients. The diagnosis of NEC was confi rmed by histopathology in 
all patients who received bowel resections. Median length of bowel resection was 10.7 
cm (range 2.5 - 50) in cohort 1, and 17 cm (range 0 – 51) in cohort 2. Measurements 
performed by the surgeon and then remeasured by the pathologist matched for 
all patients in both cohorts. In cohort 1 fi ve enterostomies were performed, while 
in cohort 2 in all cases enterostomies were performed. No differences in length of 
resection were found in both centers (p=0.88). In addition we were not able to detect 
any differences in the length of the resected bowel:  small intestine (p=0.20), colon 
(p=0.20) small intestine and colon together (p=0.21). Throughout all resection material 
in both cohorts ischemic necrosis was found. In most of the cases (>80%) the 
ischemia and necrosis reached into the resection margins. No differences in I-FABP 
levels were found between patients who were treated by small intestine resection and 
those treated by colon resection (p=0.68 respectively p=0.66).

I-FABP levels in plasma correlate with extent of intestinal necrosis at 
onset of disease
Median I-FABP levels in plasma were 53 ng/mL (range 6.3 – 370) in cohort 1 and 
4.2 ng/mL (range 1.1 – 15) in cohort 2. Median urine I-FABP levels were 611 ng/
mL (range 3.3 – 23,336) in cohort 1. In both cohorts, plasma I-FABP levels at onset 
of disease correlated signifi cantly with the length of bowel resection (respectively, 
Spearman Rho 0.68; p=0.04 and Spearman Rho 0.66; p=0.04). A linear regression 
analysis showed that in the cohorts combined, corrected for their respective 
differences, I-FABP levels in plasma and the length of bowel resection were 
signifi cantly correlated (p=0.02). These results are visualized in Figure 1. In addition, 
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urine I-FABP levels at onset of disease correlated signifi cantly with the length of 
bowel resection in cohort 1 (Spearman Rho 0.92; p=0.001). 

FIGURE 1:

Correlations between I-FABP in plasma and length of resection
in cohort 1 and 2
This fi gure shows the correlation between I-FABP in plasma (ng/mL) and the length 
of bowel resection (cm) in both cohorts together with their regression line. 
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Discussion
This multicenter study demonstrates that both plasma and urine I-FABP levels are 
strongly associated with the length of bowel resection in neonates with surgical NEC. 
The present data supports our hypothesis that elevated I-FABP levels correspond 
with the extent of necrotic tissue in infants with NEC. It further underlines the 
importance of I-FABP as a promising diagnostic tool regarding the prediction of 
disease severity in NEC. Despite the severity of disease for NEC patients being 
described by Bell in 1987 (Bell’s stages I-III), the early signs and symptoms of NEC 
still remain elusive and are hard to interpret due to their non-specifi c character.9

Therefore, specifi c markers to detect NEC and to predict the necessity to intervene 
surgically are highly sought after.3 I-FABP is assumed to be a specifi c marker for 
determining the severity of NEC.5–7,10–12 Even in the early stages of NEC, I-FABP 
levels are reported to possess diagnostic value to predict outcome and the need for 
surgery.513 Recent studies demonstrated that urine I-FABP levels are useful in the 
early diagnosis of NEC and that urinary I-FABP may be of value to guide treatment 
strategies, such as deciding upon the need for and timing of surgery.11,12A similar 
study from our institution confi rmed these fi ndings showing the diagnostic value of 
I-FABP levels in plasma.5

Evennett et al.14 reported the use of urinary I-FABP as a marker of mucosal damage 
in surgical NEC, where it predicts the extent of intestinal involvement. However, 
Derickx et al.12 assumed that I-FABP levels could be used to estimate the extent 
of intestinal damage, but they were not able to prove their hypothesis. The present 
study is fi rst to demonstrate the correlation between both plasma and urine I-FABP 
levels with respect to the length of resected bowel. With this study, we are able to 
show a very strong association between I-FABP levels in urine and the length of 
resected bowel. Previously it was reported that I-FABP in urine is not only a suitable 
biomarker for the presence of NEC, but could also be very useful in distinguishing 
surgical from conservatively treated NEC cases.15 Importantly, these results further 
strengthen our hypothesis that I-FABP levels are indicative of enterocyte damage 
during NEC development. 
While the pattern of intestinal involvement in NEC can be highly variable, in most 
cases the terminal ileum is affected. I-FABP is expressed in the entire intestinal 
tissue with the highest tissue contents detected in the jejunum.15–17 Plasma levels of 
I-FABP have been shown to be valuable markers of intestinal epithelial compromise, 
but it is not possible to locate the site of diseased intestinal segment neither by 
detected I-FABP levels, nor by combining different fatty acid-binding proteins.16

 We acknowledge several limitations of the present study. First, the population size 
is small and shows wide ranges. However, this “proof of concept” is comparable to 
other studies focusing on infants with surgical NEC. Secondly, the length of resected 
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bowel does not necessarily correspond to the actual extent of mucosal damage and 
is also susceptible to the surgeon’s preference. All surgeons in the present series 
are senior consultants, who aimed to preserve as much bowel length as possible. 
This was confi rmed by the pathologist who found throughout all resection material 
ischemic necrosis and in most cases, ischemic and necrotic lesions extending into 
the resection margins. Thereby, we acknowledge that the fact that we could not 
relate our data with the total bowel length/resection length ratio and body weight 
adjusted specimen weights is a limitation to our study. In addition, the time between 
fi rst symptoms and surgery in cohort 1 was evidently longer than in cohort 2, which 
could have infl uenced our results. However, between both cohorts there was no 
signifi cant difference between the lengths of resected bowel. Finally, different 
ELISA kits were used in both centers. The detected I-FABP levels in cohort 2, as 
measured with the Hycult system, were lower. This corresponds with the results of 
Matsumato18, whose I-FABP levels measured using the Hycult system were also 
lower compared to levels found with other commercially available ELISA systems. 
In a linear regression analysis we combined data from both cohorts, which revealed 
a signifi cant correlation between I-FABP levels in plasma and the bowel resection 
length. This fi nding further emphasizes that the differences in I-FABP levels due 
to the use of different ELISA systems did not invalidate our results. Future multi-
institutional studies should aim at the prognostic value of urinary and plasma I-FABP 
levels not only to predict the severity of intestinal involvement, but also the location 
of NEC, and the amounts of (dead or alive) enterocyte mass in the specimens in 
relation to the remaining bowel. 

Conclusion
This study represents the fi rst ‘proof of concept’ study that I-FABP levels are 
correlated with the extent of necrotic tissue in infants with surgical NEC. The 
signifi cant correlation of elevated plasma and urinary I-FABP levels with the length 
of resected bowel further underlines the possible clinical importance of I-FABP in 
the risk assessment of infants with surgical NEC. Our data offers additional evidence 
that I-FABP can be considered a marker for enterocyte damage. 
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Abstract 
Introduction: Bacterial involvement is believed to play a pivotal role in the development 
and disease outcome of NEC. However, whether bloodstream infections predispose 
to NEC (e.g. by activating the pro-infl ammatory response) or result from the loss of 
gut wall integrity during NEC development is a longstanding question.
Objective: We hypothesize that the occurrence of a blood stream infection (BSI) 
plays a complementary role in the pathogenesis of NEC. The fi rst aim of the study 
was to correlate the occurrence of a BSI during early phase of NEC with intestinal 
fatty acid-binding protein (I-FABP) levels, as a marker for loss of gut wall integrity 
due to mucosal damage, and interleukin (IL)-8 levels, as a biomarker for the pro-
infl ammatory cascade in NEC. The second aim of the study was to investigate the 
relation between the occurrence of a BSI and disease outcome.
Methods: We combined data from prospective trials from two large academic 
pediatric surgical centers. 38 neonates with NEC, 5 neonates with bacterial sepsis, 
and 14 controls were included. 
Results: BSIs occurred in 10/38 (26%) Neonates at NEC onset. No association 
between the occurrence of BSIs and I-FABP levels in plasma (cohort 1: median 11 
ng/mL (range 0.8–298), cohort 2: median 6.8 ng/mL (range 1.3–15)) was found in 
NEC patients (cohort 1:  p=0.41; cohort 2: p=0.90). In addition, the occurrence of 
BSIs did not correlate with IL-8 (median 1,562 pg/mL (range 150–7,500); p=0.99). 
While the occurrence of a BSI was not correlated with Bell’s stage (p=0.85), mortality 
was higher in patients with a BSI (p=0.005). 
Conclusion: The low incidence of BSIs and the absent association of both the 
markers for loss of gut wall integrity and the pro-infl ammatory response during the 
early phase of NEC, support the hypothesis that the presence of a BSI does not 
precede NEC. 
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Introduction
Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency in 
newborn neonates.1 Whether the occurrence of a blood stream infection (BSI) plays 
a causative role in the development of NEC (e.g. by activating the pro-infl ammatory 
response) or is merely occurring as a result from the breech in gut wall integrity 
characterizing NEC is a longstanding issue.2–5 In one theory, a BSI may lead to NEC 
by vasomotor and/or coagulation pathway responses; in a second theory, a BSI is 
the result from bacterial translocation from the gut preceded by a breech in gut wall 
integrity during NEC development.2,5 Thereby, it remains challenging to discriminate 
neonates with NEC from neonates with bacterial sepsis during the early phase of 
the disease.

Intestinal fatty acid-binding protein (I-FABP) is a small protein located in the 
enterocytes, which is released immediately after enterocyte damage.6–9 Recent 
studies introduced I-FABP as a promising marker for gut wall integrity in neonates 
with NEC.6–9 However, the relationship between I-FABP levels and the occurrence of 
BSIs has until now never been investigated. The exaggerated infl ammatory response 
of the immature gut immune system in preterm neonates is triggered by various 
factors. interleukin-8 (IL-8) seems to play an important role in the pro-infl ammatory 
cascade during early NEC and is believed to be a reliable marker for NEC.10,11

According to the currently available literature, showing a low incidence of BSIs during 
NEC development, we hypothesize that the occurrence of a BSI is complementary 
to NEC development. To test this hypothesis we aimed to analyze the relationship 
between the occurrence of a BSI with the onset of NEC. Next we intended to assess 
relations between the occurrence of a BSI and the loss of gut wall integrity caused 
by mucosal damage (as expressed by I-FABP) together with the pro-infl ammatory 
cascade (via IL-8) in neonates with NEC. Moreover, we compared the results in 
NEC patients with the results from neonates with bacterial septicemia and controls. 
Finally we studied the association between the occurrence of a BSI with disease 
outcome in NEC. 

Material & methods
Patients
This study combines data from two prospective studies conducted at the University 
Medical Center of Groningen (UMCG), The Netherlands, and the Medical University 
of Vienna (MUV), Austria. Patient cohorts from both medical centers were termed 
cohort 1 and cohort 2, respectively (Figure 1). In cohort 1 all (parents of) patients with 
suspected NEC admitted to the NICU were asked to participate in a prospective 
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study (registered under trial number NTR3239 in the Dutch Trial Register). In cohort 
2 all (parents of) patients with NEC admitted to the NICU and premature neonates 
with a birth weight <2000 grams were asked to participate in a prospective study 
(registered under trial number EK875/2009 in the Austria Clinical trial Register). Both 
prospective trials focused on the diagnostic value of several biomarkers in NEC and 
were carried out between October 2010 - October 2012 and January 2010 - July 
2013, respectively.  Both studies have been approved by the Institutional Review 
Board of the UMCG and the Ethics Committee of the MUV, respectively, and were 
conducted according to the principles expressed in the Declaration of Helsinki. 
Written informed consent was obtained from the parents of all participants. 

study design
In both cohorts, suspected NEC was defi ned as the decision to obtain an 
abdominal X-ray because of non-specifi c NEC symptoms, e.g. distended abdomen 
or bloody stools. Suspected NEC was defi ned as Bell’s stage I with only non-
specifi c symptoms, such as gastric retention, abdominal distension and mild ileus 
present.8,12 When suspicion of NEC arose, all patients were treated by nil per os, 
gastric decompression and broad-spectrum antibiotics after having obtained blood 
cultures (BCs). Diagnostic laboratory and radiological studies were performed every 
6-8 hours. Severity of disease was defi ned using Bell’s stage. Length of NICU stay 
and mortality were used as additional parameters for disease outcome. When 
pneumatosis intestinalis was present, the time of that X-ray was used as the time of 
diagnosis (Bell’s stage ≥ II).13  

FIGURE 1:

Cohort 1:

UMCG

Cohort 2:

MUV

Group 2:
Bacterial sepsis

n = 5

Group 3:
Controls
n = 14

Group 1:
NEC

n = 38
Cohort 1: n=23
Cohort 2: n=15
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Patients were categorized in three patient groups. Group 1 consisted of patients 
with NEC (Bell’s stage ≥ II) from cohort 1 and 2. The second group included 
neonates from cohort 1 with bacterial sepsis and suspected NEC, who did not 
progress to defi nite NEC (Bell stage ≥ II). Bacterial sepsis was defi ned as confi rmed 
symptomatic bacteremia. The third group consisted of neonates from cohort 2 
with a birth weight of less than 2000 grams without clinical or laboratory signs of 
infection. This group was considered the control group. Neonates with spontaneous 
intestinal perforation (i.e. without pathologic evidence of NEC) and/or neonates with 
congenital bowel defects were excluded from both study cohorts. 

Blood cultures
In both cohorts results from all available blood cultures were retrieved from the digital 
hospital information system. In both trial centers, blood cultures were obtained by 
peripheral puncture or through central venous catheters and further processed with 
the BactAlert system using Pediatric Fan blood cultures bottles (Biomerieux). Blood 
sample volumes of 1.0 mL were preferred and only blood cultures with a minimum 
of 0.5 mL blood were assessed. Blood cultures were considered positive when 
blood cultures were obtained from within 24 hours prior until 24 hours after onset 
of NEC symptoms and before the start of antibiotic treatment, thereby meeting 
the criteria for a laboratory confi rmed BSI from the Center for Disease Control and 
Prevention.14 In the case of a BSI, microorganisms were identifi ed using standard 
microbiological procedures. 

Plasma sampling 
In both cohorts plasma samples were obtained and I-FABP levels measured. First 
samples were obtained at a median of 7.5 (range 1-24) hours after fi rst symptoms. A 
technician blinded to the clinical data analyzed all samples. We used commercially 
available Enzyme-Linked Immuno Sorbent Assay (ELISAs) for I-FABP measurements 
(in cohort 1: Human FABP2 kit from R&D Systems, Minneapolis, America and in cohort 
2: Hycult Biotech, Uden, the Netherlands). Sample workup was done according to 
the manufacturer’s recommendations. Absorption was determined on a microplate 
reader (Statfax 3200, Awareness Technology Inc., Palm City, FL, US) at 450nm.
In samples obtained from cohort 2, IL-8 levels were measured. IL-8 levels were defi ned 
as the fi rst IL-8 levels available immediately after onset of NEC. The protocol of IL-8 
determination was previously described. In brief, a sequential chemiluminescent 
immunoassay was used with the threshold set to 70 pg/mL as recommended by 
the manufacturer (Siemens Immulite; DPC, Los Angeles, CA).11 Median IL-8 levels in 
plasma of 27 (range 20-1213) and 29 (range 20-778) pg/mL are documented in the 
literature for a total of 351 healthy neonates over two consecutive time spans.15
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Statistics 
Statistical analysis was performed using the Statistical Package for the Social 
Sciences (IBM SPSS Statistics 21, IBM Corp., Armonk, New York, USA). All data are 
presented as median with range, unless otherwise specifi ed. For testing differences 
between categorical variables, the χ2 (chi-square), or Fisher Exact analysis was 
used. For testing differences between continuous variables, the Student’s t-test, 
or Mann Whitney U test were used as appropriate. Associations between BSIs and 
I-FABP levels were calculated per cohort separately, because different ELISAs were 
used in both study centers. To test this association for the whole population a logistic 
regression analysis was performed with the correction for differences between the 
cohorts (different ELISA systems). Risk factors for mortality were tested both by 
univariate and multivariate analyses and presented as odds ratios (OR) with 95% 
confi dence interval (CI). In multivariate analyses, a change of more than 10% of the 
OR for mortality was considered collinear.

Results
Patient characteristics  
We included 57 neonates diagnosed with either NEC (n=38) or suspected NEC 
(Bell’s stage I) with bacterial sepsis without progression to NEC (n=5), or functioning 
as controls (n=14) (Figure 1). Patient characteristics are presented in Table 1. The 
median gestational age of all neonates was 28 (24-40) weeks with a median birth 
weight of 1143 (550-3200) grams. Of the 38 neonates with NEC, 20 were classifi ed 
as having NEC Bell’s stage II and 18 as NEC Bell’s stage III. 
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TABLE 1:

Patient characteristics (n=57)

The association between BSIs and diagnosis of NEC 
When focusing on above-mentioned NEC patients, a BSI was present in 10 (10/38: 
26%) neonates at the onset of symptoms (i.e. within 24 hours prior and 24 hours 
after onset of symptoms). In one neonate with NEC a BSI was present after 24 
hours after onset of symptoms and within seven days after NEC onset. Coagulase-
negative staphylococcus (CNS) was the most prevalent bacterial species (n=4). 
Staphylococcus aureus (n=2), Escherichia coli (n=2) and Escherichia coli (n=2) and Escherichia coli Klebsiella pneumonia (n=2) 
were among the other bacterial species found. 

The association between BSIs and gut wall integrity 
The median I-FABP levels of all three patient groups are presented in Table 1. 
I-FABP levels were signifi cantly increased in neonates with NEC as compared to 

 Group 1: NEC  Group 2: Bell’s Group 3:  p-values
  stage I with an controls
  end diagnosis as
  bacterial sepsis

 n = 38 n = 5 n = 14

Male sex 27 (71%) 4 (80%) 8 (57%) 0.15Male sex 27 (71%) 4 (80%) 8 (57%) 0.15Male sex
Gestational age (weeks) 28 (24-40) 28 (25-29) 29 (24-33) 0.68
Extreme prematurity (i.e. <33 weeks) 27 (72%)  5 (100%) 12 (86%) 0.50
Birth weight (grams) 1143 1000 1128 0.34
 (550 – 3200) (900 – 1300) (560 – 1994) 
Very low birth weight (i.e. <1500 grams) 27 (72%) 5 (100%) 10 (71%) 0.31
Caesarean section  22 (57%) 3 (60%) 14 (100%) 0.01*
Antibiotic treatment post-partum 30 (78%) (80%) 14 (100%) 0.12
Age at time of NEC diagnosis 15 (3-85) NA NA -
(Bell’s stage II; days)
Antibiotic treatment at start of 38 (100%) 5 (100%) NA -Antibiotic treatment at start of 38 (100%) 5 (100%) NA -Antibiotic treatment at start of
symptoms (Bell’s stage I or above)
Presence of BSIs  10 (26%) 5 (100%) NA 0.01*
IL-8 cohort 2 (pg/mL) 1,563 - 46 (20-197) <0.001*
 (147-15,000)
I-FABP levels (ng/mL)
- cohort 1  29 (1.2-3,748)  10 (0.8-91) - 0.03*
- cohort 2 2.8 (1.1-15) - 1.4 (0.3-9.1) 0.006*
NICU stay (days) 25 (8-102) 42 (22-79) 15 (3-30)  0.56
Surgical intervention in NEC patients (n) 12 (31%) NA NA -
Mortality(n) 10 (26%) 2 (40%) 0 (0%) 0.14

Data are expressed as median (range) or as numbers unless specifi ed otherwise. *Statistically signifi cant. 
Abbreviations: NA- not applicable; NEC – necrotizing enterocolitis; NICU – neonatal intensive care unit; 
I-FABP – intestinal fatty acid-binding protein; IL-8 – interleukin-8. 
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neonates with bacterial sepsis (p=0.03). A logistic regression analysis showed that 
in the cohorts combined, corrected for the differences between the two cohorts, 
I-FABP levels were still signifi cantly associated with NEC (p=0.006). No association 
was found between the occurrence of a BSI and I-FABP levels in patients with NEC 
(cohort 1: median=11 pg/mL, range 0.8-298; cohort 2: median=6.8 ng/ml, range: 
1.3-15) (cohort 1: p=0.41; cohort 2: p=0.90). Again, a logistic regression analysis 
showed that in the cohorts combined, corrected for their respective differences, no 
relation between the occurrence of a BSI and I-FABP levels in patients with NEC 
was found (p=0.70). Also, no association was found between the occurrence of a 
BSI and I-FABP levels (median=10 ng/ml; range: 0.8-91) in patients with bacterial 
sepsis (p=0.73). 

The association between BSIs and the pro-infl ammatory cascade
as based on IL-8 levels
IL-8 levels measured in samples of patients with NEC and/or bacterial sepsis are 
presented in Table 1. In NEC patients, median IL-8 levels were not statistically 
different in patients with or without a BSI: 1,562 (150-7,500) pg/mL versus 1,243 
(147-15,000) pg/mL (p=0.99). 

The relation of BSIs with patient outcome
The association of the occurrence of a BSI within 24h prior and 24h after start of 
symptoms and patient outcome, as defi ned by severity of disease, length of NICU 
stay and mortality was analyzed. A BSI occurred in 5 (5/20: 25%) patients with NEC 
Bell’s stage II and in 5 (5/18: 28%) patients with NEC Bell’s stage III (p=0.85). No 
relation between Bell’s stage and the occurrence of a BSI was found (p=0.85), nor 
with the presence of the most prevalent cultured bacteria (i.e. CNS) (p=0.46). There 
was no difference in length of NICU stay between neonates suffering from NEC with 
a BSI as compared with neonates without a BSI: 50 (12 – 87) days versus 23 (8-102) 
days (p=0.45). We did not observe a statistically signifi cant difference in length of 
NICU stay in neither the bacterial sepsis group nor control group when based on the 
occurrence of a BSI (p=0.56 and p=0.68, respectively). Mortality was signifi cantly 
higher in NEC patients with a BSI as compared with NEC patients without a BSI 
6/10 (60%) versus 4/28 (14%), p=0.005. When mortality in NEC patients with a 
BSI was compared to overall mortality in the bacterial sepsis group, no statistically 
signifi cant difference was found: 6/10 (60%) versus 2/5 (40%), p=0.18. Mortality 
was not signifi cantly increased in NEC patients compared with patients having 
a bacterial sepsis (OR: 4.5; 95% CI: 0.89-23; p=0.05). However, mortality rates 
signifi cantly increased in patients with NEC Bell’s stage III (OR: 5.6; 95% CI: 1.5-
121; p=<0.01) or when a BSI (OR: 13; 95% CI: 3.2-58; p<0.01) was present. In 
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the present study, mortality was not signifi cantly related to a very low birth weight 
(<1500grams) or very preterm birth (<33weeks) (OR: 2.1; 95% CI: 0.40-10; p=0.38 
respectively OR: 1.6; 95% CI: 0.02-14; p=0.67). In multivariate analyses, NEC and/
or NEC Bell’s stage III did not infl uence the association between the occurrence of a 
BSI and mortality rates. The presence of a BSI remained an independent signifi cant 
risk factor for increased mortality (OR: 13; 95% CI: 1.2-170; p=0.04).

Discussion
In this study the occurrence of a BSI and its relation with loss of gut wall integrity 
caused by mucosal damage and the pro-infl ammatory response during early NEC 
development was investigated. We aimed to gain knowledge about whether a 
bacterial infection predisposes to NEC or results from the loss of gut wall integrity 
due to mucosal damage, which characterizes NEC. No association between the 
occurrence of a BSI and I-FABP levels (refl ecting the loss of the gut wall integrity) 
in the earlier phases of disease development was observed. Furthermore, we were 
not able to fi nd a positive association between the occurrences of a BSI and the 
exaggerated pro-infl ammatory cascade as measured by IL-8 secretion in early NEC. 
Most likely, the occurrence of a BSI does not predispose for NEC.
Only limited data are available concerning the occurrence of BSIs in the early phase 
of NEC. 

A low incidence of a BSI in patients with NEC has recently been reported in a large 
retrospective study: in 410 patients with NEC, the authors observed 69 (17%) 
patients with a BSI within 72 hours after onset of the disease.3 Another similar large 
retrospective study found a BSI in 231/854 (27%) patients within seven days after 
onset of disease.16 While these studies include a longer time span after NEC onset, 
these numbers are comparable to our results (occurrence of a BSI in 26% of NEC 
patients). The fi nding that a minority of patients suffered from a BSI in the early phase 
of NEC strengthens the hypothesis that NEC is not caused by the occurrence of a 
BSI and that BSIs only play a minor role in the initial NEC development. However, the 
occurrence of a BSI later during the course of the disease could result from disease 
progression and increased enterocyte damage with a breech in gut wall integrity.

CNS was the most prevalent pathogen at onset of NEC in our study. While Bizzarro 
et al.3 reported a predominance of gram-negative bacteria during early NEC, Cole et 
al.16 found similar results with a predominance of CNS. The predominance of CNS in 
these patients might be due to either skin colonization and contamination associated 
with prolonged use of intravascular devices or increased intestinal permeability.16–18

Although not considered an enteric bacterium, CNS has been known to colonize 
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the gastrointestinal tract of neonates in western countries during the fi rst month of 
life as early as the 3rd day of life.16,18,19 In these studies, they are the predominant 
intestinal bacteria identifi ed initially in fecal samples from preterm neonates.16,18,19

Therefore, with only the detection of CNS in the bloodstream one could not rule out 
the possibility of an intestinal origin of CNS. 

If bacteria derived from the gastrointestinal tract move to the systemic circulation 
because gut wall integrity is diminished, one would expect that the occurrence of a 
BSI would correlate with I-FABP levels at onset of NEC. Our data did not show such 
an association. Therefore one could suggest that failure of the gut wall barrier during 
early NEC is not the most relevant mechanism to allow for bacterial translocation 
from the intestinal lumen to the systemic circulation. In line of the results of this 
study, in which I-FABP levels did not correlate with the presence of  a BSI, allows 
further speculation whether I-FABP levels are the most promising candidates to 
identify neonates with NEC from those with intestinal manifestations secondary to 
sepsis. While we suggest that in the early phase of NEC the assumed loss of gut 
wall integrity is not severe enough to allow bacterial translocation to the systemic 
circulation, this could be true during the later phase of the disease. Enterocyte 
damage and the integrity of the gut wall seem to be mirrored by circulating I-FABP 
levels. Recently our study group was able to show a positive correlation of I-FABP 
levels with the extent of transmural necrosis in neonates with surgical NEC.9 These 
fi ndings further underline the role of I-FABP as a marker for gut wall integrity in NEC. 
However, bacterial translocation can also occur (during the early phase of NEC) via 
the loss of tight junctions between the enterocytes,6 but this evaluation was beyond 
the scope of the present study. 

The pro-infl ammatory cytokine IL-8 has already been found to be crucial in the 
pathogenesis of NEC by activation of the pro-infl ammatory cascade.10,11 Although 
IL-8 has been studied extensively in patients with sepsis, only limited data are 
available on the relation of BSIs and IL-8 in patients diagnosed with NEC. The 
activation of gut-wall associated macrophages by intraluminal bacteria or their 
products results in an exaggerated activation of the pro-infl ammatory cascade in 
NEC, causing excessive IL-8 production.5 The overwhelming activation of the pro-
infl ammatory cascade could explain why there is an association of IL-8 with disease 
severity and gut-wall barrier dysfunction,20,21 but cannot explain an association of 
IL-8 levels with the occurrence of concomitant BSIs in neonates with NEC. Despite 
its association with disease severity and disease outcome, our data did not show 
any associations between IL-8 and the incidence of BSIs during the onset of NEC.
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Our second aim was to investigate the association of the occurrence of a BSI with 
disease outcome. While late onset BSIs (>72 hours after NEC development) are 
thought to be associated with worse outcomes, we assumed this would not be 
the case for early onset BSIs.3,22 Our study showed that during the initial phase of 
NEC, the occurrence of a BSI within 24h prior and 24h after start of symptoms was 
not associated with the severity of the disease as expressed by the patient’s fi nal 
Bell’s stage. However, the occurrence of a BSI was associated with an increased 
mortality rate. This observation is shared by results published by Bizzarro et al.,3

who found no signifi cant association between severity of disease and length of 
NICU stay, but an increased mortality rate in patients with an early BSI (within 72h 
after onset of disease). In the study of Cole et al.13 the occurrence of a BSI within 
the fi rst 7 days after disease onset in NEC patients was not related with mortality. In 
the present study, parameters such as Bell’s stage, birth weight or (low) gestational 
age tended to be associated with a higher mortality, even though without reaching 
statistical signifi cance. Furthermore, these risk factors were not correlated with the 
occurrence of a BSI. 

This study points to the clinical relevance of recently identifi ed markers of gut 
wall integrity and the associated infl ammatory process, with attention regarding 
their role in early discrimination between sepsis and NEC. Thereby, we assume 
that the occurrence of a BSI has no diagnostic value during the early phase of 
NEC, but has a prognostic value since the occurrence of BSI is associated with 
increased mortality. One limitation in this study is the usage of different ELISA kits 
for I-FABP measurements. The detected I-FABP levels in cohort 2, as measured 
with the Hycult ELISA, were systematically lower. This corresponds with the results 
of Matsumato,22 who also reported lower I-FABP levels measured using the Hycult 
system compared with levels measured with other commercially available ELISAs. 
In a logistic regression analysis we combined data from both cohorts correcting for 
their respective differences, which showed no signifi cant association between the 
occurrence of a BSI and I-FABP levels. This fi nding emphasizes that the differences 
in I-FABP levels due to the use of different ELISA systems did not invalidate our 
results. In order to confi rm our hypothesis future research is warranted. In addition, 
while blood cultures are still considered the “gold standard” for diagnosing a BSI, 
many technical factors (e.g. a too small volume of blood to culture and/or the lack 
of an optimal growing medium) could affect the sensitivity of the results.20,23–25 To 
get reliable results, 1-2 mL of blood per culture for neonates is recommended.20,23–25

Despite the fact that some microorganisms grow poorly in conventional blood culture 
media, current media detect the most common microorganisms with a sensitivity 
of 93%.20,23–25 New culture techniques, such as 16S rRNA-sequencing and real 
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time PCR assays, show an improved sensitivity and specifi city for the detection of 
microorganisms. However, these methods have not yet been implemented in clinical 
routine. Further multi-institutional studies should aim to investigate the presence of 
BSIs during early NEC with these new culture techniques to elucidate our results. 

Conclusion
Positive blood cultures are not associated with onset of NEC, decreased gut wall 
integrity, severity of infl ammation, or severity of disease during the early stages of 
NEC. Therefore, we hypothesize that BSIs play a complementary role during these 
early stages. Moreover, the low incidence of BSI during early NEC suggests that 
they do not precede NEC. We hypothesize that loss of gut wall integrity based on 
mucosal damage during NEC is not severe enough to allow for measurable bacterial 
translocation to the systemic circulation. 
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Abstract 
Background: Anomalous intestinal microbiota development is supposedly 
associated with the development of necrotizing enterocolitis (NEC). This study 
aimed to identify the intestinal microbiota of patients at risk for NEC.
Methods: In a prospective trial, investigating prognostic factors for development 
of NEC in high-risk neonates (NTR4153), 11 NEC cases were gestational-age/birth-
weight matched with controls (ratio of 1:2). Feces were collected twice a week. For 
the present analysis we used the fi rst feces sample of the study of each patient 
(meconium), as well as the last two feces samples prior to NEC. DNA was extracted 
and the bacterial 16S rRNA genes were analyzed on a MiSeq sequencer. 
Results: The presence and abundance of Clostridium perfringens (8.4%) and 
Bacteroides dorei (0.9%) in meconium were increased in neonates who developed 
NEC development compared to controls (0.1% and 0.2%; both species p<0.001). 
In post-meconium samples, the abundance of staphylococci became negatively 
associated with NEC development (p=0.1 and 0.01 for consecutive samples) while 
Clostridium perfringens continued to be higher in NEC cases. Early enteral feeding, 
and in particular breast milk was correlated with an increase of lactate producing 
bacteria in post-meconium samples (rho=-0.45; p=0.004). 
Conclusions: A NEC-associated gut microbiota can already be identifi ed in 
meconium samples; Clostridium perfringens continues to be associated with 
NEC from start to end. Contrariwise, in post-meconium, increased numbers of 
staphylococci were negatively associated with NEC. These fi ndings suggest 
causality but this should be verifi ed in induced infection trials in animals, targeted 
antibiotics and/or probiotics trials.
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Introduction
Necrotizing enterocolitis (NEC) is a devastating infl ammatory disorder found mostly 
in preterm neonates, and goes along with high mortality rates (20-30%).1 Anomalous 
intestinal microbiota are supposedly associated with NEC development, but the 
details of this relationship remain poorly understood.2,3 Associations between bacterial 
diversity and the presence of microorganisms, such as Clostridium spp, Klebsiella 
pneumoniae, and Escherichia coli, have been related with subsequent increased risk 
for NEC development.3–7 Unfortunately, the results of these studies vary and only few 
analyzed the microbiota during the whole interval between birth and NEC development. 

Advances in 16S rRNA based sequencing technologies nowadays allow for 
a rapid and detailed analysis of the bacterial composition of feces, the so-
called microbiota.3,8–10 Sequencing assisted exploration of the alterations in the 
microbiota of neonates at risk for NEC is important to gain more insight into the 
association between microbiota and NEC development. This technique allows us 
to identify not only the presence, but also the (relative) abundances of bacteria 
and also to follow the development of the microbiota over time. Identifi cation of 
bacterial groups that are strongly associated with NEC might enable us to develop 
new preventative options. Therefore, the aim of this study was 1) to determine the 
diversity and the composition of the intestinal microbiota in preterm neonates at 
risk for NEC and its relation to NEC development, and 2) to determine associations 
between maternal- and/or neonatal factors and the intestinal microbiota, which 
could lead to NEC development. 

Material & Methods
Patients
This study was part of a prospective cohort trial in our tertiary referral NICU between 
October 2012 and February 2014 (NTR4153 in the Dutch Trial Registry), in which 
we included 100 neonates with a high-risk for developing NEC. All of the following 
neonates were eligible for recruitment into this study: 1. neonates born at a 
gestational age (GA) ≤ 30 weeks, and a birth-weight (BW) ≤ 1000 gram, 2. neonates 
born at a GA ≤ 32 weeks and categorized as small for gestational age (SGA; ≤ 1200 
gram), 3. neonates born with cardiovascular disease resulting in a possible reduced 
splanchnic blood fl ow, and 4. neonates who were antenatally exposed to maternal 
tocolysis using indomethacine. Patients with congenital intestinal disorders were 
excluded. The local medical ethics committee approved the study. We obtained 
written informed consent from both parents in all cases. 
NEC was diagnosed when pneumatosis intestinalis, portal venous gas, or both were 
present on abdominal X-ray (Bell’s stage ≥ 2).11 Neonates remained in the study for 
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fi ve weeks, until discharge from the NICU, or until NEC development, whichever 
came fi rst.

We performed a case-control study out of this cohort. We matched every NEC case 
with 2 controls without NEC based on GA, BW and the availability of samples of the 
same postnatal age as their matched counterpart (Figure 1).  

FIGURE 1:

Flow chart of the study

Demographic and clinical variables
We extracted data on maternal and neonatal characteristics from patient fi les. 
Maternal factors included: Group B Hemolytic Streptococci (GBS+) carriership, 
chorioamnionitis as assessed by a pathologist, premature prolonged rupture of 
membranes (PPROM), use of antenatal antibiotics, and mode of delivery. Neonatal 
factors included: GA, BW, gender, positive blood cultures, antibiotics, the need for 
mechanical ventilation, the treatment of circulatory failure (i.e. volume expansion, 
vasoactive drugs), time of fi rst meconium, delayed meconium (>48h), all available 
dietary information (i.e. time of fi rst enteral feeding, type and amount of feeding), 
and length of NICU stay. 
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Feces sampling
We collected fecal samples starting with the fi rst feces after birth. Samples were 
thereafter collected twice a week. Samples were stored at -80 °C until batch 
analyses. Ideally we used three fecal samples per patient: the fi rst sample of the 
study (meconium) and the two samples collected in the week prior to onset of NEC 
(when available). The samples of the controls were collected at the same postnatal 
day as their matched NEC cases. We classifi ed feces samples as meconium and 
non-meconium, based on consistency and color. 

DNA extraction and MiSeq preparation
Total DNA was extracted from a 0.25 g faecal sample in exactly the same manner 
as described by de Goffau et al.12,13 The V3-V4 region of the 16S rRNA gene was 
amplifi ed from the bacterial DNA by PCR using modifi ed 341F and 806R primers 
(Supplementary Table 1) with a 6 nucleotide barcode on the 806R primer as described 
elsewhere.14,15 A detailed description of the PCR, DNA cleanup and MiSeq library 
preparation using a 2x300 cartridge are found in Online Supplemental Data fi le 1.

Analyses of sequence reads
The software used to analyze the data received from Illumina paired-end sequencing 
included PANDAseq,16 QIIME and ARB.17 Readouts with a quality score lower 
than 0.9 were discarded by PANDAseq. QIIME identifi ed sequences down to the 
family and genus level while ARB was used to identify sequences to the species 
level. To fi nd aberrant microbiota compositions indicative of NEC development, 
we compared the intestinal microbiota of neonates with NEC development with 
the microbiota of those who did not develop NEC per sampling point. Both the 
presence and abundance of microbial groups in the fecal samples were analyzed in 
relation to NEC development. 

Statistics
Principal component analysis (PCA) was performed to fi nd clusters of similar groups 
of samples or species.18 Thereby, PCA was used to fi nd bacterial patterns in time 
and to relate this data with clinical variables.18 The Simpson index on the family level 
was used for analyses concerning the bacterial diversity. We performed statistical 
analyses using the Statistical Package for the Social Sciences (IBM SPSS Statistics 
22, IBM Corp., Armonk, New York, USA). Two sided p-values <0.05 were considered 
statistically signifi cant. Non-parametric tests were used, as microbial abundances 
are rarely normally distributed. For two categorical variables the chi-square test was 
used, for two continuous variables the Spearman rho-test and for the combination 
of a categorical and a continuous variable we used the Mann-Whitney U test. 
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Results
Eleven patients developed NEC at a median of 12.5 days after birth (range: 4-43). 
One patient developed NEC after the study period. One patient developed NEC after 
4 days after birth. For this patient we used sample A and the second sample (which 
we considered the sample prior to NEC (C)). We included 22 controls matched for 
GA, BW and sample frequency (maximum deviation GA = 8% and BW = 26%). 
Table 1 presents the patient characteristics. 

TABLE 1:

Patient characteristics

Characteristics  NEC Controls P value
 n=11 n=22

Sex (male) 6 (55%) 10 (45%) 0.64
Median gestational age, weeks (range) 27 (24-29) 26 (24-29) 0.32
Median birth weight, grams  970 (560-1630) 995 (615-1735) 0.81
Maternal age (years) 31 (19 – 41) 28 (23 – 35) 0.38
Number of previous gravidities 1 ( 0 – 10) 0 (0 – 5) 0.96
Number of previous parities 1 ( 0 -7) 0 (0 – 7) 0.79
Mother GBS+  3 (27%) 2 (9%) 0.50
Choriomnionitis  5 (45%) 7 (32%) 0.47
PPROM  5 (45%) 5 (23%) 0.26
Maternal antibiotic exposure during labor 3 (27%) 5 (23%) 0.32
Delivery mode (CS) 4 (36%) 13 (59%) 0.93
Interval birth – fi rst meconium, days 1 (0-3) 1 (0-3) 0.89
Start enteral feeds after birth, hours  6.5 (2-10) 3 (2-8) 0.02
Breast-feeding <24h postpartum (%of total enteral feeding) 6 (27%) 11 (12%) 0.99
Formula feeding <24h postpartum (%of total enteral feeding) 9 (73%) 22 (88%) 0.10
Parenteral feeding <24h postpartum (%of total feeding) 11 (87%) 22 (87%) -
Need for mechanical ventilation 7 (64%) 9 (41%) 0.23
Need for inotropics  3 (23%) 8 (36%) 0.42
Positive blood cultures during study period  1 (9%) 4 (18%) 0.51
Antibiotic exposure within 48hours postpartum 9 (82%) 17 (77%) 0.42
Antibiotic exposure after 48hours postpartum 11 (100%) 14 (64%) 0.09
Age of onset NEC symptoms, days (range) 12.5 (4-43) - -
Mortality 4 (36%) 2 (9%) -
Mean survival days 30 (6 – 49) 17.5 (10 – 25) -
Cause of death
- NEC 3 1 -
- Intracranial hemorrhage  1 -
- Sepsis 1  -

Data are expressed as median (range) or as numbers unless specifi ed otherwise. 
Abbreviations: GBS: Group B hemolytic streptococci; PPROM: preterm prolonged rupture of membranes; 
CS: Caesarian section; NEC: necrotizing enterocolitis
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The fi rst fecal samples were collected at a median of 1 day (range: 0-4) after birth. 
All of these samples consisted of meconium. The last two samples prior to NEC 
development were collected at a median of 5 days (range: 2-7) and 2 days (range: 
0-4), respectively.

Intestinal microbiota in the neonate at risk for NEC
The development of the intestinal microbiota over time in both NEC and control 
cases is summarized in Figure 2 and in Supplemental Figure 2. In the meconium 
samples, both the presence and abundance of C. perfringens and B. dorei were B. dorei were B. dorei
signifi cantly higher in patients who developed NEC compared to those who did not 
(p<0.001). On the other hand, abundances of C. diffi cile were lower in meconium 
samples from patients who developed NEC compared to controls (Table 2). The 
enterobacteria family accounted for 50% of the reads on average in feces samples 
and thus represented the most abundant bacterial group in this study yet was not 
signifi cantly correlated with NEC development (Table 2). 

FIGURE 2:

Changes in microbial composition over time between necrotizing
enterocolitis cases and controls.
Proportions of the microbial species at the three time points (from the fi rst sample 
of the study (A) until the last two samples before NEC development (B and C)) are 
visualized for NEC cases versus control samples. * visualized for NEC cases versus control samples. * lactate producing bacillilactate producing bacilli, ** 
Enterobacteriaceae.
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In the last two samples before the onset of NEC both the presence and abundance of C. 
perfringens and B. dorei remained higher in neonates who developed NEC compared to B. dorei remained higher in neonates who developed NEC compared to B. dorei
those who did not (percentages are depicted in Table 2). We observed a shift – also revealed 
via PCA analysis - from a more Enterobacteriaceae dominated microbiota into one with 
higher abundances of staphylococci (19%) and other lactate producing bacilli in controls 
compared to NEC cases (Figure 2, Table 2 and Figure 3). NEC cases either remained 
dominated by Enterobacteriaceae or developed an aberrant microbiota composition that 
forms a distinct cluster in Figure 3 (consisting of C. perfringens and B. dorei). B. dorei). B. dorei

TABLE 2:

The relation between necrotizing enterocolitis associated bacteria over time*

 Time point A  Time point B Time point C
 p-value NEC vs. controls (%) p-value NEC vs. controls (%) p-value NEC vs. controls (%)

C. perfringens-like
bacteria
- Presence < 0.001() 90% vs. 24% 0.002() 90% vs. 24% 0.002( ) 80% vs. 23% 0.019() 80% vs. 23% 0.019( ) 60% vs. 14%) 60% vs. 14%
- Abundance < 0.001() 8.4% vs.0.1% 0.006() 8.4% vs.0.1% 0.006( ) 6.0% vs. 0.003% 0.012() 6.0% vs. 0.003% 0.012( ) 12.6% vs.< 0.001%) 12.6% vs.< 0.001%

C. diffi cile
- Presence 0.014() 30% vs 76% 0.07() 30% vs 76% 0.07( ) 20% vs. 55% 0.13() 20% vs. 55% 0.13( ) 20% vs. 50%) 20% vs. 50%
- Abundance .012() 0.02% vs 2.7% .08() 0.02% vs 2.7% .08( ) 0.02%vs.1.8% 0.18() 0.02%vs.1.8% 0.18( ) 1.4% vs.0.34%) 1.4% vs.0.34%

B. dorei
- Presence <0.001() 80% vs. 14% 0.01() 80% vs. 14% 0.01( ) 40% vs. 5% 0.35 20% vs. 7%) 40% vs. 5% 0.35 20% vs. 7%
- Abundance 0.001() 0.9% vs. 0.2% 0.006() 0.9% vs. 0.2% 0.006( ) 0.7% vs.0.005% 0.36 3.7% vs.< 0.001%) 0.7% vs.0.005% 0.36 3.7% vs.< 0.001%

Bacteriodaceae
- Abundance 0.003() 11% vs. 2.9% 0.7 6.0% vs. 2.5% 0.31 7.9% vs.3.2%) 11% vs. 2.9% 0.7 6.0% vs. 2.5% 0.31 7.9% vs.3.2%

Enterobacteriaceae
- Abundance 0.08() 38% vs. 64% 0.5 52% vs. 42% 0.6 60% vs. 43%) 38% vs. 64% 0.5 52% vs. 42% 0.6 60% vs. 43%

Staphylococci
- Abundance 0.5 17% vs. 17% 0.095() 12% vs.30% 0.013() 12% vs.30% 0.013( ) 0.5% vs. 23%) 0.5% vs. 23%

Streptococci
- Abundance 0.5 0.8% vs. 3.8% 0.27() 0.7% vs.3.9% 0.16() 0.7% vs.3.9% 0.16( ) 0.1% vs.7.8%) 0.1% vs.7.8%

Enterococci
- Abundance 0.18() 11% vs. 2.1% 0.33 17% vs. 11% 0.36 14% vs.8.3%) 11% vs. 2.1% 0.33 17% vs. 11% 0.36 14% vs.8.3%

Lactate producing
bacilli (all)
- Abundance 0.9 30% vs. 25% 0.44 31% vs. 47% 0.16() 16% vs. 44%) 16% vs. 44%
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in the week prior to onset of NEC (B and C). The arrows represent the direction of association with NEC.
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) 20% vs. 55% 0.13(
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value NEC vs. controls (%) p-value NEC vs. controls (%) p-value NEC vs. controls (%)
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) 12.6% vs.< 0.001%

) 20% vs. 50%
) 1.4% vs.0.34%

) 40% vs. 5% 0.35 20% vs. 7%
) 0.7% vs.0.005% 0.36 3.7% vs.< 0.001%

) 11% vs. 2.9% 0.7 6.0% vs. 2.5% 0.31 7.9% vs.3.2%

) 38% vs. 64% 0.5 52% vs. 42% 0.6 60% vs. 43%

) 0.5% vs. 23%

) 0.1% vs.7.8%

) 11% vs. 2.1% 0.33 17% vs. 11% 0.36 14% vs.8.3%

) 16% vs. 44%

 Time point A  Time point B Time point C
 p

- Presence < 0.001(
- Abundance < 0.001(

- Presence 0.014(
- Abundance .012(

- Presence <0.001(
- Abundance 0.001(

- Abundance 0.003(

- Abundance 0.08(

- Abundance 0.5 17% vs. 17% 0.095(

- Abundance 0.5 0.8% vs. 3.8% 0.27(

- Abundance 0.18(

- Abundance 0.9 30% vs. 25% 0.44 31% vs. 47% 0.16(
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The association between maternal- and neonatal factors and
the intestinal microbiota
In Table 3 the relation between neonatal- and maternal factors and NEC are 
presented. An earlier start of enteral feeding after birth is associated with a higher 
amount of lactate producing bacteria in post-meconium samples (rho=0.31; 
p=0.05). In addition, in particular the amount of breast milk as a percentage of the 
total amount of feeding is correlated with an increase in the abundance of lactate 
producing bacteria (rho=0.45; p=0.004) and a decrease in the number of Gram-
negative species, which include the enterobacteria and bacteroidetes families (rho= 
-0.35; p=0.028). The amount of breast milk just before NEC onset is negatively 
associated with NEC (p=0.04).

TABLE 3:

The relation between neonatal- and maternal factors and
necrotizing enterocolitis

Maternal P value Neonatal P value Neonatal P value Neonatal P value
factors  factors  factors  factors

Choriomnionitis  Antibiotics <2 days  Amount of breast  Amount of formula
    feeding at moment A  feeding at moment B
NEC 0.6 NEC 0.9 NEC 0.7 NEC 0.4
      Lactate producing rho=-0.44
      bacteria 0.044()
      Enterobacteriaceae rho=0.40
       0.076()

PPROM  Delayed meconium  Amount of formula  Amount of parenteral
   (>2 days)  feeding at moment A  feeding at moment C
Vaginal birth  0.03 () NEC 0.4 NEC 0.6 NEC 0.3
NEC 0.6   
Staphylococci 0.016()

C-section  Duration between  Amount of parenteral  Amount of breast
  birth and enteral  feeding at moment B  feeding at moment C
  feeding (hours)
NEC 0.3 NEC 0.02 () NEC 0.9 NEC 0.04 ()
Staphylococci 0.004()   Streptococci rho=-0.51 Bacteroidaceae rho=-0.41
     0.018()  0.093()

Antibiotics antenatal  Amount of parenteral  Amount of breast  Amount of formula
  feeding at moment A  feeding at moment B  feeding at moment C
NEC 0.8 NEC 0.09() NEC 0.3 NEC 0.5
  C. perfringens rho=-0.54 Lactate producing rho=0.40 Lactate producing rho=0.50
   0.014() bacteria 0.073() bacteria 0.03()
    Enterobacteriaceae rho=-0.41
     0.069()

Abbreviations: GBS: Group B hemolytic streptococci; PPROM: preterm prolonged rupture of 
membranes; CS: Caesarian section; NEC: necrotizing enterocolitis
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Bacterial diversity
In general the microbial diversity (Simpson index) was negatively associated with 
the abundance of Enterobacteriaceae and a shift to the (upper) right in Figure 3. 
However, the microbial diversity was not associated with NEC development and 
only weakly with diet as 1) abundances of staphylococci were also frequently found 
(Supplemental Figure 2) and 2) C. perfringens and Bacteroidaceae both contributed 
to the diversity score. 

FIGURE 3:

Principal component analysis (PCA) on the family level.  
PC2 (19%) and PC3 (9%), represented on the x- and y-axis respectively, highlight some 
of the main differences between those samples (expressed in time points A, B, and 
C) from neonates who developed NEC and those who did not (Figure 3). Meconium 
samples (A) from neonates without NEC development are more often found in the 
lower left corner of the graph and can be characterized as being mainly dominated 
by Enterobacteriaceae. From the lower left a series of samples from children without 
NEC development can be seen heading to the lower right of the graph. These samples 
are populated increasingly with staphylococci, streptococci (3.3%), C. diffi cile and/
or Lachnospiraceae (1.9%). This shift to the right in sample B and C is associated 
with enteral feeding, specifi cally breast milk. A series of samples from neonates who 
developed NEC, whose microbiota does not mainly consist out of Enterobacteriaceae, 
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are found increasingly higher on PC3, representing an increase of C. perfringens, (Para)
bacteroides and/or Enterococcaceae. The few non-NEC samples also scoring high on 
PC3 are invariably samples that have high Enterococcaceae abundances. Principal 
component 1 (PC1) described most of the variation in the data (58%), however was 
not directly associated with NEC development as it basically described the variation 
in the abundance of Enterobacteriaceae versus the rest.

Relation between microbiota and mortality
The abundance of bacteroidaceae in meconium is positively associated with 
mortality (p=0.02) while the abundance of lactate producing bacteria is negatively 
associated with mortality in the sample just prior to NEC development (p=0.04). 

Discussion
This study demonstrates the presence of a NEC-associated gut microbiota, with C.
perfringens and B. dorei, already in the meconium. Therefore, this study suggests 
that factors during the fi rst days of life, during delivery or even in utero, might 
affect the formation of a NEC-associated microbiota. In post-meconium samples, 
a higher number of staphylococci later in life seemed protective against NEC. The 
abundance of lactate-producing bacteria correlated with an early commencement 
of enteral nutrition and moreover with the amount of breast milk. 
One of the most prominent fi ndings of our study is the fact that a NEC-associated 
gut microbiota was already present within days after birth. C. perfringens strains, 
that produce alpha-toxin, have been associated with NEC development before.7,19–22

Almost all studies on the subject studied feces samples that were obtained around 
NEC diagnosis. Only de La Cochetière, et al.23 suggested a signifi cant relationship 
between early colonization by Clostridium spp and development of NEC. B. dorei was 
also associated already in the fi rst days of life with the development of NEC. To our 
knowledge, this is the fi rst study that describes an association between B. dorei in B. dorei in B. dorei
meconium and subsequent NEC development and mortality. Only Brower-Sinning et al.24

previously suggested a relationship between Bacteroides and NEC based on fi ndings 
derived from resection specimens, while Blakely et al.20 stated, after analyzing feces 
samples of neonates around NEC onset, that Bacteroides were less frequently isolated 
from neonates with NEC. These fi ndings might not be inconsistent with each other 
as we only found Bacteroides to be associated with NEC and mortality in meconium 
samples. Bacteroides generally behave as normal anaerobic (benefi cial) commensal 
bacteria in the human gut but they are also known to cause severe pathology. This, 
combined with its resistance to many antibiotics and its ability to infl uence the immune 
system, makes bacteroides a classic example of a pathosymbiont.25 Its exact role in 
regards to NEC development hence remains elusive.
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In post-meconium fecal samples, lactate-producing bacteria (including staphylococci 
and streptococci) seemed protective against the development of NEC. Thereby, 
the abundance of lactate-producing bacteria were associated with lower mortality. 
Cassir et al.,26 similarly found Staphylococci to be more prevalent in controls than 
in NEC cases. La Rosa et al.,5 observed that lactate-producing bacteria are best 
represented in the earliest weeks of life. Lactate-producing bacteria may have 
a similar protective role as bifi dobacteria and lactobacilli.27 They can do so by 
lowering the pH via the production of lactate and thereby hampering the growth 
of opportunistic pathogens, such as C. perfringens.28–30 Lactate-producing bacteria 
were in this study in addition stimulated by breast milk. Whereas bifi dobacteria and 
lactobacilli are stimulated by breast milk and are often thought to provide protection 
against NEC development,28–30 this was not the case in this study, as they were only 
present in low numbers. Bifi dobacteria and lactobacilli are usually only seen in fecal 
sampling after a gestational age greater than 33 weeks, and their presence increases 
with gestational age.29–31 Our cohort was signifi cantly younger than that. Based on 
the present data we might therefore speculate that in neonates with a gestational age 
below 33 weeks staphylococci in particular are capable of taking over the (protective) 
role and the bacterial niche of the still largely absent bifi dobacteria. 
C. diffi cile was negatively associated with NEC in the present study. C. diffi cile
is considered a common nosocomial pathogen.32–34 However, colonization with 
non-toxigenic C. diffi cile strains provides effective protection against toxigenic C. 
diffi cile strains.32–34 In addition, healthy newborns are very frequently colonized with 
C. diffi cile (60-70%), yet they do not suffer any ill effects.34 In fact, children become 
more prone to C. diffi cile related diseases as they become older when they are no 
longer C. diffi cile carriers.34 The protective effects of being a C. diffi cile carrier might 
also shield children against C. perfringens enterotoxin mediated diseases. 

The level of microbial diversity in NEC is controversial.4 Multiple studies observed 
low bacterial diversity associated with NEC.4,6,35 In our cohort, similar to multiple 
previously performed studies, there was a low diversity of microbiota in feces samples 
of premature neonates, but this was not associated with NEC development.35–38

We hypothesize that a low diversity of microbiota makes the premature neonate 
vulnerable for the development of NEC because it provides less protection against 
pathogens, but does not directly induce NEC.

We demonstrate the presence of a NEC-associated gut microbiota within the fi rst 
days of life if not in the fi rst meconium. Previously it was thought that the in utero 
environment was largely sterile and that a fetus was not colonized with bacteria until 
the time of birth.5 Recently it has been suggested that the colonization process can 
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sometimes well begin before delivery, and has for example been associated with 
preterm delivery.5,39 With the results of the present study we share this hypothesis 
that (yet unrevealed) factors during the fi rst days of life or even in utero could play an 
important role in the formation of a more healthy or a more NEC-associated microbiota. 
While maternal factors were not found to be associated with the development of a 
NEC-associated gut-microbiota we did fi nd an association between early enteral 
nutrition and increased abundances of (protective) lactate-producing bacteria in 
post-meconium samples. This also holds true for breast milk. We could only analyze 
data concerning the feeding regime in about two thirds of the patients due to the 
inclusion of patients from a double blind prospective early nutrition study. That we 
nonetheless observed these strong differences in abundances of lactate-producing 
bacteria in a small group of patients only strengthens our observation. Our fi ndings 
therefore confi rm the hypothesis that both early enteral nutrition after birth and breast 
milk play a pivotal role in protecting the intestine against development of NEC.40

Early commencement of breast milk and subsequently predominantly giving breast 
milk likely stimulates lactate producing bacteria in neonates with a low gestational 
age in a similar way as breast milk normally stimulates bifi dobacteria in neonates 
with a more normal GA.40 Protection against colonization with pathogenic bacteria 
is thought to be achieved by providing lactate producers, such as bifi dobacteria, 
with human oligosaccharides.26–28

This study points at the clinical relevance of analysis of meconium in preterm 
neonates at risk for NEC to detect NEC-associated bacteria. If C. perfringens and 
other NEC-associated bacteria, possibly also Clostridium butyricum, as shown by 
Cassir et al.,26 are found within gut microbiota of a neonate, this neonate could then 
subsequently be treated with more targeted antibiotic therapies. Apart from breast 
milk a proper microbial development of the gut microbiota could be stimulated in 
the future with the use of pre- or probiotics. Larger trials are needed to further 
investigate the microbiota in both fecal samples and resection specimens in 
children at high risk for NEC and who develop NEC. Based on that data we could 
then outline an optimal and individual pre- or probiotic strategy for neonates at risk.

Conclusion
This study demonstrates the presence of a NEC-associated gut microbiota already 
within the fi rst days of life in premature children at risk for NEC. We observed 
an association between C. perfringens and B. dorei in the meconium and NEC B. dorei in the meconium and NEC B. dorei
development. Our data suggests that (yet unrevealed) factors during the fi rst days 
of life, or even in utero, could be associated with the formation of a NEC-associated 
microbiota. Also, this was the fi rst study showing that B. dorei in the meconium B. dorei in the meconium B. dorei
was associated with an increased mortality, suggesting that microbiota analysis 
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could also be used as a predictive tool. In post-meconium fecal samples, increased 
numbers of staphylococci, and not bifi dobacteria, were negatively associated 
with NEC. Abundance of lactate-producing bacteria was associated with an early 
commencement of enteral nutrition and with breast milk. Our study suggests 
causality, however this is not proven. These fi ndings should be verifi ed by testing for 
NEC induced infection with C. perfringens in animal models, possibly in combination 
with targeted antibiotics treatment. Alternatively, it should be investigated whether 
protection against NEC development can be established by increasing the 
prevalence of lactate producers via the use of pre-, pro- or postbiotics.
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Supplements

SUPPLEMENTAL TABLE S1:

Nucleotide sequences of primers used in the construction of
libraries for Illumina sequencing

Lowercase letters denote adapter sequences necessary for binding to the fl owcell, 
underlined lowercase are binding sites for the Illumina sequencing primers, bold 
uppercase highlight the index sequences (additional indexes can be found in the 
paper by Bartram et al.). Regular uppercase are the V3 and V4 region primers (341F 
on for the forward primer and 806R for the reverse primers). The inclusion of four 
maximally degenerated bases (“NNNN”) maximizes diversity during the fi rst four 
bases of the run. Diversity is important for identifying unique clusters and base-
calling accuracy.

V3_F_modifi ed aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctNNNNCC
 TACGGGAGGCAGCAG
V4_1R caagcagaagacggcatacgagatCGTGATgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_2R caagcagaagacggcatacgagatACATCGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_3R caagcagaagacggcatacgagatGCCTAAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_4R caagcagaagacggcatacgagatTGGTCAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_5R caagcagaagacggcatacgagatCACTGTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_6R caagcagaagacggcatacgagatATTGGCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_7R caagcagaagacggcatacgagatGATCTGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_8R caagcagaagacggcatacgagatTCAAGTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_9R caagcagaagacggcatacgagatCTGATCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_10R caagcagaagacggcatacgagatAAGCTAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_11R caagcagaagacggcatacgagatGTAGCCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_12R caagcagaagacggcatacgagatTACAAGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_13R caagcagaagacggcatacgagatCGTACTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_14R caagcagaagacggcatacgagatGACTGAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_15R caagcagaagacggcatacgagatGCTCAAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_16R caagcagaagacggcatacgagatTCGCTTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT

V3_F_modifi ed aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctNNNNCC
 TACGGGAGGCAGCAG
V4_1R caagcagaagacggcatacgagatCGTGATgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_2R caagcagaagacggcatacgagatACATCGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_3R caagcagaagacggcatacgagatGCCTAAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_4R caagcagaagacggcatacgagatTGGTCAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_5R caagcagaagacggcatacgagatCACTGTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_6R caagcagaagacggcatacgagatATTGGCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_7R caagcagaagacggcatacgagatGATCTGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_8R caagcagaagacggcatacgagatTCAAGTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_9R caagcagaagacggcatacgagatCTGATCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_10R caagcagaagacggcatacgagatAAGCTAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_11R caagcagaagacggcatacgagatGTAGCCgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_12R caagcagaagacggcatacgagatTACAAGgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_13R caagcagaagacggcatacgagatCGTACTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_14R caagcagaagacggcatacgagatGACTGAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_15R caagcagaagacggcatacgagatGCTCAAgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
V4_16R caagcagaagacggcatacgagatTCGCTTgtgactggagttcagacgtgtgctcttccgatct
 GGACTACHVGGGTWTCTAAT
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SUPPLEMENTAL FIGURE 1:

Gut microbiota composition in necrotizing enterocolitis- and control
samples per time point.
The relative abundances of the microbial groups are shown per sample per time 
point (Samples (A) represent meconium samples and samples (B) and (C) represent 
the last two samples before NEC development). 

SUPPLEMENTAL DATA FILE 1:

PCR & MiSeq preparation
Reaction conditions consisted of an initial 94 oC for 3 min followed by 32 cycles 
of 94 oC for 45 sec, 50 oC for 60 sec, and 72 oC for 90 sec, and a fi nal extension of 
72 oC for 10 min. An agarose gel confi rmed the presence of product (band at ~465 
base pairs) in successfully amplifi ed samples. The remainder of the PCR product 
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(~45 µl) of each sample was mixed thoroughly with 25 µl Agencourt AMPure XP 
magnetic beads and were incubated at room temperature for 5 minutes. Beads 
were subsequently separated from the solution by placing the tubes in a magnetic 
bead separator for 2 minutes. After discarding the cleared solution the beads were 
washed twice by resuspending the beads in 200 µl freshly prepared 80% ethanol, 
incubating the tubes for 30s in the magnetic bead separator and and subsequently 
discarding the cleared solution. The pellet was subsequently air dried for 15 minutes 
and resuspended in 52.5 µl 10 mM Tris HCl pH 8.5 buffer. 50 µl of the cleared 
up solution is subsequently transferred to a new tube. The DNA concentration of 
each sample was done using a Qubit® 2.0 fl uorometer (www.invitrogen.com/qubit) 
and the remainder of the sample was stored at -20oC until library normalization oC. 
Library normalization was done the day before running samples on the MiSeq by 
making 2 nM dilutions of each sample. Samples were pooled together by combining 
5 µl of each diluted sample. 10 µl of the sample pool and 10 µl 0.2 M NaOH were 
subsequently combined and incubated for 5 minutes to denature the sample DNA. 
To this, 980 µl of the HT1 buffer from the MiSeq 2x300 kit is was subsequently 
added. A denatured diluted PhiX solution was made by combining 2 µl of a 10 nM 
PhiX library with 3 µl 10 mM Tris HCl pH 8.5 buffer with 0.1% Tween 20. These 5 µl 
were mixed with 5 µl 0.2 M NaOH and incubated for 5 minutes at room temperature. 
These 10 µl were subsequently mixed with 990 µl HT1 buffer. 150 µl of the diluted 
sample pool was combined with 50 µl of the diluted PhiX solution and is further 
diluted by adding 800 µl HT1 buffer. 600 µl of the prepared library was loaded into 
the sample loading reservoir of the MiSeq 2x300 cartridge.  
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CHAPTER 8

IDENTIFICATION OF 
BACTERIAL INVASION 
IN NECROTIZING 
ENTEROCOLITIS 
SPECIMENS USING 
FLUORESCENT IN 
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Abstract 
Introduction: We investigated the presence of bacterial invasion together with the 
identifi cation of bacterial species within the intestinal lumen adhering to and invading 
into the intestinal wall in necrotizing enterocolitis (NEC) specimens compared 
to controls.
Methods: We compared 43 surgical NEC specimens (2 sections: least affected 
and most affected tissue) to age-matched controls (ratio 1:1) derived from 
intestinal autopsy material. We used fl uorescent in situ hybridization (FISH): a 
universal bacterial probe together with species specifi c probes for Clostridium
spp, Enterobacteriaceae, bacteroidetes, and enterococci/lactobacilli. We used a 
FISH scoring system to reveal invasion of the intestinal wall: 1=no/few colonies, 
2=average colonies in the intestinal lumen, 3=abundant colonies adhering to the 
mucosa, and 4=abundant colonies invading the intestinal wall. Bacterial density of 
each bacterium was determined using the following scoring system: 0=not present, 
1=low density, 2=moderate density, 3=high density.
Results: We observed invasion of the intestinal wall in 22/43 of the most affected 
NEC tissue samples, compared to 16/43 in the least affected NEC tissue samples 
(p=0.03). A FISH score of 4 was reached in 7/43 control cases. Higher abundances of 
Enterobacteriaceae (density score of 3) were observed in both NEC tissue samples 
(33/43 respectively 32/43) compared to controls (20/43; both p=0.01). Clostridium
spp were detected occasionally in NEC samples, bacteroidetes  were not observed. 
Conclusion: This study demonstrates that invasion of the intestinal wall is more 
present in most affected NEC tissue samples compared to least affected NEC tissue 
samples or controls. Enterobacteriaceae but not Clostridium spp or bacteroidetes 
are prevalent in advanced NEC. 
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Introduction
Necrotizing enterocolitis (NEC) is a devastating infl ammatory disorder found 
mostly in preterm infants.  NEC characteristically occurs at a postmenstrual age 
of 30-33 weeks.1 NEC is characterized by infl ammation and necrosis of intestinal 
tissue. Mortality rates are high (20-30%), and approach 50% in infants who require 
surgery.2,3 The underlying pathophysiology of NEC development and progression is 
still poorly understood.
Amiss bacterial colonization is one of the factors involved in the development of NEC.2,3

However, the details of this association between NEC development and disease 
progression remain elusive.3,4 Previous studies have suggested associations between 
the presence of microorganisms (such as Clostridium spp (including C. perfringens, 
C. neonatale, C. butyricum and C. parputrifi cum), and NEC development.4–8 In a 
prospective study in our center we observed a link between colonization with C. 
perfringens and/or Bacteroides dorei and NEC development.Bacteroides dorei and NEC development.Bacteroides dorei 9

The role of bacterial colonization during NEC progression has not yet been fully 
elucidated. Via an increase in intestinal wall permeability bacteria may invade the 
intestine and further aggravate infl ammation. In almost all previous studies searching 
for bacterial colonization processes in NEC, feces samples are used as a surrogate 
for intestinal tissue. Analysis of feces samples may not be representative because it 
does not give adequate information on the intestinal microbiota exclusively on the 
affected site. Few studies focused on the possibility to examine the microbiota at the 
affected intestinal site – i.e. the intestinal wall.  There is no data regarding the different 
bacterial composition on highly affected versus little affected intestinal sites.

We aimed to investigate the presence of bacterial invasion together with the identifi cation 
of bacterial species within the intestinal lumen adhering to and invading into the 
intestinal wall in surgical NEC specimens compared to controls. Using fl uorescent in 
situ hybridization (FISH)10 we assessed the location and abundances of the bacteria 
within the intestine (e.g. in the lumen, adhering to the mucosa or invading the intestinal 
wall) and identifi ed specifi c bacterial species. We hypothesized that we would observe 
bacteria invading the intestinal wall more often in more severe NEC cases. Also, we 
hypothesized that we would observe bacteria commonly associated with NEC (e.g. 
bacteroidetes, Clostridium spp, and Enterobacteriaceae) in the severe NEC cases.

Materials & methods
Patients
We performed this retrospective study in a tertiary referral neonatal intensive care 
unit (NICU) center. The Institutional Review Board of the University Medical Center 
Groningen approved the study. 
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We included NEC patients who received surgery between July 2003 and December 
2013. Only infants with proven NEC (Bell’s stage ≥ 2) who needed surgery were 
included in the present study. Indications for surgery were bowel perforation (NEC 
3b) or lack of improvement despite optimal conservative therapy. The decision to 
proceed to surgery was always a multidisciplinary decision by the neonatology and 
pediatric surgery team caring for the infant in combination with elaborate counseling 
of the parents. 
Control patients included preterm infants who died due to cardio respiratory 
pathology, neurological pathology and/or genetic disorders and underwent an 
autopsy procedure. Control patients did not suffer from gastrointestinal diseases. 
We matched controls with NEC patients with regards to gestational age (GA), birth 
weight, and postmenstrual age (ratio 1:1). We accepted a difference in postmenstrual 
age of maximal +/- 4 days. 

Resection and autopsy specimens 
In NEC cases, the pathologist routinely examined the resection specimens and 
provided the confi rmation of the diagnosis. Characteristic macroscopic fi ndings 
in NEC include a distended bowel, hemorrhage, pneumatosis intestinalis and/
or necrosis. Characteristic histological fi ndings in NEC were mucosal edema, 
hemorrhage, infl ammation, transmural bland necrosis, bacterial infi ltration and/or 
collections of gas. Representative sections of normal and diseased bowel were 
resected and embedded in paraffi n. Tissue sections of 4 µm were stained with 
haematoxylin and eosin (HE) using a standard staining protocol. 
We used a previously established histological scoring system for NEC.11 All samples 
were assigned a histological NEC severity score (0 – 4) based on the degree of 
epithelial and/or mucosal damage. When pneumatosis intestinalis and/or necrosis 
were present, scores of 3 – 4 were given. Both observers (FH/AT) were blinded to 
the preliminary Bell’s stages. We elected two sections of each specimen for further 
analysis based on the histological scoring: the section with the lowest score (≤2; least 
affected tissue) and the section with the highest score (≥3; most affected tissue). 
In the controls intestinal resection was performed following the general autopsy 
procedure consisting of macroscopy and microscopy. After general macroscopic 
pathological examination the intestinal specimens were directly fi xated with 10% 
buffered formalin solution and imbedded in paraffi n using standard pathology 
procedures. Tissue sections of 4µm were stained with HE using the standard 
staining protocol. As controls for the present study we only included patients in 
whom the intestinal tissue was considered as non-pathological. 
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Fluorescent in situ hybridization (FISH) analysis
We used FISH to analyze the location and abundances of bacteria and identify 
specifi c bacterial species in the intestinal tissue sections. The sections were 
deparaffi nated by immersion for 2 times in Xylol for 2 min after which the xylol 
was washed away by immersion for 10 min in 96% ethanol. Deparaffi nated slides 
were dried at ambient air. Bacterial density in the samples was fi rst characterized 
with a universal bacterial oligonucleotide targeting rRNA probe. We subsequently 
used the probes as described in Table 1 to detect bacterial populations commonly 
associated with NEC development.3,4,8,10 All oligonucleotide probes were obtained 
from Eurogentec (Seraing, Belgium). For this the slides were hybridized at 50°C 
overnight in hybridization buffer containing 5 ng µl−1 fl uorescently-labeled probes. 
Slides were washed at 50°C in hybridization buffer without sodium dodecyl sulfate 
(SDS) and mounded with Vectashield® (Vector Laboratories, Burlingame, CA, USA) 
and a coverslip. We examined the slides using the Leica fl uorescence microscope 
(Leica Microsystems, Wetzlar, Germany). 

TABLE 1:

Probes used to analyze the bacterial identity and density
in the intestinal sections 

Analysis
We investigated the presence of bacterial invasion together with the identifi cation of 
bacterial species within the intestinal lumen adhering to and invading into intestinal 
wall in surgical NEC specimens compared to controls using FISH. For analysis we 
used the most affected section and the least affected section of the NEC samples. 
We used the FISH score to determine the presence of bacterial invasion, adapted 

Target Probe Label Sequence Reference

All bacteria EUB338 Cy3 5’GCTGCCTCCCGTAGGAGT Amann et al. 12

Bacteroides/Prevotella# Bac303 FITC 5’CCAATGTGGGGGACCTT Manz et al. 13

Clostridium clusters I and II Chis0150 FITC 5’TTATGCGGTATTAATCT(T/C) Franks et al. 14

(C. perfringens and relatives)#   CCTTT

Enterobacteriaceae# EC1531 Cy3 5’CACCGTAGTGCCTCGTCATCA  Poulsen et al. 5’CACCGTAGTGCCTCGTCATCA  Poulsen et al. 5’CACCGTAGTGCCTCGTCATCA 15

Enterococci/ Lab158 FITC 5’GGTATTAGCA(C/T)CTGTTTCCA Harmsen et al. 5’GGTATTAGCA(C/T)CTGTTTCCA Harmsen et al. 5’GGTATTAGCA(C/T)CTGTTTCCA 16

Lactobacilli *

Abbreviations FITC: fl uorescein isothiocyanate. Cy3: indocarbocyanine
* Bacterial populations commonly observed in ’healthy’ infants
# Bacterial populations commonly associated with NEC

Target Probe Label Sequence Reference

All bacteria EUB338 Cy3 5’GCTGCCTCCCGTAGGAGT Amann et al. 

 Bac303 FITC 5’CCAATGTGGGGGACCTT Manz et al. 

 clusters I and II Chis0150 FITC 5’TTATGCGGTATTAATCT(T/C) Franks et al. 
 and relatives)#   CCTTT

# EC1531 Cy3 

Enterococci/ Lab158 FITC 

Target Probe Label Sequence Reference

All bacteria EUB338 Cy3 5’GCTGCCTCCCGTAGGAGT Amann et al. 

 Bac303 FITC 5’CCAATGTGGGGGACCTT Manz et al. 

 clusters I and II Chis0150 FITC 5’TTATGCGGTATTAATCT(T/C) Franks et al. 
 and relatives)#   CCTTT

# EC1531 Cy3 

Enterococci/ Lab158 FITC 

Target Probe Label Sequence Reference

All bacteria EUB338 Cy3 5’GCTGCCTCCCGTAGGAGT Amann et al. 

 Bac303 FITC 5’CCAATGTGGGGGACCTT Manz et al. 

 clusters I and II Chis0150 FITC 5’TTATGCGGTATTAATCT(T/C) Franks et al. 
 and relatives)#   CCTTT

Target Probe Label Sequence Reference

All bacteria EUB338 Cy3 5’GCTGCCTCCCGTAGGAGT Amann et al. 

 Bac303 FITC 5’CCAATGTGGGGGACCTT Manz et al. 

 clusters I and II Chis0150 FITC 5’TTATGCGGTATTAATCT(T/C) Franks et al. 

  Poulsen et al. 

 Harmsen et al. 
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from Cilieborg et al.10: 1=no/few colonies, 2=average colonies in the intestinal 
lumen, 3=abundant colonies adhering to the mucosa, and 4=abundant colonies 
invading the bowel wall.  We subsequently investigated the density of the separate 
bacterial species (see Table 1). For both we used the following scoring system: 
0=not present, 1=low density, 2=moderate density, 3=high density. During scoring, 
the assessor was blinded for two categorical groups (NEC versus controls). All 
scoring was performed within 10 crypts per tissue section (thus 2 scores per NEC 
case and 1 score for controls).
The χ2 (chi-square), or Fisher Exact analysis was used for testing differences 
between categorical variables. For testing differences between two continuous 
variables the Spearman rho-test was used. To assess differences between the 
combination of a categorical and a continuous variable the Mann-Whitney U test 
was used. Statistical analyses were performed using the Statistical Package for the 
Social Sciences (IBM SPSS Statistics 21, IBM Corp., Armonk, New York, USA). All 
data are presented as median values with range, unless specifi ed otherwise. Two 
sided p-values less than 0.05 were considered statistically signifi cant. 

Results
Patients
We included 43 surgical NEC specimens and 43 controls. Control infants died due to 
cardio respiratory pathology (28/43; 65%), neurological pathology (8/43; 19%), and/
or genetic disorders (7/43; 16%). In the controls no evidence of intestinal disease 
was present. Age at time of surgery/autopsy was 11 days (4 – 37) for NEC patients 
and 8 days (2 – 37) for the controls. Patient characteristics are presented in Table 2.
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TABLE 2:

Patient characteristics

Bacterial invasion
First we used the universal bacterial FISH probe. In 36/43 (84%) of the most affected 
NEC tissue samples we observed bacteria adhering to the mucosa or invading the 
intestinal wall (FISH score 3 and 4) compared to 30/43 (70%) in the least affected 
NEC tissue samples (p=0.04). In control cases we observed FISH score 3 and 4 in 
8/43 (19%) of the cases (both p<0.001 compared to the NEC cases). 22/43 (51%) 
of the most affected NEC tissue samples scored the maximum FISH score of 4 
compared to 16/43 (37%) of the least affected tissue samples (p=0.03). A maximum 
FISH score occurred in 7/43 (16%) of the controls (both p<0.001). 

Patient characteristics NEC Controls P-value
 n=43 n=43

Sex (male) 25 (58%) 27 (63%) 0.66
Gestational age, days  28 (24 – 39) 29 (24 – 39) 0.41
Birth weight, grams  1142 (650 – 2650) 1235 (560 – 2830) 0.521142 (650 – 2650) 1235 (560 – 2830) 0.521142 (650 – 2650) 1235 (560 – 2830)
Caesarean section  16 (37%) 20 (47%) 0.27
Antibiotic therapy post-partum 31 (72%) 37 (86%) 0.10
Antibiotic therapy >48h post-partum 43 (100%) 38 (89%) 0.03*
Enteral feeding post-partum days  0 (0 – 3) 1 (0 – 3) 0.25
Sort of feeding 
- Exclusively mother’s milk  2 (4.6%) 2 (4.6%) 0.36
- Exclusively formula 19 (44%) 23 (53%) 0.76
- Both 22 (51%) 18 (42%) 0.43
Age at time of collection of intestinal resection material 11 (4 – 37) 8 (2 – 37) 0,966
NEC Bell’s stage 3b 33 (77%) - -
Intestinal perforation 26 (60%) - -
Removed tissue:
- Small intestinal  15 (35%) 15 (35%) 0.91
- Small intestinal and large  intestine  22 (51%) 22 (51%) 0.91
- Large intestine  6 (14%) 6 (14%) 0.91
Positive blood cultures 48h prior and after date 3/37 (8.1%) 8/43 (19%) 0,11
of intestinal resection
Positive peritoneal cultures 18/33 (55%) - -
- Enterobacterieceae 11/18 (61%)
- Staphylococci 3/18 (17%)
- Clostridium spp 1/18 (5%)
- Other 3/18 (17%)
NICU stay, days (range) 31 (4 – 153) - -
Mortality during the acute phase of NEC  12 (28%) - -
Overall mortality 16 (37%) 43 (100%)  -

Values are expressed as median (range) if applicable.
*Statistically signifi cant p < 0.05

Patient characteristics NEC Controls P-value
 n=43 n=43

Sex (male) 25 (58%) 27 (63%) 0.66
Gestational age, days  28 (24 – 39) 29 (24 – 39) 0.41

Caesarean section  16 (37%) 20 (47%) 0.27
Antibiotic therapy post-partum 31 (72%) 37 (86%) 0.10
Antibiotic therapy >48h post-partum 43 (100%) 38 (89%) 0.03*
Enteral feeding post-partum days  0 (0 – 3) 1 (0 – 3) 0.25

- Exclusively mother’s milk  2 (4.6%) 2 (4.6%) 0.36
- Exclusively formula 19 (44%) 23 (53%) 0.76
- Both 22 (51%) 18 (42%) 0.43

 11 (4 – 37) 8 (2 – 37) 0,966
NEC Bell’s stage 3b 33 (77%) - -
Intestinal perforation 26 (60%) - -

- Small intestinal  15 (35%) 15 (35%) 0.91
- Small intestinal and large  intestine  22 (51%) 22 (51%) 0.91
- Large intestine  6 (14%) 6 (14%) 0.91
Positive blood cultures 48h prior and after date 3/37 (8.1%) 8/43 (19%) 0,11

Positive peritoneal cultures 18/33 (55%) - -
 11/18 (61%)

- Staphylococci 3/18 (17%)
 1/18 (5%)

- Other 3/18 (17%)
NICU stay, days (range) 31 (4 – 153) - -
Mortality during the acute phase of NEC  12 (28%) - -
Overall mortality 16 (37%) 43 (100%)  -

Patient characteristics NEC Controls P-value
 n=43 n=43

Sex (male) 25 (58%) 27 (63%) 0.66
Gestational age, days  28 (24 – 39) 29 (24 – 39) 0.41

1142 (650 – 2650) 1235 (560 – 2830)
Caesarean section  16 (37%) 20 (47%) 0.27
Antibiotic therapy post-partum 31 (72%) 37 (86%) 0.10
Antibiotic therapy >48h post-partum 43 (100%) 38 (89%) 0.03*
Enteral feeding post-partum days  0 (0 – 3) 1 (0 – 3) 0.25

- Exclusively mother’s milk  2 (4.6%) 2 (4.6%) 0.36
- Exclusively formula 19 (44%) 23 (53%) 0.76
- Both 22 (51%) 18 (42%) 0.43

 11 (4 – 37) 8 (2 – 37) 0,966
NEC Bell’s stage 3b 33 (77%) - -
Intestinal perforation 26 (60%) - -

- Small intestinal  15 (35%) 15 (35%) 0.91
- Small intestinal and large  intestine  22 (51%) 22 (51%) 0.91
- Large intestine  6 (14%) 6 (14%) 0.91
Positive blood cultures 48h prior and after date 3/37 (8.1%) 8/43 (19%) 0,11

Positive peritoneal cultures 18/33 (55%) - -

NICU stay, days (range) 31 (4 – 153) - -
Mortality during the acute phase of NEC  12 (28%) - -
Overall mortality 16 (37%) 43 (100%)  -

Patient characteristics NEC Controls P-value

Sex (male) 25 (58%) 27 (63%) 0.66
Gestational age, days  28 (24 – 39) 29 (24 – 39) 0.41

 0.52
Caesarean section  16 (37%) 20 (47%) 0.27
Antibiotic therapy post-partum 31 (72%) 37 (86%) 0.10
Antibiotic therapy >48h post-partum 43 (100%) 38 (89%) 0.03*
Enteral feeding post-partum days  0 (0 – 3) 1 (0 – 3) 0.25

- Exclusively mother’s milk  2 (4.6%) 2 (4.6%) 0.36
- Exclusively formula 19 (44%) 23 (53%) 0.76
- Both 22 (51%) 18 (42%) 0.43

 11 (4 – 37) 8 (2 – 37) 0,966
NEC Bell’s stage 3b 33 (77%) - -
Intestinal perforation 26 (60%) - -

- Small intestinal  15 (35%) 15 (35%) 0.91
- Small intestinal and large  intestine  22 (51%) 22 (51%) 0.91
- Large intestine  6 (14%) 6 (14%) 0.91
Positive blood cultures 48h prior and after date 3/37 (8.1%) 8/43 (19%) 0,11

Positive peritoneal cultures 18/33 (55%) - -

NICU stay, days (range) 31 (4 – 153) - -
Mortality during the acute phase of NEC  12 (28%) - -
Overall mortality 16 (37%) 43 (100%)  -
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Bacterial species
In Figure 1 we present the different bacterial species observed. Enterobacteriaceae
were most commonly observed. We observed Enterobacteriaceae in most affected 
NEC tissue samples in 33/43 (77%) cases, in least affected NEC tissue samples in 
32/43 (74%) cases and in controls in 20/43 (26%) cases. We observed high densities 
(density score 3) of Enterobacteriaceae (Figure 1) in the most and least affected NEC 
tissue samples (24/33 (73%) and 18/32 (56%) resp.), which were both signifi cantly 
higher compared to the control tissue samples (7/20 (35%); both p<0.001). A 
density score of 3 of Enterobacteriaceae together with a FISH score of 4 in the most 
and least affected NEC tissue samples was reached in 16/24 (67%) and 7/18 (39%) 
cases respectively. We detected Clostridium spp and enterococci/lactobacilli in 
5/43 (12%) respectively 2/43 (4,7%) of the NEC samples. Both were detected only 
in low numbers (density score 1) and only in the presence of Enterobacteriaceae. 
Clostridium spp and enterococci/lactobacilli were not observed in controls. 
Bacteroides were never detected, neither in NEC samples nor in controls. 

FIGURE 1:

Epifl uorescence micrographs of fl uorescencent in situ hybridized
tissue samples 
A: Bacteria invading the bowel wall (FISH score 4) in a NEC sample hybridized (general 
bacterial probe (EUB338) tagged with Cy3 (red color)), B: Enterobacteriaeceae  
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invading the bowel wall (FISH score 4) in a NEC sample (Enterobacteriaeceae-probe 
tagged with Cy3) C: Clostridium spp (yellow) adhering to the bowel wall (FISH score 
3) in a NEC sample (merging of EUB338-probe (tagged with Cy3) and clostridium 
spp probe (tagged with FITC, green color)). D: Sample with no bacterial colonization 
(FISH score 1) in the control specimens in the intestinal lumen (EUB338 tagged 
with FITC). Magnifi cation: 630 - 1000x. The scale bars represent 20 µm in all the 
micrographs. 

Discussion 
This study set out to investigate the presence of bacterial invasion together with 
the identifi cation of bacterial species within the intestinal lumen adhering to and 
invading into the intestinal wall in surgical NEC specimens compared to controls. 
We hypothesized that we would observe bacteria within the intestinal wall more 
often in more severe NEC cases. Indeed, bacterial invasion in the intestinal wall 
(FISH score 4) occurred signifi cantly more often in highly affected NEC tissue 
samples (51%), compared to least affected NEC tissue samples (37%) or controls 
(16%). This observation suggests that bacterial invasion is associated with the 
degree of intestinal wall injury. Secondly, in the NEC cases we observed high 
densities of Enterobacteriaceae, while we scarcely observed bacteria commonly 
associated with NEC development (such as Clostridium spp and/or Bacteroides). 
This observation suggests an important role for Enterobacteriaceae in the 
progression of disease.

Higher densities of bacteria were observed in the most affected NEC tissue 
samples. Our results are in line with three other studies, namely the study of 
Remon et al.17 Brower-Sinning, et al.18, and Smith et al.19 These three studies also 
observed proteobacteria (to which Enterobacteriaceae belong) in mucosal tissue 
in NEC specimens. However, these studies were limited by sample size. Our study 
adds that we differentiated between highly affected NEC tissue samples and least 
affected NEC tissue samples, and thereby included control samples of patients 
without (proven) intestinal abnormalities.

While we observed signifi cant more bacterial invasion in highly affected NEC 
tissue samples (51% of the cases) compared to least affected, in still a noteworthy 
percentage of the latter bacterial invasion was observed (37% of the cases). This 
observation suggests that bacterial invasion might be more prevalent during the more 
advanced stages, but can also be present in less affected tissue. We also detected, 
surprisingly, bacterial invasion into the intestinal wall in 16% of the control specimens. 
This fi nding could be due to the process of dying due to underlying cardio respiratory, 
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neurological, and/or genetic disorders, even in the absence of pathological fi ndings 
of the gastro-intestinal tract. We do not believe that bacterial colonization within the 
intestinal wall occurs in the ‘healthy’ preterm infant, although literature on this issue 
is non-existent. Therefore, with our fi ndings it is plausible that bacterial invasion in 
the intestinal wall can be considered as a complication of the vulnerable preterm 
intestine, even in infants without evident gastrointestinal abnormalities.  Whether this 
has any pathophysiological consequences is as yet unknown.

Surprisingly, we scarcely observed bacteria associated with NEC development, such 
as Clostridium spp or Bacteroides.8,9,20 McMurtry, et al.5 reported that abundance of 
clostridia decreased as the severity of NEC increased. This is in line with the present 
series – all consisting of severe, i.e. surgical NEC cases. A possible explanation for 
this observation is the following. Clostridium spp (including C. perfringens) might 
decrease gut wall integrity via the production of α-toxins. This in turn could lead 
to the infl ammation leading to NEC.9,20–22 As a result of the infl ammation, oxidative 
stress is induced by reactive oxygen species (ROS), resulting in an environment in 
which Clostridium spp can hardly survive.20–22 Enterobacteriaceae include versatile 
species that derive energy for growth from aerobic or anaerobic nitrate respiration 
or from fermentation.23,24 Enterobacteriaceae are therefore resistant against nutrient 
variation as well as oxidative stress and can survive in a highly infl amed and necrotic 
intestine, which is seen during NEC.25 This phenomenon is also described in the 
pathogenesis of Crohn’s disease, where activated neutrophils infi ltrate the intestinal 
wall and produce ROS, leading to oxidative stress in which Enterobacteriaceae
survive.5,11,26 We speculate that Enterobacteriaceae invade the bowel wall during 
NEC development and further aggravate the already present infl ammation. The 
reason that we did not observe lactobacilli is probably because Lactobacilli have 
only been identifi ed in samples from children with a gestational age greater than 33 
weeks and our cohort was signifi cantly younger than that.27,28

While we observed high abundances of Enterobacteriaceae in the NEC samples, 
also a fair percentage of the controls were colonized with high densities of 
Enterobacteriaceae (35%with density score 3). We speculate that intensive antibiotic 
treatment in preterm infants might explain the abundances of Enterobacteriaceae in 
both groups. Tanaka, et al.29 demonstrated that antibiotics do not clear the intestinal 
microbiota in infants but reduce the overall diversity of bacterial species. A more 
intensive antibiotic use reduces the diversity of bacterial species and increase the 
domination of Enterobacteriaceae.5,30 In a study previously conducted at our center9

we also observed high abundances of enterobacteriaceae in feces samples during 
the fi rst days of life in both preterm infants who developed NEC and controls. 
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Most studies focusing on bacterial colonization during NEC is performed with 
the use of fecal samples and/or animal experiments. Only three studies analyzed 
bacterial colonization within the intestine or the intestinal wall.17–19 In the current 
study we differentiated between highly affected and least affected tissue of the NEC 
specimens to be able to study bacterial invasion within the extent of mucosal damage 
within the same child. We also included a control group matched to gestational 
age, birth weight, and postmenstrual age. It would be helpful to investigate the 
bacterial population present in these tissue samples in more detail. Unfortunately, 
the formalin-fi xed paraffi n embedded NEC tissues did not allow us to perform 16S 
sRNA sequencing reliably. Therefore, we were able to assess only a limited selection 
of bacterial populations. While Enterobacteriaceae dominated the specimens, it is 
possible that we missed other bacterial families that were not assed in the study. Of 
note, the retrospective nature of this study, in which the intestinal resection material 
was exposed to oxygen before fi xation and was preserved before usage for study 
purposes, could have infl uenced our results. Future prospective studies should 
focus on bacterial identifi cations and measurement of oxidative stress directly after 
intestinal resection due to NEC.

In conclusion, we observed bacterial invasion into the intestinal wall in the majority 
of the most affected NEC tissue samples. Bacterial invasion also occurred in the 
least affected NEC tissue samples and, to a lesser extent, in the control samples. 
While we scarcely observed potential bacteria associated with NEC (Clostridium
spp and Bacteroides), we did observe high densities of Enterobacteriaceae. 
While other pathogenic bacteria (such as C. perfringens and B. dorei) might be B. dorei) might be B. dorei
associated with NEC development, Enterobacteriaceae might have an important 
role in disease deterioration by invading the intestinal wall and aggravating the 
infl ammation. Further research should investigate the exact relation between 
invasion with Enterobacteriaceae and NEC progression. When indeed, invasion with 
Enterobacteriaceae is linked with NEC progression, there might be an important role 
for targeted antibiotics during NEC.
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Necrotizing enterocolitis (NEC) is the most lethal gastrointestinal disease in neonatal 
care.1 NEC is a complex disease involving among others bacterial invasion, 
infl ammation, and necrosis of immature intestinal tissue.2 Despite improvements in 
neonatal care and extensive research regarding NEC, the disturbing reality is that the 
overall incidence and survival of infants with NEC has not changed in the past quarter 
of a century. Treatment options are still limited and, unfortunately, we are still unable 
to predict which infant will develop NEC. This statistic is most probably a refl ection of 
an incomplete understanding of the etiology and pathophysiology of NEC.2,3

The contributing factors in the pathophysiology of NEC are extensively discussed 
in the introduction section of this thesis. In brief, the key factor contributing to NEC 
is prematurity.1 The ontogenesis of the gastrointestinal wall and the immune system 
starts during the fi rst trimester of pregnancy and is correlated with gestational 
age (GA).4–15 In term infants, an ideal balance of the defense mechanisms of the 
immune system within a mature intestine should protect the host from invading 
pathogens across a broad range of conditions, such as NEC.15,16 In preterm infants 
the gastrointestinal tract and immune system are not fully developed yet.15,16

For example, preterm infants have looser/disrupted tight junctions (TJs), which 
increase the intestinal permeability. They have an exaggerated immune responses 
(via toll-like receptors (TLRs) and paneth cells (PCs)) resulting in an elaborate 
infl ammation.1,17 Also, the intestinal perfusion in preterm infants is impaired due to 
an immature vasculatory regulation, with higher chances on intestinal hypoxia and 
ischemia.1,17 Finally, the intestinal microbiota differs in preterm infants compared 
to term infants, with dysbiosis (microbial imbalance), higher amounts of lactate 
producing bacteria, and a higher susceptibility of invasion with opportunistic and/
or pathogenic bacteria.1,17 Hence, the vulnerable preterm infant, with its immature 
intestine and immune system, is at high risk for invasion of pathogens contributing 
to the development of NEC.

Currently, strategies to predict, prevent and diagnose NEC are limited.18 It would be 
unlikely that strategies to prevent NEC will be successful unless the pathophysiology 
of the disease is better understood. Understanding the intestinal barrier function, 
the intestinal perfusion and intestinal bacterial colonization in preterm infants (at risk 
for NEC) might lead to a better understanding of the underlying pathophysiology of 
NEC.19 Therefore, the main goal of this thesis was to increase our knowledge about 
the underlying pathophysiology of NEC, focusing in particular on the role of the 
intestinal barrier function, intestinal perfusion, and the intestinal microbiota.  
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Epidemiology
NEC occurs primarily in preterm infants.20 When the GA and birth weight (BW) 
decreases, the incidence of NEC will increase.21 The lower the GA, the later this 
condition occurs after birth, with a peak incidence at a postmenstrual age (PMA) of 
29-33 weeks.22 Overall, large multicenter and population based studies estimate the 
incidence of NEC in very low BW infants (BW<1500 grams) between 7 and 11%.17,23–

25 However, the incidence of NEC vary across NICUs and countries.26 In chapter 2
we describe our epidemiological fi ndings derived from a retrospective cohort study 
in three academic referral centres in the Netherlands between 2005 and 2013. 
Between 2005 and 2013 a total of 14.161 infants were admitted at one of the three 
participating (neonatal intensive care units) NICUs, of which 441 infants (3.1%) were 
diagnosed with NEC. We observed a signifi cant increase in the incidence of NEC 
starting at 2.1% in the period of 2005-2007 to 3.9% in 2008-2010 and 3.4% in 
2011-2013 of all NICU admissions. The increase was primarily the result of the 
increased incidence of NEC in the extreme preterm group (GA <28weeks): from 
6.4% in 2005-2007 to 16% in 2008-2013. The percentage of infants admitted to the 
NICU at a GA of 24- and 25 weeks increased (from 1.7% to 3.4%) and we observed 
the highest increase of NEC cases in this group (from 2.5% in 2005-2007 to 5.3% 
in 2008-2010, to 6.8% in 2011-2013).  
We offer two explanations for the increase of incidence of NEC during the 
last decade. First, the incidence of NEC might be increased due to the revised 
management of preterm infants in which infants born at 24 weeks of gestation 
are actively treated since 2010. Second, the increased incidence of NEC might be 
caused by an improved early survival of extremely preterm infants which otherwise 
would not have reached the age at which NEC typically presents (PMA of 29-33 
weeks).27 Either way, the increase in incidence of NEC as presented in chapter 2
emphasizes the importance of research on NEC.

Treatment & mortality
We observed that 30-day mortality of NEC decreased between the period 2005-
2007 (41%) and the period 2008-2010 (29%) in the three NICUs in the Netherlands 
(chapter 2). After 2010 the 30-day mortality of NEC did not signifi cantly change 
(2011-2013: 33%; chapter 2) in these three centres. This is comparable with 
numbers on 30-day mortality for NEC stated in the literature.1
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Despite the high mortality of NEC, there are still no adequate treatment strategies. 
We observed that after 2005 there were no major changes implemented in the 
non-surgical therapy of NEC in the three academic referral centres as described 
in chapter 2. We did observe that treatment using peritoneal drainage decreased 
in the last nine years (chapter 2). Peritoneal drainage is seen as a temporary 
intervention to stabilize the critically ill infant and as a defi nite therapy in a small 
amount of patients.1,28 The last years there is an on-going debate about the use 
peritoneal drainage in infants with NEC.27 In our cohort (chapter 2) we observed that 
peritoneal drainage was associated with increased 30-day mortality. We speculate 
that this increase in mortality is primarily the result of the use of peritoneal drainage 
as a temporally solution in patients who are too instable for surgery instead of the 
result of peritoneal drainage itself. 

The need for surgical interventions decreased in our cohort. Between 2005 and 
2007 53% of the patients needed surgery, compared to 29% between 2011 and 
2013 (chapter 2). This percentage is comparable with the literature in which a 
percentage between 20 and 40% is stated for surgical interventions for NEC.1 While 
we hypothesized that this trend was incited by an increase of extremely preterm 
infants with NEC – a population in which healthcare workers remain very reticent 
with surgical interventions – we did not observe a signifi cant decrease of infants 
who underwent surgery in the group of extremely preterm infants in our cohort.  

Pathophysiology
The main goal of this thesis was to increase our knowledge about the underlying 
pathophysiology of NEC, focusing in particular on the role of the intestinal barrier 
function, intestinal perfusion, and the intestinal microbiota. We investigated 
components of the intestinal barrier function by studying PCs, interleukin-8 (IL-
8), and mucosal damage via intestinal fatty acid-binding proteins (I-FABPs). 
The intestinal perfusion was investigated via near infrared spectroscopy (NIRS) 
monitoring. The intestinal microbiota was investigated via the identifi cation of 
bloodstream infections (BSIs), the intestinal microbiota prior to NEC development 
and bacterial invasion of the intestinal wall during surgical NEC. In Figure 1 and 2 
we present the key fi ndings of this thesis. 



C
H

A
P

TE
R

 9

163

FIGURE 1:

Key fi ndings of this thesis implemented in the multifactorial model of NEC
Abbreviations: Intestinal fatty acid-binding protein: I-FABP, human defensin: HD5, 
fractional tissue oxygen extraction: FTOE, necrotizing enterocolitis: NEC. 
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TABLE 2:

Key fi ndings of this thesis regarding temporal aspects of NEC development
Abbreviations: Intestinal fatty acid-binding protein: I-FABP, human defensin: HD5, fractional 
tissue oxygen extraction: FTOE, necrotizing enterocolitis: NEC, Paneth cells: PCs.

Intestinal barrier  
The gastrointestinal system is unique because its close interaction between the single 
epithelial lining, the immune system and the intestinal microbiota.29 The intestinal barrier of 
the preterm infant is inherently fragile with increased permeability and an immature immune 
system.30 The preterm intestinal barrier with an increased intestinal permeability has the 
advantage to allow passage of important macromolecules from amniotic fl uid or breast 
milk.31 The disadvantage of this immature intestinal barrier is the increased vulnerability 
to environmental threats and/or internal stressors, such as hypoxia and/or ischemia and 
intestinal colonization with pathogenic bacteria, which could lead to NEC.29,30

Contrariwise, disruption of the intestinal epithelial barrier decreases intestinal 
barrier integrity and makes bacterial invasion possible. This is thought to be an 
early event in the pathogenic cascade of NEC.29,32,33 The infl ammatory response 
of the intestinal barrier can be triggered by either commensal, opportunistic, or 
pathogenic bacteria.34 Whether loss of intestinal barrier function precedes NEC or 
is the consequence of intestinal injury in NEC remains unknown.35

In the present thesis we focused on the immature immune system and intestinal 
barrier integrity. First the main fi ndings of the thesis will be discused and next we 
provide some future perspectives. 

Key fi ndings

Before NEC onset Early NEC Severe NEC

Abundance of PCs increase after 37 Increased I-FABP levels are Splanchnic FTOE levels
weeks GA. Starting from 29 weeks, the associated with NEC increase and I-FABP levels
secretion of HD5 by PCs increases signifi cantly.  development decrease in complicated NEC

C. perfringens and B. dorei are associated Increased IL-8 levels are Bacterial invasion isB. dorei are associated Increased IL-8 levels are Bacterial invasion isB. dorei
with NEC development already in associated with associated with the degree
the meconium NEC development of affected surgical
  NEC tissue

Staphylococci protect the preterm infant The incidence of bloostream Enterobacteriaceae
against NEC development infections is relatively low (26%) dominate in surgical
 during the fi rst 24h of NEC NEC specimens
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Enterocytes
Enterocytes constitute the most abundant epithelial cell type.32 As current evidence 
supports, enterocyte damage is not primarily causing NEC, but is part of a vicious 
cycle of infl ammation-infl icted epithelial damage.36 Opportunistic and/or pathogenic 
bacteria can interact with specifi c apical surface receptors on the enterocytes. 
This interaction triggers a response that induces overexpression of infl ammatory 
cytokines, causing an (exaggerated) infl ammatory response in the preterm gut 
resulting in NEC.37 This infl ammatory response damages the vulnerable enterocytes 
during NEC, causes decreased intestinal barrier integrity resulting in progression 
of the disease.37 Intestinal fatty acid-binding proteins (I-FABPs) are small proteins 
released immediately after enterocyte damage from the enterocytes. I-FABPs are 
a marker for loss of intestinal barrier integrity due to mucosal damage in infants 
with NEC.38,39 Chapter 4 describes an increase of I-FABP levels during early NEC 
(the fi rst 48hours after onset of disease), suggesting that loss of intestinal barrier 
integrity is already present in the early phase of NEC. We observed, however, in 
chapter 6 that intestinal barrier integrity was not severe enough to allow bacterial 
translocation during the fi rst 24 hours after NEC onset. When NEC progresses 
we observed that I-FABP levels correlated with the extent of mucosal damage 
(chapter 5), suggesting that intestinal barrier integrity plays a pivotal role in NEC 
progression. We speculate that loss of intestinal barrier integrity is already present 
during early NEC, but is not severe enough to allow bacterial translocation into the 
bloodstream. However, it is plausible that loss of intestinal barrier integrity is severe 
enough to allow bacterial translocation into the intestinal wall itself, triggering the 
intestinal immune system to an exaggerated immune response in the intestine. Loss 
of intestinal barrier integrity progresses concurrently with NEC progression.
  
Tight junctions
The intestinal epithelium comprises tight junctions (TJs), that seal the intercellular 
spaces between the enterocytes, thus forming a barrier for bacteria and most 
macromolecules.40  TJs get steadier by term gestation.40,41 Thereby, fermentation 
products of commensal bacteria have been shown to enhance the intestinal barrier 
function by facilitating the assembly of TJs through the activation of AMP-activated 
protein kinase.42 Preterm infants have a lower bacterial diversity compared to 
term infants.40,41 A lower bacterial diversity means a lower amount of fermentation 
products of bacteria which normally strenghten the TJs, therefore resulting in looser 
TJs between the enterocytes. Looser TJs results in the loss of intestinal barrier 
integrity. Thuijls et al.43 observed increased claudin-3 levels, a marker for loss of 
TJs, during early NEC compared with infants without NEC. Therefore, we speculate 
that loss of intestinal barrier integrity due to immature TJs could play an initial role 
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in allowing bacterial translocation contributing to NEC development. During NEC 
an excessive infl ammatory reaction can cause intestinal damage aggravating the 
intestinal barrier loss.  
TJ functioning is infl uenced by the intestinal microbiota.35,44 For example, an abnormal 
intestinal microbiota (such as colonization with gram-negative bacteria) triggers 
lipopolysaccharide (LPS) expression which affects the TJ protein function, resulting 
in loose and/or disrupted TJs.35,44 Contrariwise, lactobacilli and bifi dobacteria are 
examples of bacteria that up-regulate the expression of TJ proteins, improving the 
intestinal mucosal barrier function signifi cantly.45

The immune system contributing to the intestinal barrier
The immune system plays an important role in maintaining the intestinal barrier 
function, and possibly contributes to NEC development. Little is known when 
each of the respective aspects of the immune system matures normally in utero 
in humans and what the consequences of preterm birth are on these processes.15 

Fetuses have limited exposure to antigens in utero, so their adaptive immunity is 
hardly induced.46 Therefore they are heavily dependent on their innate immune 
system.46 However, preterm infants also display markedly impaired innate immune 
functions.15 The fetal innate immune response progressively matures in the last 
three months in utero.47  The innate immune system of preterm infants have a 
smaller pool of monocytes and neutrophils, impaired ability of these cells to kill 
pathogens, and lower production of cytokines which limits T-cell activation and 
reduces the ability to fi ght bacteria and detect viruses in cells, compared to term 
infants.47 Contrariwise, observations in animal models of NEC and in human fetal-
cell cultures have suggested that the fetus and preterm infant have an excessive 
infl ammatory response to luminal microbial stimuli.22 This excessive infl ammatory 
response can cause damage to the intestinal barrier. Via this thesis we cannot 
answer the question whether the incapacity of the immature immune system to 
provide an adequate immune response results in infection of the intestine or whether 
the excessive infl ammatory response results in infl ammation of the intestine. The 
infl ammatory response in NEC should be further investigated to answer the exact 
relation between the immune system and NEC.

Recently, the knowledge about several signaling pathways has been expanded, 
including Notch, Wnt/ß-catenin- and TLR signaling, regulating the differentiation 
of the intestinal epithelium (such as enterocytes, PCs, and goblet cells).48–51 TLR4, 
PCs, and goblet cells are important components of the immune system involved 
in maintaining the intestinal barrier function. TLR4 detect pathogens close to the 
intestinal surface and produce pro-infl ammatory mediators.30,52 PCs are unique to 



C
H

A
P

TE
R

 9

167

the small intestine and secrete abundant quantities of antimicrobial proteins, such 
as human defensin-5 (HD5).3,32,53,54 Goblet cells secrete mucin glycoproteins and 
trefoil factors that assemble to form a thick mucus layer overlying the epithelium.32

There are – generally speaking - two hypotheses why cell differentiation is important 
in the pathophysiology of NEC. In the fi rst hypothesis an altered differentiation of 
epithelial stem cells leads to an abnormal composition of the epithelial lining of the 
intestine prone to increased intestinal wall permeability and an altered intestinal 
immune response, making the preterm infant prone for development of NEC.44,55

In the second hypothesis the developmental role for TLR4 switches to a pro-
infl ammatory role due to its interaction with colonizing microbes, leading to the 
development of NEC.49,51,56 Arguments pro and contra these hypotheses cannot be 
derived from our study results and should be a topic of interest for future research. 

Toll like receptor 4 (TLR4)
TLR4 is a toll-like receptor which is responsible for the proliferation and differentiation 
of epithelium out of intestinal epithelial stem cells (by infl uencing the Notch and Wnt/
ß-catenin signaling pathways) and for the activation of the innate immune system by 
recognizing, among others, LPS.47,48,50,51,57 The expression of TLR4 in the intestinal 
lining increases during embryonic development and decreases signifi cantly after 
(term) birth.51 This mechanism might explain the preponderance of NEC in preterm 
infants, as the expression of TLR4 is still high in preterm infants. 

TLR4 expression has been suggested to play a crucial role in the development of 
NEC.57 TLR4 are involved in maintaining the intestinal barrier function, and exaggerated 
TLR4 signaling – as is observed in mouse and human NEC – could lead to disease 
development by disrupting the intestinal barrier.57 TLR4 detects pathogenic bacteria 
nearby the intestinal surface. When TLR4 is activated by pathogenic bacteria it induces 
different infl ammatory mediators, such as the infl ammatory cytokine IL-8.30,52 IL-8 cause 
increased production of acute-phase proteins in the intestine as seen in NEC and fi nally 
induce ischemia and necrosis.58–60 TLR4 activation leads to a signifi cant loss of intestinal 
barrier integrity due to a profound increase in enterocyte apoptosis, which leads to 
mucosal disruption.48,57,61,62 Expression of TLR4 within the intestine normally drops 
precipitously at the time of full term birth, while factors that are associated with NEC 
development – including prematurity, hypoxia and the exposure to high concentrations 
of LPS – signifi cantly increase TLR4 expression within the intestinal epithelium.50 While 
we did not focus on the TLR4 expression in this particular thesis, we observed an 
increase in IL-8 expression during early NEC (chapter 6). This suggests an increased 
TLR4 expression during early NEC. IL-8 has earlier been identifi ed by Benkoe et al.58
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as an useful marker for the excessive infl ammatory response specifi c for NEC induced 
by TLR4. Numerous (animal) studies focus on the role of TLRs in the pathophysiology 
of NEC and the possibility of developing methods to reduce TLR4 signaling as method 
to prevent NEC.63–66

Paneth cells (PCs)
PCs might be important in the underlying pathophysiology of NEC. In the preterm gut, 
the immature PCs with their secretion of defensins might contribute to an excessive 
infl ammatory response as observed in NEC.67 Despite the hypothesis that PCs are 
involved in the pathophysiology of NEC, little is known about PC presence and functioning 
in the developing human intestine and the exact relation with NEC. In chapter 3 we 
focus on when PCs arise and when they become immune competent during human 
gestation. We observed that the number of PCs increase rapidly when infants became 
term (GA 37 weeks). However, starting from 29 weeks of gestation we observed a rapid 
increase in immune competent PCs (HD5 expression), which corresponds with the peak 
incidence of NEC at a PMA of 29-33 weeks. While we analyzed fetal and neonatal ileum 
tissue without gastrointestinal abnormalities, the fi ndings do emphasize the possible 
role for PCs in the underlying pathophysiology of NEC. 

The current hypotheses on the role of PCs in NEC development PCs are based 
on either depletion of PCs, increased immune activity of PCs, or dysfunctioning of 
PCs.21,67–69 In the fi rst hypothesis it is suggested that there is a relative defi ciency 
of (immune competent) PCs at a low GA.53,56 This defi ciency could lead to a limited 
protection against opportunistic bacteria involved in NEC development.53,56 The 
results described in chapter 3 suggest that we have to reject this hypothesis, 
because we observed a signifi cant increase of immune competent PCs during 
gestation and not depletion. In the second hypothesis the secretion of antimicrobial 
peptides by the PCs might be over-activated in the immature immune system 
leading to an overwhelming infl ammatory response.3,57,70 This infl ammatory 
aggravation could lead to increased intestinal damage, bacterial dysbiosis and 
reduced epithelial repair which could lead to the development of NEC.3,57,70 With our 
results one could speculate that the rapid increase of defensin expression around 
a GA of 29 weeks (which mimics the rise of incidence of NEC during a similar 
PMA), colonization with opportunistic pathogens, and a still immature intestine 
could trigger NEC development. The last hypothesis includes dysfunction of PCs 
by environmental stressors, i.e. dysfunction of PCs may be an early event that 
predisposes the preterm infant to NEC by inducing bacterial dysbiosis.3,71,72 This 
hypothesis was not tested in this thesis and should be of interest in future research. 
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Hypoxic-ischemic mechanisms
An impaired intestinal perfusion can be measured using near infrared spectroscopy 
(NIRS).73 NIRS measurements represent the oxygen uptake in tissue and is referred 
to as regional tissue oxygen saturation (rSO2).74 When the transcutaneous arterial 
oxygen saturation (SpO2) is measured simultaneously, the fractional tissue oxygen 
extraction (FTOE) can be measured.73 FTOE refl ects the balance between tissue 
oxygen supply and tissue oxygen consumption and might therefore be an early 
indicator of impaired tissue perfusion.73,74 Since the technical aspects of NIRS are 
beyond the scope of this thesis, we refer to other articles discussing the techniqual 
aspects of NIRS in detail.75–86 Limitations of intestinal NIRS  measurements are 
the infl uence of peristalsis, gut movements, air and stools, which complicate the 
interpretation of intestinal NIRS values.79,87 Therefore, research focusing on the 
feasibility of NIRS should be continued. 

Impaired intestinal perfusion, resulting in intestinal ischemia, seems important in 
the development of NEC.73,88 Yet the timing of this ischemic insult remains unclear. 
An ischemic insult could be the primary inciting factor for NEC develolopment.73

Conversely, intestinal ischemia could play an secondary role if it emerges after the 
infl ammatory cascade in NEC.73 While it is not possible to clearify the timing of 
the ischemic insult with the results of this thesis, a previous study conducted in 
our center did. Schat et al.74 demonstrated that preterm infants who developed 
NEC had higher intestinal FTOE values two days prior to NEC onset, suggesting 
that impaired intestinal perfusion is present before the clinical onset of NEC. This 
could plead for an impaired intestinal perfusion as a contributing factor for the 
development of NEC. Wether an impaired intestinal perfusion was an inciting factor 
for NEC development still remains unrevealed. 

We offer the following explanation for the contribution of an impaired intestinal 
perfusion for the development of NEC. The infant experiences multiple prenatal 
stressors – such as hypoxia, hypoperfusion, enteral feeding – resulting in an increase 
of the pro-infl ammatory response and an impaired endothelial functioning. This pro-
infl ammatory response and an impaired endothelial functioning results, in turn, in 
an impaired intestinal perfusion. An impaired intestinal perfusion may result in an 
hypoxic-ischemic state of the tissue, which may further decrease intestinal motility, 
increase overgrowth of (opportunistic/pathogenic) bacteria, further predisposing 
the infant to intestinal damage and irreversible necrosis.28,89

In chapter 4 of this thesis we gave a proof of concept that an impaired intestinal 
perfusion is present during the whole course of the disease. We simultaneously 
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studied I-FABP levels, the marker for intestinal damage, and FTOE values, which 
refl ects the balance between tissue oxygen supply and tissue oxygen consumption. 
We observed in chapter 4 that the initial FTOE starts much higher for the 
complicated NEC cases and stayed high for at least 24 hours before going down. 
Uncomplicated NEC cases start with a lower FTOE which increased during the 
fi rst 24-36 hours. I-FABP levels decreased in the uncomplicated and complicated 
cases, representing – most likely - healing of the mucosa and complete destruction 
of the mucosa, respectively (chapter 4).90,91 In chapter 5 we support the hypothesis 
that initially high I-FABP levels are associated with the extent of intestinal necrosis 
via the observation that initial I-FABP levens correlated with the extent of necrotic 
bowel in the surgically treated infants. The combination of FTOE and I-FABP values 
thus gives insight in the pathological events, representing a progression or recovery 
of the intestinal ischemia during early NEC with progression of the disease severity 
in the complicated NEC cases. 

Preterm infants are more vulnerable to intestinal ischemia because their system for 
regulating vascular resistance is immature. Vascular resistance is an important factor 
involved in the autoregulation of blood fl ow, which is the ability of an organ (such as the 
kidneys, cerebrum, and heart) to maintain a consistent blood pressure despite negative 
or positive infl uencing factors.92–95 At the same moment, the blood fl ow is preferentially 
diverted to the most vital organs, such as the heart and brain, rather than less vital organs 
(including the intestine), also causing hypoxia in the intestine. In chapter 4 we observed chapter 4 we observed chapter 4
strong associations between cerebral FTOE values and mucosal damage (I-FABP 
levels), which might be a refl ection of an impaired autoregulation and/or an unequally 
distributed blood fl ow to the organs.92–94 We were not able to differentiate whether an 
impaired cerebral perfusion is the initiating mechanism in the pathophysiology (via 
cerebrovascular autoregulation and/or an unequally distributed blood fl ow) or is the 
result of a critical disease in the preterm infant. 

Bacterial colonization
Bacterial colonization prior to NEC development
The normal intestinal microbiota is necessary for the protection against infection, 
tolerance of feeding, and the contribution to nutrient digestion and energy harvest.32

In addition, enteral feeding and colonization with the normal commensal bacteria are 
necessary for the maintenance of intestinal barrier integrity. Intestinal commensal 
bacteria also provide signals that foster normal immune system development 
and infl uence the ensuing immune responses.32 It is not surprising that an altered 
intestinal microbiota contributes to the pathophysiology of NEC.
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Preliminary studies using molecular methods to evaluate fecal microbiota suggest 
that NEC is associated with both unusual intestinal microbial species and overall 
reduction in the diversity of microbiota.22 In chapter 7 we investigated in a case-
control study the intestinal microbiota prior to NEC development. We observed 
a lower bacterial diversity in both NEC cases and in controls. We suggest that a 
decreased microbial diversity in combination with alterations in microbial species 
may reduce the colonization resistance, which normally offers protection against 
invasion of possible pathogenic bacteria.22,96,97 Hence, an inappropriate microbiota 
does not alone induce NEC, but possibly the presence and abundance of C. 
perfringens and B. dorei are involved in pathophysiology of NEC, together with B. dorei are involved in pathophysiology of NEC, together with B. dorei
intestinal insults such as ischemia and hypoxia.97

Despite decades of extensive research (even with the availability of DNA-based 
high-throughput detection techniques), no consistent single microbial species 
contributing to NEC development has been identifi ed. Enterobacteriaceae, 
Clostridium spp, Klebsiella spp, Bacteroides, and enterobacter spp have been 
previously related to NEC.1,98,99 The exact role of the bacterial involvement in NEC 
remains elusive. Thereby, the question whether an acute bacterial insult initiates 
NEC or an altered intestinal microbiota makes the infant more vulnerable for NEC 
is still questionable. Chapter 7 sheds new light on this debate. In chapter 7 we 
describe a NEC-associated microbiota (with the presence of C. perfringens and B. 
dorei) already in the meconium of infants who developed NEC later in life. Therefore, dorei) already in the meconium of infants who developed NEC later in life. Therefore, dorei
we speculate that NEC is not an acute bacterial insult, but rather it is an altered 
intestinal microbiota together with a low bacterial diversity that contributes to the 
development of NEC later in life. 

While C. perfringens has been associated with NEC development before100–104, only 
de La Cochetière et al.105 also suggested a signifi cant relationship between early 
colonization by Clostridium spp and development of NEC. C. perfringens harms the 
immature intestine by producing alpha-toxins. In addition, we are the fi rst to describe the 
association between B. dorei in meconium and subsequent NEC development. Thereby, B. dorei in meconium and subsequent NEC development. Thereby, B. dorei
we found the striking association between abundances of B. dorei in meconium and 
mortality. Bacteroides generally behave as a normal anaerobic (benefi cial) commensal 
bacteria in the human gut, but they are also known to cause severe pathology with their 
ability to infl uence the immune system.106 Unfortunately, the exact mechanism behind 
colonization with B. dorei and NEC development remains elusive. B. dorei and NEC development remains elusive. B. dorei

Whereas C. perfringens and B. dorei are NEC-associated bacteria, we observed B. dorei are NEC-associated bacteria, we observed B. dorei
staphylococci and, in a lesser extent, streptococci as protective for the development of 
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NEC (chapter 7). Staphylococci and streptococci were more abundant in patients who 
did not develop NEC when compared with patients who did develop NEC. Staphylococci 
and streptococci are both lactate producing bacteria. La Rosa et al.,107 observed that 
these bacteria are primarily found in the earliest weeks of life.108 Staphylococci and 
streptococci may have a similar protective mechanism as bifi dobacteria and lactobacilli. 
Bifi dobacteria and lactobacilli are stimulated by breast milk and are often thought to 
provide protection against NEC development. These bacteria provide protection by 
lowering the pH via the production of lactate and thereby hampering the growth of 
opportunistic and/or pathogenic bacteria, such as C. perfringens. 

Still it is surprising why we did not fi nd bifi dobacteria and lactobacilli as protective 
bacteria against NEC development in our cohort. An explanation for this is because 
bifi dobacteria and lactobacilli are usually only seen in fecal sampling after a GA 
greater than 33 weeks.109–112 Their presence increases with GA, suggesting that 
there may be GA thresholds for colonization with certain microbes.109–112 Our cohort, 
as described in chapter 7, was signifi cantly younger than a gestation of 33 weeks, 
and we observed that lactate producing bacteria – instead of bifi dobacteria and 
lactobacilli – were stimulated by breast milk and negatively associated with NEC 
development. Based on the present data we might therefore speculate that in infants 
with a GA below 33 weeks staphylococci in particular are capable of taking over the 
bacterial niche of the still largely absent bifi dobacteria. As such staphylococci might 
also offer the same protection as bifi dobacteria do later in life.

It is important to know when bacterial colonization in the intestine starts, to 
determine wherefrom the intestinal bacteria in the meconium originate. Previously it 
was thought that the in utero environment was largely sterile and that a fetus was not 
colonized with bacteria until the time of birth.113–115 Recently it has been suggested 
that the colonization process can begin before delivery.113,115–118 The mechanism 
behind this pre-delivery colonization is not yet revealed. With the present study 
described in chapter 7, we share the hypothesis that (yet unrevealed) factors during 
the fi rst days of life or even in utero infl uence the formation of a healthier or a more 
NEC-associated microbiota. A future prospective study should collect maternal 
stool samples, placenta material/amniotic fl uid, and mother’s milk for analysis to 
identify the origins of the colonizing strains. 

In chapter 7 we also investigated whether several maternal- and neonatal factors 
are involved in the formation of the intestinal microbiota. We only found that the 
infant’s feeding regime was associated with the intestinal microbiota in relation to 
NEC development. We observed an association between early enteral nutrition, 
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especially in the form of mother’s milk, and increased abundances of (protective) 
lactate-producing bacteria in post-meconium samples. With the data in this thesis 
we support the hypothesis that both early enteral nutrition after birth and mother’s 
milk play a pivotal role in protecting the intestine against development of NEC.32,119–

122 Early commencement of enteral nutrition and subsequently predominantly giving 
mother’s milk likely stimulates lactate producing bacteria in infants with a low GA in a 
similar way as mother’s milk normally stimulates bifi dobacteria in term infants.108–110

Bacterial colonization during NEC  
In chapter 6 we investigated whether bloodstream infections (BSIs) during early 
NEC (24h prior and 24h after NEC) precede loss of intestinal barrier function, or 
whether BSIs occur when there already is a loss of intestinal barrier integrity. We 
observed a low incidence of BSIs in NEC patients during early NEC, which was 
in agreement with the studies of Bizzarro et al.,123 and Cole et al.124 Thereby, we 
did not fi nd a relation between BSIs and the pro-infl ammatory response induced 
during NEC (IL-8) nor with loss of intestinal barrier integrity due to mucosal damage 
(I-FABP).  The absence of an association between BSIs and the pro-infl ammatory 
response (measured via IL-8) suggests that BSIs do not initiate the pro-infl ammatory 
response contributing to NEC. Secondly, we suggest that in the early phase of 
NEC the assumed loss of intestinal barrier integrity due to mucosal damage is not 
severe enough to allow bacterial translocation to the systemic circulation. However, 
this could still be true during the later phases of the disease. Hence, the bacterial 
translocation within the intestinal wall can be suspected during early NEC. It is 
important to note that loss of intestinal barrier integrity could also occur via the loss 
of TJs between the enterocytes. In this thesis we did not investigate other markers 
for loss of intestinal barrier integrity, such as claudin-3. We speculate that BSIs do 
not precede NEC and play a complementary role during early NEC development.

In chapter 8 we investigated the identity and abundance of bacteria invading 
the intestinal wall in resection specimens of surgical NEC patients. We observed 
bacterial invasion within the intestinal in the most affected tissue samples in 51% 
of the cases, comparable with 36% in least affected NEC tissue samples. This 
fi nding suggests that the degree of bacterial invasion is associated with the degree 
of intestinal damage. While we scarcely observed bacteria potentially associated 
with NEC (Clostridium spp and Bacteroides), we did observe high densities of 
Enterobacteriaceae. While other pathogenic bacteria (such as C. perfringens and B. 
dorei) might be associated with NEC development, dorei) might be associated with NEC development, dorei Enterobacteriaceae might have 
an important role in disease deterioration. These results - described in chapter 8 - 
are in agreement with McMurtry et al.,125 and Smith et al.126 Both studies reported 
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a high abundance of proteobacteria (to which Enterobacteriaceae belong) and a 
lower abundance of Clostridium spp in severe NEC cases.125,126 The fi nding of our 
study - low densities of bacteria associated with NEC development, such as C. 
perfringens, and high abundances of Enterobacteriaceae - argues for involvement 
of Enterobacteriacea in disease progression. 

An explanation for the high abundances of Enterobacteriaceae in the surgical 
NEC specimens could lay in their resistance to antimicrobial peptides (AMPs). 
AMPs represent one of the most prominent and nonspecifi c components of the 
host response to certain pathogens with an anaerobic metabolism.127,128 AMPs are 
produced in large quantities at sites of infection and/or infl ammation and can have 
broad spectrum antibacterial and antisepsis properties.129 One could hypothesize 
that Clostridium spp could induce NEC-specifi c intestinal infl ammation and thereby 
activate AMP transcription, which offers resilience to these pathogenic bacteria. 
Enterobacteriaceae are often more unresponsive to AMPs and therefore have the 
ability to survive in highly infl amed tissue.130 In addition, intensive antibiotic treatment 
in preterm infants could be corroborant. A more intensive antibiotic use reduces the 
diversity of bacterial species and increase the domination of Enterobacteriaceae 
because of their unresponsiveness to AMPs.125,131 This hypothesis should be studied 
more exclusively in the nearby future.
Still the question remains why we only scarcely observed C. perfringens in chapter 
8, which is known to be associated with NEC development. C. perfringens produce 
α-toxins – causing loss of intestinal barrier integrity and subsequently oxidative stress  
induced by reactive oxygen species (ROS).132–134 C. perfringens can ultimately not 
survive this environmental oxidative stress. Enterobacteriaceae are resistant against 
nutrient limitation as well as oxidative stress and therefore survive properly in a 
highly infl amed and necrotic intestine.135 This phenomenon is also described in the 
pathogenesis of Crohn’s disease, where activated neutrophils infi ltrate the intestinal 
wall and produce ROS, which leads to oxidative stress in which Enterobacteriaceae
but not C. perfringens survive.125,134,136

Novel insights into the pathophysiology of
NEC derived from this thesis
The preterm intestine is characterized by immature uncontrolled immune defenses 
and a compromised intestinal barrier function. We demonstrated that alterations 
of the intestinal microbiota are already present in the fi rst meconium of infants 
with increased risk of NEC development. NEC-associated bacteria - such as C. 
perfringens and B. dorei - stimulate the elaboration of pro-infl ammatory mediators 
(via PCs and TLR4s) and induce oxidative stress. When the infant experiences more 
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prenatal stressors – such as hypoxia, hypoperfusion, enteral feeding (in the form of 
formula feeding) – the stimulation of pro-infl ammatory mediators increases and an 
impaired epithelial function continues. Thereby, hypoxia and hypoperfusion could 
alter the balance between vasoconstriction and vasodilatation of the intestinal 
circulation. Therefore, a NEC-associated microbiota, prenatal stressors, and an 
impaired circulatory regulation and perfusion contribute to a relatively hypoxic-
ischemic state, predisposing to loss of intestinal barrier integrity and irreversible 
necrosis of the intestine. When disease progresses, an impaired intestinal perfusion 
and bacterial invasion within the intestinal wall might worsen. The composition of 
the intestinal microbiota will change: from a microbiota consisting C. perfringens
and B. dorei before NEC development to a microbiota consisting mainly out of B. dorei before NEC development to a microbiota consisting mainly out of B. dorei
Enterobacteriaceae during advanced NEC. The extent of both ischemia and 
intestinal infl ammation determine the symptoms observed and the clinical outcome 
for the patient.137–139 Figure 2 presents a simplifi ed overview. 

FIGURE 2:

legend measured via claudin-3, ipv measured visa claudin-3. 
Healthy-The healthy (term) infant has an intact intestinal barrier function: solid tight 
junctions (TJs), an adequate amount of (immune competent) paneth cells (PCs), 
and goblet cells. Toll-like receptor (TLR) 4 expression and cytokine secretion upon 
lipopolysaccharide (LPS) stimulation, triggered by the intestinal microbiota, increases 
with gestational age. The intestinal microbiota in healthy infants is colonized with 
commensal bacteria, such as bifi dobacteria and lactobacilli in term infants and 
other lactate-producing bacteria in preterm infants. Thereby the intestine is well 
vascularized and the infant is not exposed (a lot) to factors inducing hypoxia and 
ischemia (e.g. hemodynamic instability, inappropriate oxygenation). 
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NEC- The epithelium of a preterm infant at risk for NEC development often has 
decreased intestinal barrier integrity: loose and/or disrupted TJs (measured via 
claudin-3), immature immune cells and receptors (goblet cells, PCs, and TLRs). For 
example, immature PCs secrete signifi cantly more human defensin 5 (HD5) after 
29 weeks of gestation, which results in either an exaggerated immune response or 
in an normal immune response which the preterm infant cannot adequate handle 
yet. The preterm infant is also at high risk of factors inducing hypoxia and ischemia 
(e.g. hemodynamic instability, inappropriate oxygenation), inducing intestinal barrier 
failure by intestinal ischemia and mucosal damage. In the preterm infant developing 
NEC an altered microbiota, including Clostridium perfringens and Bacteroides 
dorei, is found starting from the meconium. In the presence of the immature immune 
system and an impaired intestinal barrier function, the invasion of bacteria such as 
C. perfringens and B. dorei results in (again) an exaggerated immune response, 
leading to a high infl ammatory state and mucosal damage. 

Future perspectives
To date, the underlying pathophysiology of NEC remains incompletely understood. 
With this thesis we have shed some light on the underlying pathophysiology and 
offer some new insights which might aid in the understanding of this devastating 
disease, affecting the most vulnerable infants. However, the fi ndings described in 
this thesis only suggest – and do not prove – causality. Still considerable work 
has to be done before we have the knowledge to provide a strong and confi dent 
hypothesis for the pathophysiology of NEC, and to provide adequate evidence-
based strategies for NEC prevention, prediction, and treatment. 

Pathophysiology
Further research should focus on all three major components in the pathophysiology 
of NEC: the intestinal barrier function, the intestinal perfusion and the intestinal 
microbiota. 
First, research on perinatal and postnatal development of the epithelial lining 
(including the Notch and Wnt/ß-catenin signaling pathways) and the contributing 
immune system (including PCs, TLR4, and TJs) would increase our knowledge of 
the embryological and fetal development. Second, when we understand the normal 
human intestinal differentation we should identify the alterations in those patients 
who are at risk for NEC development. 
Furthermore, an increased knowledge on the intestinal perfuson may shed light 
on the hypoxic-ischemic mechanisms contributing to NEC. Primarily we need to 
answer the question whether intestinal ischemia initiates NEC or is a secondary 
result from NEC.  Factors which should be studied more exclusively are nitric 
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oxide, oxidative stress and autoregulation. Thereby, the external stressors (such as 
hemodynamic instability) causing ischemia should be identifi ed and could be used 
for a prediction model for NEC. 

While this thesis suggests causality between the intestinal microbiota and NEC 
development, this is far from proven. Our fi ndings should be verifi ed by testing for 
NEC induced infection with C. perfringens in animal models, possibly in combination 
with targeted antibiotics treatment. Thereby, the observation of a NEC-associated 
microbiota within the meconium suggests that (yet unrevealed) factors during the 
fi rst days after birth or even in utero play an important role in the formation of a 
more healthy microbiota to a NEC-associated microbiota. This should be further 
investigated via a prospective study focusing on the analysis of maternal stool 
samples, placenta material/amniotic fl uid, and mother’s milk to identify the origins 
of the colonizing strains.

Prevention
Because of the incompletely understood pathophysiology of NEC, preventive options 
are still limited. New preventive options can interfere at different components in the 
pathophysiology of NEC. Research efforts focused mainly on the use of human milk 
feeding, additional nutritical supplements, timing of initial feeding, probiotics, and 
immunoglobins. Also, the avoidance of H2-blockers and avoidance of prolonged 
empirical antibiotic use has been recommended.23,140

Feeding
Mother’s milk has immunoprotective properties and provide colonization resistance 
via commensal bacteria against pathogenic bacteria. Mother’s milk is thus protective 
against the development of NEC.141  Therefore, mother’s milk is the feeding of choice 
for the vulnerable preterm infant at risk for NEC.142 Unfortunately, not all preterm 
infants are fed with mother’s milk, due to a yet insuffi cient production of mother’s 
milk.143 Infants often need supplements (formula feeding) added to their feeding 
schedule to guarantee a suffi cient nutritional intake. Furtheremore, these infants 
need supplements to be added to their own mother’s milk to meet the higher caloric 
and mineral requirements coinciding with their prematurity. These milk fortifi ers and 
formula feeding decreases the protection of the intestine, making the infant vulnerable 
for the development of NEC. New studies should investigate whether other types 
of milk fortifi ers, the use of donor human milk, and probiotics (live microorganism 
supplements) are effective preventive options against NEC development.
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In chapter 7 we emphasized the important protective role of mother’s milk. We 
observed that early enteral nutrition, especially in the form of mother’s milk, 
stimulated the colonization with lactate producing bacteria in post-meconium 
samples. This was found to be protective against NEC development. Formula 
feeding did not increase or decrease the risk of NEC development (chapter 7). We 
have to note that the population was small, and causality was not proven.
Formula feeding has a completely different composition than mother’s milk, and 
therefore we emphasize that research focusing on the improvement of formula feeding 
is a research priority.144 If we establish a type of formula feeding which is highly similar 
to mother’s milk (e.g. forge of immunoglobulines, enzymes, and the present microbiota), 
the preterm infant can be protected against a various amount of diseases. 

Another possibilty would be the avoidance of intestinal hypoperfusion. In animal 
studies the use of relaxin supplementation, a potent vasodilatory hormone, goes 
along with a decreased incidence of NEC by decreasing the intestinal hypoperfusion 
as observed in NEC.145 This preventive method has not yet been tested in humans, 
and fi rst possible complications and precise dosis-response needs to be evaluated 
prior to clinical application in human infants.145

Another, easily obtained, option seems to be human donor milk.143,146 In a meta-
analysis of 5 randomized controlled trials focusing on human donor milk a signifi cantly 
higher incidence of NEC was reported in formula-fed infants compared to infants 
fed with human donor milk.147 Donor human milk differs nutritionally from mother’s 
milk mostly caused because of pasteurization processes.146 For example, there is 
an increased chance that pathogenic microorganisms surive the pasteurization 
processes in pasteurized donor human milk.146 Another problem with the use of 
human donor milk in the preterm infant is that human donor milk is often donated 
by term mothers, and thus contains less energy and proteins than preterm formulas 
or even the mother’s milk of a preterm infant.148  Therefore, future research, e.g. via 
a prospective randomized trial involving multiple feeding/fortifi cation strategies are 
needed  to optimalization the feeding regime for preterm infants.

Probiotics
Probiotics are probably the most promosing preventive treatment for NEC.149

Probiotics might be valuable in the prevention of NEC and its associated morbidity 
by prevention of (opportunistic and/or pathogenic) bacterial invasion, prevention 
against dysbiotic conditions, and by enhancing the immune responses of the 
host.116,150 The Cochrane review by Alfaleh, et al.150 concluded that supplementation 
with probiotics reduced the risk of severe NEC and lowered the mortality in infants 
with a birth weight >1000 grams. This review also concluded that studies corning 



C
H

A
P

TE
R

 9

179

on the use of probiotics in the population infants born with a birth weight <1000 
grams were not available, and therefore, a reliable estimation of the safety and 
effectiveness of the use of probiotics cannot be made in this population. A large 
randomized controlled trial is needed to evaluate the use of probiotics in the infant 
born with a birth weight <1000 grams. Another point to mention in the perspective 
of probiotics is the composition of the probiotics. Previous studies suggested to use 
probiotics in the form of lactobacilli and bifi dobacteria to prevent NEC.149 However, 
we observed in chapter 7 low numbers of  lactobacilli and bifi dobacteria, probably 
because lactobacilli and bifi dobacteria are usually only seen in fecal sampling after 
a GA greater than 33 weeks, and their presence increases with GA.110–112 In chapter 
7 we found that particularly lactate producing bacteria have a negative association 
with NEC, i.e. a lower incidence. Therefore, it would be interesting to focus on 
probiotic treatment with other lactate producing bacteria including staphylococci 
and streptococci. 

Besides the use of probiotics to establish an appropriate protecting intestinal 
microbiota, it could also be used to maintain the intestinal barrier function via the 
stabilization of TJ-functioning.35 Bergmann et al.35 provided evidence for a benefi cial 
role of bifi dobacteria to stabilize claudins in TJs. Further research should investigate 
the effect of probiotics on TJ-funcitioning and should identify the benefi ts and 
disadvantages of the use of probiotics as a TJ-stabilizer in clinical practice. 

Medication
The avoidance of H2-blockers and avoidance of prolonged empirical antiobic use 
has been recommended.23,140 However, no study yet proved causality between H2-
blockers and prolonged emprical antibiotic use and NEC development.23,140 However, 
sometimes the use of H2-blockers and antibiotics is needed to protect the infant 
for the (progression of) other threats. Therefore, it is more interesting to investigate 
whether we can use medications to protect the infant to establish a ‘healthy’ intestinal 
microbiota by increasing the prevalance of lactate producers. Another possibility is 
the use of targated antibiotic therapies against NEC-associated bacteria, such as 
C. perfringens and/or B. dorei. Investigations on targeted antibiotics have only just 
started and should be studied extensively in the nearby future. 

Larger trials are needed to further investigate the microbiota in both fecal samples 
and resection specimens in infants at risk for NEC and who develop NEC. Based 
on that data we could then outline an optimal and individual feeding strategy with 
probiotics and/or targeted antibiotics for infants at risk for NEC. 
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Predicting the development of NEC
As yet, clinically proven tools or tests are not available that predict the development 
of NEC. Currently available biomarkers lack accuracy to detect NEC in pre-clinical 
stages.98 We offer two possible predictiors for the development of NEC which need 
more investigation in the nearby future: 1. cerebral and intestinal NIRS monitoring, 
2. screening of the intestinal microbiota. 

First, cerebral and intestinal NIRS monitoring might be a predictive tool for the 
development of NEC. While this thesis did not focus on NIRS measurments before 
the onset of NEC, Schat et al.74 did shed light on this possibility. They observed in a 
prospective trial that infants with a cerebral tissue oxygen saturation <70% in the fi rst 
48 hours after birth had a nine-fold higher risk of development NEC.74 Patel et al.81

found lower intestinal tissue oxygen saturation values in the fi rst week of life in preterm 
infants who later developed NEC compared to infants who did not develop NEC. Yet, 
the actual clinical utility of the fi ndings of the study of Schat et al74 and Patel et al81

needs to be further investigated, whereas we keep in mind that NIRS technology has 
its limitations. There are different NIRS devices with each their own algorithm, making 
NIRS measurements heterogeneous.151–153 Thereby, as mentioned before, intestinal 
NIRS measurements are infl uenced by peristalsis, gut movements, air and stools, 
complicating the interpretation of intestinal NIRS measurements.79,87

Secondly, we emphasize that screening of the intestinal microbiota starting from the 
fi rst meconium could be an useful tool for predicting which infant is at signifi cant risk to 
develop NEC. Analysis of feces via sequencing techniques as used in chapter 7 is not 
feasible in routine care as the determination of different patterns requires sophisticated 
analyses. Thereby, feces analysing via sequencing techniques is costly and time 
consuming. Fecal volatile organic compounds (VOC) refl ect microbial composition and 
could be measured using an electronic nose (eNose).154 Therefore, VOC-profi ling on the 
presence of C. perfringens and B. dorei, has potential as a non-invasive, predictive test 
to detect infants who are at signifi cant risk for NEC development. 

Diagnosis and detection of disease progression
Due to the often unspecifi c early onset of NEC, diagnosis of NEC is diffi cult. Clinical 
symptoms of NEC are usally indistinguishable from other diseases, such as sepsis, 
leading to delay in the start of therapy, thereby possibly worsening the prognosis 
of the infant.  NIRS, I-FABP and IL-8 have been suggested markers for diagnosing 
NEC.39,58,74,75 Schat et al.74 reported that FTOE values measured using NIRS were 
higher in infants who developed NEC compared with controls before NEC onset. 
We observed that I-FABP and IL-8 levels are increased at NEC onset compared to 
controls. While NIRS, I-FABP, and IL-8 are all very promising markers, and will be 
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possibly used in the nearby future in the clinical setting, larger multicenter trials are 
needed to provide defi nite cut-off values for these three markers and to assess the 
clinical value to combine these three markers.   

Further progression of NEC into complicated NEC can be predicted by the use of 
FTOE levels in combination with I-FABP levels, and the intestinal bacterial density. 
With this knowledge we suggest that FTOE- and I-FABP levels are regulary obtained 
in the infant suffering from NEC. Thereby, VOC-profi ling during NEC could be useful. 
Also, the measurement of oxidative stress (via ROS measurements, measurement 
of the resulting damage to biomolecules, and/or detection of antioxidant levels) 
induced by C. perfringens, could be a useful tool for the  prediction of the severity 
of NEC. 

Conclusion
We observed that the incidence of NEC is still increasing, despite extensive research 
on this topic. One of the reasons that we are still unable to minimize this disease 
successfully is the not yet fully understood multifactorial pathophysiology. Therefore, 
the main goal of this thesis was to increase our knowledge about the underlying 
pathophysiology of NEC, focusing in particular on the role of the intestinal barrier 
function, intestinal perfusion, and the intestinal microbiota. 
In the context of the intestinal barrier function we observed that a rapid increase 
in immune competent PCs occurs starting from 29 weeks of gestation, which 
corresponds with the peak incidence of NEC at a PMA of 29-33 weeks. This 
increase in immune competent PCs in a vulnerable preterm intestine could cause 
an (excessive) infl ammatory reaction contributing to NEC development. During NEC 
we observed that mucosal damage and infl ammation is seen in early NEC, but this 
is not severe enough to allow bacterial translocation to the bloodstream causing 
sepsis. However, intestinal barrier integrity could be severe enough to allow bacterial 
translocation locally within the intestinal wall. NEC progression is associated with 
the extent of mucosal damage.  
In the context of intestinal perfusion earlier research reported that an impaired 
intestinal perfusion was associated with NEC development. In addition, we observed 
that the combination of FTOE and I-FABP values gives insight in the pathological 
events, representing a recovery or progression of the intestinal ischemia during 
early NEC in uncomplicated versus complicated cases. Lastly, in the context of 
microbiota we observed, most importantly, that C. perfringens and B. dorei within the B. dorei within the B. dorei
meconium were already associated with NEC development later on. Staphylococci, 
via mother’s milk, seemed protective. During NEC progression colonization of the 
intestinal wall with Enterobacteriaceae were present, while Clostridium spp and 
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Bacteroides were not observed anymore. While we unraveled some aspects of the 
complex multifactorial pathophysiology of NEC, a lot of questions still remain.  We 
identifi ed some aspects that make the infant prone for NEC development, but we 
still do not know what actually triggers NEC at which specifi c moment. With our 
results on the NEC-shaped microbiota, we opened options for new research on 
interventions aimed at restoring a more balanced microbiota and a less disrupted 
intestinal barrier.  
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SUMMARY
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Necrotizing enterocolitis (NEC) is a devastating gastrointestinal disease characterized 
by severe infl ammation and necrosis. NEC is the most common acute gastrointestinal 
disease at the neonatal intensive care unit (NICU). The most vulnerable children, 
extreme premature infants and/or infants small–for-gestational age, are at highest risk 
for NEC development. NEC can depict a severe clinical course with mortality rates 
around 20-30%. If infants survive NEC, they often have to deal with debilitating long-
term complications, such as developmental disorders (motor and cognitive) and/or 
short bowel syndrome. Despite the severity of the disease and decades of research, 
the underlying pathophysiology of NEC is not completely revealed yet. Unfortunately, 
both preventive and treatment options in NEC are limited due to the incomplete 
understanding of the underlying multifactorial pathophysiology of NEC. Therefore, 
treatment options are mainly supportive: aimed at the treatment of symptoms and 
possibly preventing progression of disease. Treatment initially consists of stopping 
(enteral) nutrition and starting antibiotic treatment, in combination with supportive 
therapy to stabilize vital functions. In cases of intestinal perforation or clinical 
deterioriation despite maximal conservative therapy surgical intervention can be 
indicated. During surgery, resection of the necrotic intestinal tissue is performed with 
the construction of an ostomy or a primary anastomosis when deemed possible by 
the surgeon. Gaining more insight in the underlying pathophysiology of NEC might 
offer further preventive or therapeutic strategies. Currently, three factors are believed 
to play a key role in the pathophysiology of NEC. All three factors are related to 
prematurity: 1) the intestinal barrier function, 2) intestinal circulation and perfusion, 
and 3) the intestinal microbiota. We aimed to gain insight in the role of these three 
factors in relation to the pathophysiology of NEC. 

In chapter 2, we retrospectively analyzed the epimediology, clinical presentation, 
treatment strategies and disease outcome of NEC in three large tertiary referral 
centers in the Netherlands between 2005 and 2013. The urgency to elucidate the 
pathophysiology of NEC becomes even clearer given the observed increase in the 
incidence of NEC during the last decade.
The Dutch guidelines for active treatment of extremely preterm infants changed in 
2006 from 26+0 to 25+0 weeks of gestation, and in 2010 to 24+0 weeks of gestation. 
The percentage of infants born at a gestational age (GA) of 24 and 25 weeks 
increased from 1.7% tot 3.4% of the total of infants admitted to the NICU in the 
last nine years after introducing these guidelines. The incidence of NEC increased 
from 2.1 to 3.4% of all NICU admissions, mostly in the group of infants born with 
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a birth weight <1500 grams. We suggest that the increase of incidence of NEC is 
related with the increase of the total admissions of children born at a GA of 24 and 
25 weeks after the change in the guidelines for active treatment. The percentage of 
patients needing surgery decreased, while 30-day mortality did not change. 

In the next part of this summary we outline the key fi ndings of this thesis from 
section 2. We start with a brief introduction on several methods we used for the 
studies described in section 2, i.e measuring intestinal damage using intestinal 
fatty acid-binding protein (I-FABP), the use of near infrared spectroscopy 
(NIRS) to measure tissue perfusion, 16S rRNA based sequencing to identify the 
intestinal microbiota, and fl uorescent in situ hybridization (FISH) to identify and 
quantify bacterial species colonizing the intestinal wall.

I-FABPs are cytoplasmic proteins with high organ sensitivity found in the enterocytes 
located at the tip of the villi. I-FABP plays a central role in the fat-metabolism of 
these cells. In the context of progressive intestinal barrier failure in NEC, enterocytes 
are damaged and I-FABP is released in the circulation and subsequently secreted 
by the kidneys. In several studies I-FABP levels in urine and plasma have been 
identifi ed as an early marker for NEC development and progression (including the 
need of surgical intervention) of NEC. In chapter 4, 5 and 6 we used I-FABP levels 
in plasma as a marker for mucosal damage.
NIRS is a non-invasive method whereby the perfusion of the underlying tissue can 
be measured by differentiating between oxygenated hemoglobin and deoxygenated 
hemoglobin. The ratio between oxygenated hemoglobin and total hemoglobin 
determines the oxygen saturation in tissue (rSO2). When transcutaneous arterial 
oxygen saturation (SpO2) is measured simultaneously, fractional tissue oxygen 
extraction (FTOE) can be calculated with the following formula: FTOE = (SpO2 −

rSO2)/SpO2.. FTOE is thought to refl ect the balance between tissue oxygen supply 
and consumption and might therefore be an early indicator of impaired tissue 
perfusion. In chapter 4 we used NIRS measurements of the cerebral and splanchnic 
tissue. 
16S rRNA based sequencing allows us to identify the bacterial composition, the 
so-called microbiota, including the accurate measurement of unculturable bacterial 
species. 16S rRNA genes are presented in cells of bacteria only. The differences 
in the 16S rRNA genes can be used to identify certain bacterial species. We used 
16S rRNA based sequencing (chapter 7) to identify the composition of the intestinal 
microbiota in infants at risk for NEC development. 
FISH is a cytogenetic technique that uses fl uorescent probes to visualize and 
identify microorganisms within their environment. FISH uses oligonucleotide probes 
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containing a sequence of genetic material complementary to the known sequence 
of the bacterial RNA. Consequently, the material is labeled with fl uorochromes, 
making the microorganisms visible under the fl uorescence microscope. In chapter 
8 of this thesis FISH was used for the identifi cation and localization of bacteria 
invading the intestinal wall in surgical NEC specimens. 

In section 2 of this thesis we zoomed in on the pathophysiology of NEC. 
In chapter 3 we studied the development of  Paneth cells (PCs) in the developing 
gut. PCs are important cells of the immune system located in the crypts between 
the villi of the intestine. PCs work as ‘the guardians of the crypts’ by protecting the 
intestine from harmful bacteria. 
We used intestinal tissue derived from autopsy material from fetuses and infants 
without gastrointestinal abnormalities (GA between nine and 40 weeks). The 
abundance of PCs increased signifi cantly when infants reached a GA >37 weeks. 
The abundance of immune competent PCs (expressing human defensin-5) 
increased signifi cantly starting at a GA of 29 weeks. This corresponds with the time 
of the peak incidence of NEC (GA 29-33 weeks). The signifi cant increase of immune 
competent PCs starting from a GA of 29 week mimics the rise in incidence of NEC 
during a similar postmenstrual age in preterm infants. 

In chapter 4 we provide a ‘proof of concept’ that FTOE (as an indicator for an 
impaired perfusion) and I-FABP levels (as a marker for mucosal damage) can be used 
to reveal the underlying pathophysiological chain of events during NEC. Our results 
demonstrated a strong association between cerebral and splanchnic FTOE values 
and I-FABP levels during the fi rst hours after NEC onset. When time progressed, 
we observed distinct patterns of FTOE values and I-FABP levels for uncomplicated 
and complicated (surgery, death) NEC cases. The initial FTOE started much higher 
for the complicated NEC cases, suggesting a compromised intestinal circulation, 
and stayed high for at least 24 hours before decreasing. Uncomplicated NEC cases 
started with lower FTOE (indicating a non-compromised intestinal circulation), with 
an increase during the following 24-36 hours. I-FABP levels decreased over time, 
presenting either tissue recovery or an absent venous return from the necrotic bowel/
complete destruction of the mucosa respectively. Therefore, the combination of 
high FTOE values and decreasing I-FABP levels over time suggests progression of 
intestinal ischemia. Combination of FTOE values and I-FABP levels gives insight in 
the pathological events resulting in progression- or recovery of intestinal ischemia. 
In chapter 5 we investigated whether I-FABP levels in plasma were associated with 
the length of the necrotic segment in surgical NEC patients. The study showed that, 
indeed, I-FABP levels were strongly correlated with the length of intestinal necrosis. 
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The signifi cant correlation of elevated plasma and urinary I-FABP levels with the 
length of resected bowel further underlines the possible clinical importance of 
I-FABP in the risk assessment of infants with surgical NEC. The data offer additional 
evidence that I-FABP can be considered a marker for mucosal damage. 

In chapter 6 we aimed to get more insight in the longstanding question whether 
a bloodstream infection (BSI) precedes NEC or that BSIs are the result of loss 
of intestinal barrier integrity during NEC. Therefore we investigated the relation 
between the occurrence of an early BSI (within 24h prior until 24h after onset of NEC 
symptoms) during NEC, the pro-infl ammatory response (Interleukin-8), the loss of 
intestinal barrier integrity due to mucosal damage (I-FABP), and the severity of NEC. 
Our data showed a relatively low incidence of 26% of early BSIs. Furthermore, there 
was no relation between the occurrence of a BSI and Interleukin-8, nor between 
the occurrence of a BSI and I-FABP levels. These fi ndings suggest that BSIs do not 
precede NEC. However, it is still plausible that bacterial translocation into the bowel 
wall occurs during early NEC. 

In chapter 7 we investigated the composition of the intestinal microbiota in premature 
infants with high risk for NEC. To this end we used 16S rRNA sequencing. Most 
importantly, we discovered that the presence and abundance of C. perfringens and 
B. dorei in meconium was associated with the development of NEC. This implies 
that a NEC-associated microbiota can already be identifi ed within the fi rst days after 
birth. This fi nding also suggests that (yet unrevealed) factors during the fi rst days of 
life or even in utero could play an important role in the formation of a more healthy or 
a more NEC-associated microbiota. In post-meconium fecal samples, the presence 
and abundance of lactate-producing bacteria was negatively associated with NEC 
development. Abundances of lactate-producing bacteria were positively related with 
early enteral nutrition, especially in the form of mother’s milk. Our fi ndings therefore 
confi rm the hypothesis that early enteral nutrition after birth, especially in the form 
of mother’s milk, is important in protecting the intestine against development of 
NEC. Early commencement of mother’s milk likely stimulates lactate-producing 
bacteria in infants with a low GA in a similar way as breast milk normally stimulates 
bifi dobacteria in infants with a normal GA.

In chapter 8 we moved our attention from the intestinal microbiota before NEC 
development to the bacterial colonization during NEC. We investigated the 
bacterial location, bacterial density, and bacterial differentiation adhering to and 
within the intestinal wall in NEC tissue samples and compared this with controls. 
Using FISH we detected bacterial invasion in the intestinal wall in 51% of the 
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most affected NEC tissue samples. In the least affected NEC tissue samples we 
observed bacterial invasion in the intestinal wall in 37%. In control samples this 
was 16%. Enterobacteriaceae dominated in the NEC tissue samples. Surprisingly, 
only in sporadic cases we observed C. perfringens, a type of bacteria commonly 
associated with NEC. We offer the following hypothesis for this observation. As 
a result of infl ammation, oxidative stress is induced by reactive oxygen species 
(ROS), resulting in an environment in which C. perfringens cannot survive. 
Enterobacteriaceae include versatile species that derive energy for growth from 
aerobic or anaerobic nitrate respiration or from fermentation. Enterobacteriaceae 
are therefore resistant against nutrient limitation as well as oxidative stress and can 
survive in a highly infl amed and necrotic intestine, which is seen during NEC.

In conclusion, this thesis provides new insights in the underlying pathophysiology 
of NEC. With our fi ndings we offer the following hypothesis regarding the 
pathophysiology of NEC: alterations of the intestinal microbiota can be already 
present in the fi rst meconium of infants. When this microbiota consists of a 
NEC-associated microbiota (C. perfringens and B. dorei) amplifi cation of pro-
infl ammatory mediators will be stimulated. The amplifi cation of pro-infl ammatory 
mediators will in turn cause oxidative stress. Oxidative stress harms, via free 
radicals, the surrounding cells and DNA. When the infant experiences more prenatal 
stressors – such as hypoxia, hypoperfusion, formula feeding – the amplifi cation 
of pro-infl ammatory mediators continues. These events alter the balance between 
vasoconstriction and vasodilatation of the intestinal circulation and may lead to a 
relatively hypoxic-ischemic state, predisposing to loss of intestinal barrier integrity 
and later to irreversible necrosis of the intestine. When the disease progresses, 
intestinal perfusion could diminish even further, oxidative stress will increase and 
the affected tissue will be further colonized with Enterobacteriaceae leading to 
further aggravation of the infl ammatory response.
To date, the underlying pathophysiology remains incompletely understood. 
Although we shed some light on the underlying pathophysiology of this devastating 
disease, our fi ndings only suggest – and did not prove – a causal relation between 
our observations. The fi ndings in the present thesis should be confi rmed in large 
multicenter trials. This could be followed by targeted antibiotics and probiotic trials, 
aimed at development of preventive and therapeutic strategies against NEC.
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DUTCH
SUMMARY
(SAMENVATTING IN HET NEDERLANDS)

CHAPTER 11
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Necrotiserende enterocolitis (NEC) is een zeer ernstige en levensbedreigende 
gastrointestinale ziekte, die gekenmerkt wordt door ernstige infl ammatie en necrose 
van de darm. NEC is de meest voorkomende acute gastrointestinale aandoening 
op de neonatale intensive care unit (NICU). De meest prematuur- en/of dysmatuur 
geboren neonaten lopen het grootste risico op het ontwikkelen van NEC. NEC kan 
een ernstig beloop hebben met een mortaliteit van 20-30% oplopend tot 50% bij 
chirurgisch behandelde kinderen. Ook als een kind NEC overleeft, gaat de ziekte 
gepaard met een hoge morbiditeit, zoals neurologische ontwikkelingsstoornissen 
(motorisch en congnitief) en/of het korte darmsyndroom. Ondanks de ernst van de 
ziekte en decennia van onderzoek is de onderliggende multifactoriële pathofysiologie 
nog niet geheel opgehelderd. Om deze reden zijn de behandelingsmogelijkheden 
voornamelijk gericht op het behandelen van symptomen en het voorkomen van 
progressie van de ziekte. Als eerste wordt enterale voeding gestaakt en wordt er 
gestart met antibiotica in combinatie met het stabiliseren van de vitale functies. In 
het geval van een darmperforatie of als een kind niet opknapt ondanks maximale 
conservatieve behandeling kan een chirurgische interventie geïndiceerd zijn. 
Een exploratieve laparotomie zal dan uitgevoerd worden waarin het necrotische 
darmweefsel gereseceerd wordt met daarna het aanleggen van een (tijdelijk) stoma 
dan wel een primaire anastomose indien mogelijk geacht door de chirurg.  

Het verkrijgen van meer inzicht in de onderliggende pathofysiologie van NEC zal 
mogelijk leiden tot meer preventieve en/of therapeutische strategieën. Op het 
moment zijn er drie factoren waarvan gedacht wordt dat ze een sleutelrol spelen in de 
pathofysiologie van NEC. Deze drie factoren zijn allen gerelateerd aan prematuriteit: 
1) de intestinale barrière functie, 2) de intestinale circulatie en perfusie, 3) het 
intestinale microbioom. Onze doelstelling was om het inzicht in de rol van deze drie 
factoren in relatie tot de pathofysiologie van NEC te vergroten.

In hoofdstuk 2 hebben we retrospectief de epidemiologie, klinische presentatie, 
behandelstrategieën en ziekte uitkomsten van NEC in drie grote academische 
centra in Nederland geanalyseerd tussen 2005-2013. De rationale voor de studies 
in dit proefschrift worden benadrukt door de geobserveerde toegenomen incidentie 
van NEC in het laatste decennium. 
De Nederlandse richtlijnen voor actieve behandeling voor prematuur geboren 
kinderen is in 2006 veranderd van 26+0 naar 25+0 weken gestatieduur, en vervolgens 
in 2010 naar 24+0 weken gestatieduur. Het totaal aantal kinderen geboren bij een 
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gestatieduur van 24- en 25 weken nam toe van 1,7% naar 3,4% van het totaal aantal 
kinderen opgenomen op de NICU na de verandering van deze richtlijn. De incidentie 
van NEC nam toe, van 2,1% naar 3,5%, voornamelijk in de groep kinderen geboren 
bij een geboortegewicht <1500 gram. We suggereren dat de verhoogde incidentie 
van NEC gerelateerd is aan de toename van kinderen geboren bij een gestatieduur 
van 24- en 25 weken na de verandering van de richtlijn voor actieve behandeling 
bij prematuur geboren kinderen. Het percentage van chirurgische interventies ten 
gevolge van NEC nam af gedurende het laatste decennium, terwijl de 30-dagen 
mortaliteit niet signifi cant veranderde.

In het volgende deel van deze samenvatting zullen de belangrijkste 
onderzoeksbevindingen uit sectie 2 van dit proefschrift besproken worden. We 
gaan deze bespreking van de bevindingen kort vooraf met een introductie over de 
gebruikte technieken voor de  uitvoering van de beschreven studies in sectie 2, 
dat wil zeggen: het meten van intestinale schade via ‘intestinal fatty acid-binding 
protein’ (I-FABP), het meten van weefsel perfusie via ‘near infrared spectroscopy’, 
‘16S rRNA sequencing’ om het intestinale microbioom te identifi ceren, en
fl urorescentie in situ hybridisatie (FISH) om de bacteriële invasie en bacteriële 
soorten te identifi ceren. 

I-FABPs zijn cytoplasmatische eiwitten. Secretie van I-FABPs vindt plaats op de 
top van de darmvilli van de enterocyten in de darm. I-FABPs zijn belangrijk in het 
vet-metabolisme van de cellen. Voor NEC kunnen ze worden gebruikt als een 
maat voor enterocyt schade. Wanneer er sprake is van enterocyt schade worden 
I-FABPs uitgescheiden in de circulatie en vervolgens via de nieren uit het lichaam. 
Verschillende studies laten zien dat I-FABP metingen in urine en plasma geschikt 
zijn als marker voor NEC ontwikkeling en NEC progressie. In hoofdstuk 4,5 en 6 
gebruiken we I-FABP in het plasma als marker voor enterocyt schade.
NIRS is een techniek waarmee het mogelijk is om de doorbloeding van het 
onderliggende weefsel te schatten doordat NIRS onderscheid maakt tussen 
het zuurstof gebonden hemoglobine en het zuurstofvrije hemoglobine. De ratio 
tussen het zuurstof gebonden hemoglobine en het totale hemoglobine bepaalt 
het regionale weefsel zuurstofgehalte (rSO2). Wanneer tegelijkertijd de transcutane 
arteriële zuurstofsaturatie (SpO2) wordt gemeten, kan de fractionele weefsel 
zuurstofextractie (FTOE: maat voor weefseldoorbloeding) berekend worden 
met behulp van de volgende formule: FTOE = (SpO2 – rSO2)/Sp02. In het huidige 
proefschrift (hoofdstuk 4) hebben we gebruik gemaakt van splanchnische (lever en 
intestinaal)- en cerebrale FTOE waarden.
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Via 16S rRNA sequencing kunnen we de bacteriële compositie identifi ceren, het 
zogenoemde microbioom. 16S rRNA genen zijn alleen aanwezig in de cellen van 
bacteriën. De 16S rRNA genen worden via 16S rRNA sequencing in kaart gebracht. 
Doordat de 16S rRNA genen verschillen per bacterie worden ze gebruikt om 
verschillende bacteriën te kunnen identifi ceren. In het huidige proefschrift gebruikten 
we 16s rRNA sequencing (hoofdstuk 7) om een NEC-geassocieerd microbioom in 
kaart te brengen.
FISH is een cytogenetische techniek dat fl uorescente probes gebruikt om micro-
organismen te visualiseren en te identifi ceren op weefsels. FISH maakt gebruik van 
oligonucleotide probes die de sequence van het genetische materiaal bevat gelijk 
aan de sequence of het bacteriële RNA. Vervolgens wordt het weefsel met de hierop 
aangebrachte probe gelabeld met fl uorochromes, wat de micro-organismen onder 
de fl uorescentie microscoop aan zal kleuren. In hoofdstuk 8 van dit proefschrift 
gebruikten we FISH om bacteriën in de darmwand te detecteren in darmweefsel 
van kinderen die een darmresectie in verband met NEC ondergingen in vergelijking 
met controle darmweefsel. 

In sectie 2 van dit proefschrift zoomden we in op de onderliggende pathofysiologie 
van NEC. In hoofstuk 3 onderzochten we de ontwikkeling van (immuun competente) 
Paneth cellen in de ontwikkeling van de darm. Paneth cellen zijn belangrijke cellen 
in het immuun systeem en gelokaliseerd in de villi van de darm. Paneth cellen zijn 
de zogenaamde ‘immunologische bewakers’ van de crypten doordat ze de crypten 
beschermen tegen schadelijke bacteriën door middel van het uitscheiden van 
defensines. 
We maakten gebruik van darmweefsel afkomstig van autopsie materiaal van fetusen 
en kinderen zonder darmafwijkingen, variërend van een zwangerschapsduur tussen 
de negen en 40 weken. Het aantal Paneth cellen nam signifi cant toe wanneer 
kinderen de a terme leeftijd bereikten (zwangerschapsduur >37 weken). Het aantal 
immuun competente Paneth cellen (‘human defensin-5’ procuderende Paneth 
cellen) nam signifi cant toe vanaf 29 weken gestatieduur. De toename van immune 
competente Paneth cellen vanaf 29 weken gestatieduur lijkt overeen te komen met 
de piekincidentie van NEC op een postmenstruele leeftijd van 29-33 weken, wat 
doet vermoeden dat Paneth cellen een rol spelen in de pathofysiologie van NEC.

In hoofdstuk 4 laten we een ‘proof of concept’ zien dat FTOE (als een maat voor 
een verminderde perfusie) en I-FABP waarden (als een marker voor enterocyt 
schade) gebruikt kunnen worden om het onderliggende pathopfysiologische 
beloop van NEC te onthullen. Onze resultaten laten zien dat gedurende de eerste 
uren van NEC ontwikkeling cerebrale en splanchnische FTOE waarden sterk 
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gecorreleerd zijn met I-FABP. Bij NEC progressie zagen we specifi eke patronen 
voor een ongecompliceerde NEC (succesvolle conservatieve behandeling) versus 
gecompliceerde NEC (chirurgie, overlijden). We zagen dat de initiële intestinale 
FTOE waarden hoger waren in de kinderen met een gecompliceerde NEC, 
suggestief voor een gecompromitteerde intestinale circulatie. Bij kinderen met 
een ongecompliceerde NEC waren de FTOE waarden aanvankelijk lager (wat 
suggereert dat de darmcirculatie op dat moment niet gecompromitteerd was) en 
stegen de FTOE waarden gedurende de eerste 24-36 uur. In beide groepen daalden 
de I-FABP waarden na gemiddeld 24 uur, wat verklaard kan worden door of dat er 
sprake was van weefselherstel in het geval van ongecompliceerde NEC of dat er 
sprake was van afwezigheid van veneuze terugvloed van de necrotische darm dan 
wel complete destructie van de mucosa in het geval van gecompliceerde NEC. 
De combinatie van hoge FTOE waarden en dalende I-FABP waarden  na 24 uur 
suggereert progressie van intestinale ischemie. Al met al geeft de studie een ‘proof 
of concept’ dat de combinatie van NIRS metingen en I-FABP waarden inzicht kan 
geven in de onderliggende pathofysiologische gebeurtenissen gedurende NEC, 
resulterend in progressie dan wel herstel van intestinale ischemie. 

In hoofdstuk 5 onderzochten we of de concentratie I-FABP in plasma geassocieerd 
was met de lengte van darmnecrose bij chirurgisch behandelde NEC patiënten. In 
deze studie vonden we inderdaad dat de hoogte van I-FABP levels sterk correleerde 
met de lengte van darmnecrose. De signifi cante correlatie tussen I-FABP elevatie 
en lengte van intestinale resectie benadrukt de potentiele klinische signifi cantie van 
I-FABP als marker voor risico inschatting bij kinderen met NEC. Onze bevindingen 
ondersteunen het gebruik van I-FABP als een marker voor enterocyt schade. 

De doelstelling van hoofdstuk 6 was om inzicht te creëren in de persisterende 
vraag of bloedstroominfecties NEC induceren of dat bloedstroominfecties 
secundair voorkomen door verlies aan intestinale barrière functie gedurende NEC. 
We onderzochten de relatie tussen het voorkomen van bloedbaaninfecties tijdens 
vroege NEC (24u voor en 24u na start van NEC symptomen) en de pro-infl ammatoire 
response (Interleukine-8), respectievelijk het verlies van de intestinale barrière functie 
(I-FABP). We observeerden een relatief laag aantal bloedbaaninfecties tijdens de 
beginfase van NEC (26%). Daarnaast was er geen relatie tussen de aanwezigheid 
van een bloedbaaninfectie en de pro-infl ammatoire respons dan wel het verlies van 
intestinale barrière functie. Deze bevindingen suggereren dat bloedbaaninfecties 
niet het ontstaan van NEC induceren. 
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In hoofdstuk 7 onderzochten we of de compositie van het intestinale microbioom 
in prematuren met een hoog-risico op NEC geassocieerd was met de ontwikkeling 
van NEC. We maakten gebruik van ‘16S rRNA sequencing’ technieken waarmee 
we de bacteriële compositie in de ontlasting van prematuren met een hoog-risico 
op NEC in kaart brachten. De meest belangrijke bevinding in dit hoofdstuk is dat 
we een associatie vonden tussen C. perfringens en B. dorei in het meconium en de 
latere ontwikkeling van NEC. Deze bevinding suggereert dat factoren gedurende de 
eerste levensdagen, tijdens de bevalling of zelfs voor de geboorte, de compositie 
van het microbioom kunnen beïnvloeden. Een vroegtijdige (binnen 24u postpartum) 
start van enterale voeding, voornamelijk in de vorm van moedermelk, ging gepaard 
met een grotere hoeveelheid lactaat producerende bacteriën in post-meconium 
monsters. Lactaat producerende bacteriën bleken overigens geassocieerd met 
een verminderde incidentie van NEC. Deze bevindingen bevestigen de hypothese 
dat enterale voeding, voornamelijk in de vorm van moedermelk, belangrijk is om 
de darm te beschermen tegen de ontwikkeling van NEC. Vroegtijdige voeding met 
moedermelk stimuleert de kolonisatie van lactaat producerende bacteriën in extreem 
prematuur geboren kinderen op dezelfde manier als moedermelk normaal gesproken 
de kolonisatie van bifi dobacteriën stimuleert in de a term geboren kinderen.

In hoofdstuk 8 verplaatsten we onze aandacht van het intestinale microbioom 
voorafgaand aan NEC naar de bacteriële kolonisatie gedurende NEC. We 
onderzochten de of er sprake was van darmwandinvasie in darmweefsel van 
kinderen met NEC in vergelijking met controle darmweefsel. Door middel van FISH 
konden we de soort bacterie en de mogelijke bacteriële invasie beoordelen. In het 
geval van NEC vonden we in het merendeel bacteriële invasie in de darmwand 
(51%) in de meest ernstig aangedane darm monsters. In de minst aangedane NEC 
monsters zagen we bacteriële darmwandinvasie in 37%. In controle weefsel was dit 
16%. Enterobacteriaceae domineerden in de NEC monsters. Het was verassend dat 
we enkel in sporadische gevallen C. perfringens, een NEC-geassocieerde bacterie, 
hebben geïdentifi ceerd. Onze hypothese luidt dat door infl ammatie oxidatieve 
stress wordt geïnduceerd door reactieve zuurstofverbindingen, resulterende in een 
omgeving waarin C. perfringens niet kan overleven. Enterobacteriaceae kunnen 
overleven in zowel een aerobe als een anaerobe omgeving (bijvoorbeeld als oorzaak 
van oxidatieve stress). Gedurende NEC, waarbij er sprake is van infl ammatie, 
ischemie en necrose van de darm, kunnen Enterobacteriaceae goed overleven.
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Concluderend geeft dit proefschrift nieuwe inzichten in de rol van de intestinale 
barrière functie, de intestinale perfusie en het intestinale microbioom in the 
pathofysiologie van NEC. Onze hypothese voor de pathofysiogie van NEC is als volgt: 
veranderingen in het intestinale microbioom kunen zich al presenteren vanaf het 
meconium. Wanneer dit microbioom onder andere bestaat uit NEC-geassocieerde 
bacteriën (C. perfringens en B. dorei) gaan pro-infl ammatoire mediatoren zich B. dorei) gaan pro-infl ammatoire mediatoren zich B. dorei
amplifi ceren. De amplifi catie van pro-infl ammatoire mediatoren zullen vervolgens 
oxidatieve stress veroorzaken. Oxidatieve stress beschadigt, via vrije radicalen, de 
omliggende cellen en DNA. Wanneer het kind meer bloot wordt gesteld aan prenatale 
stressoren, zoals hypoxie en hypoperfusie, zal de pro-infl ammatoire respons nog 
verder toenemen en daarmee ook de oxidatieve stress. Deze pro-infl ammatoire 
respons versterkt vasoconstrictie binnen de intestinale circulatie wat zich uit in 
een verminderde intestinale perfusie. Deze verminderde intestinale perfusie kan 
leiden tot ischemie, een verdere beschadiging van de intestinale barrière functie en 
irreversibele necrose van de darm. Bij progressie van NEC zal de intestinale perfusie 
verder verslechteren en de de intestinale barrière functie zal verder verminderen 
ten gevolge van enterocyt schade. Vervolgens zullen Enterobacteriaceae in de 
infl ammatoire en necrotische darm koloniseren resulterende in versterking van de 
infl ammatoire respons.

De onderliggende pathofysiologie van NEC blijft deels onvolledig begrepen. 
Het huidige proefschrift geeft enkele nieuwe inzichten in de onderliggende 
pathofysiologie van NEC, waarbij de gevonden associaties causaliteit suggereren 
maar dat is nog niet bewezen. De bevindingen van het huidige proefschrift zullen 
bevestigd moeten worden door grote multicenter studies. Deze onderzoeken zullen 
vervolgens gevolgd moeten worden door doelgerichte antibiotica- en probiotica 
trials, met als doel de ontwikkeling van preventieve en therapeutische strategieën 
tegen ontwikkeling en progressie van NEC.
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Abbreviations
Academic Medical Center Amsterdam AMC
Antimicrobial peptides AMP 
Bacteroides/Prevotella/Prevotella/  FISH probe Bac303 
Bloodstream infection BSI
Birth weight  BW
Cerebral autoregulation CAR
Cerebral fraction tissue oxygen extraction cFTOE
Clostridium cluster I and II probe CHIS0150
Confi dence interval  CI
Coagulase negative staphylococci CNS
C-reactive protein CRP
Caesarean section CS
Cyanine-3 Cys3
3,3�-diaminobenzidine tetrachloride  DAB
Desoxyribonucleïnezuur DNA
Enterobacteriaceae probe EC1531
Extreme low birth weight  ELBW
Enzyme-linked immune sorbent assay ELISA
Extreme premature EP
Endothelin-1 ET1
All bacteria probe  EUB338
Fluorescent in situ hybridization FISH
Fluorescein isothiocyanate FITC
Fractional tissue oxygen extraction FTOE
Gestational age  GA
Group B Hemolytic Streptococci  GBS+
Haemoglobin Hb
Human defensins HD
Hematoxylin-eosin   HE
H2-receptor antagonist  H2-blockers
Intraclass correlation coeffi cient  ICC
Intestinal fatty acid-binding protein i-FABP
Intestinal fatty acid-binding protein in plasma I-FABPp
Interleukin-8 IL-8
Intestinal fractional tissue oxygen extraction intFTOE
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Enterococci/lactobacilli probe LAB158
Liver fractional tissue oxygen extraction  livFTOE
Lipopolysaccharide  LPS
Medical University Vienna MUV
Necrotizing enterocolitis NEC
Neonatal Intensive Care Unit  NICU
Near infrared spectroscopy NIRS
Nitric oxide NO
Nil per os NPO
National trial registration NTR
Odds ratio OR
Principal component analysis  PCA
Polymerase chain reaction PCR
Paneth cells  PCs 
Persistent ductus arteriosus PDA
Postmenstrual age  PMA
Postnatal age PNA
premature prolonged rupture of membranes  PPROM
liver oxygen saturation  rlivSO2
Intestinal oxygen saturation  rintSo2
Reactive oxygen species ROS
Ribosomal ribonucleic acid rRNA
Regional tissue oxygen saturation rSO2
sodium dodecyl sulfate  SDS
transcutaneous arterial oxygen saturation  SpO2
Tight junction TJ
Toll-like receptor TLR
University Medical Center Groningen UMCG
Volatile organic compounds  VOC
VU medical Center VUmc
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Samenvatting
Introductie: In de afgelopen periode heb ik immer serieuze wetenschappelijke 
teksten geschreven, zoals u heeft kunnen lezen in de voorgaande hoofdstukken. 
De doelstelling voor dit ‘artikel’ is het creeëren van een dankwoord dat iedereen 
begrijpt en inzicht geeft in de betrokken van het doorlopen onderzoeksproject.
Methode: In dit dankwoord benoem ik alle mensen die een bijdrage hebben 
geleverd aan het tot stand komen van het huidige proefscrift. Door de afgelopen 
jaren nog eens goed onder de loep te nemen heb ik retrospectief kunnen analyseren 
hoeveel dank ik iedereen verschuldigd ben.
Resultaten: Signifi cant veel dank ben ik verschuldigd aan mijn (co)-promotoren, 
wetenschappelijke begeleiders, mede-onderzoekers en het personeel van de 
afdelingen Microbiologie, Pathologie, Kinderchirurgie en Neonatologie. Ook de 
JSM, Universitair Medisch Centrum Groningen, GUIDE, bedrijven die fi nanciële 
ondersteuning hebben geleverd, vrienden en familie toonden signifi cantie in het 
kader van dank verschuldiging.
Conclusie: Het realiseren van een proefschrift is geen individueel proces, maar een 
gezamenlijk proces. Ik ben dank verschuldigd aan meer mensen dan dat ik op deze 
pagina’s kwijt kan. 

1. Introductie
1.1 Er zijn nog zoveel wielen om uit te vinden
Als er nog zoveel uit te zoeken valt terwijl mijn honger naar wetenschappelijk 
onderzoek nog niet gestild is, waarom ligt er dan nu toch een proefschrift voor u 
met mijn naam erop? 
En het proefschrift heeft niet eens de dikte van een encyclopedie? Het klopt, er ligt 
inderdaad een proefschrift met een dikte conform maatstaven met mijn naam op 
de kaft. 
Terwijl het uitoefenen van wetenschappelijk onderzoek gepaard gaat met dalen en 
toppen, blijf ik de wetenschap zien als een ontdekkingstocht, een onuitputtelijke 
bron aan mogelijkheden en verrijking voor de persoonlijke ontwikkeling. De weg van 
het wetenschappelijk onderzoek is voor mij echter niet ten einde bij de realisatie van 
dit proefschrift, maar kan slechts worden beschouwd als een tussenstop.

1.2 Levenslang leren met af en toe een halfuurtje apenkooien 
Het leren onderzoeken kan men ook wel vergelijken met leren zwemmen. Eerst ga je 
met bandjes in het ondiepe bad, vervolgens leer je zonder bandjes zwemmen, waarna 



D
A

N
K

W
O

O
R

D

216

je route vervolgd wordt naar het diepe bad. Wanneer je blijft trainen, passie en ambitie 
hebt en goed om kunt gaan met hoogte- en dieptepunten, kun je je ontpoppen tot een 
topzwemster. Om dit te bereiken is er nog wel één garantie nodig, namelijk de juiste 
trainers en een goed supportsysteem. Om met deze analogie verder te gaan: velen 
hebben mij leren zwemmen, me naar het diepe gestuurd en geprikkeld om het beste uit 
mezelf te halen. ‘Wie een weldaad niet beantwoordt met dankbaarheid, vertroebelt de 
bron die zijn dorst heeft gestild (J. Hammer).’ In dat kader ben ik hoogstwaarschijnlijk bron die zijn dorst heeft gestild (J. Hammer).’ In dat kader ben ik hoogstwaarschijnlijk bron die zijn dorst heeft gestild
meer mensen dank verschuldigd dan dat ik op deze pagina’s kwijt kan. 

2. Methoden
2.1 Patiënten, onderzoekers en overige betrokkenen
Iedereen die een bijdrage heeft geleverd aan het opzetten en de voltooing van 
het huidige proefschrift op wetenschappelijk dan wel persoonlijk niveau, zijn 
geincludeerd in het dankwoord. 

2.2 Gegevens verwerken, analyse en statistiek
De retrospectieve data verwerking en analyse is verricht zonder SPSS en uitgevoerd 
door F.H. Heida. Microsoft Outlook werd gebruikt als naslagwerk. Objectiviteit kan 
niet gegarandeerd worden. 

3. Resultaten
3.1 Waarom moeilijk doen als het samen kan? 
Allereerst wil ik alle ouders en hun kinderen bedanken die hebben deelgenomen aan 
de NoNEC en CALIFORNIA trial, opgezet door mijn collega’s (o.a. Maarten Schurink, 
Anne van Zoonen en Nynke Dijkstra-Schat). Zonder deze deelname was een groot 
deel van mijn onderzoek niet mogelijk geweest. Hopelijk brengt dit proefschrift een 
aanzet voor verbeteringen in de preventie en behandeling van NEC.

3.2 Een goede leraar is het halve huiswerk
Heel veel dank gaat uit naar mijn begeleiders die hun energie en tijd hebben 
gestoken om mij te leren zwemmen in onderzoeksland. Hulde voor jullie kwaliteiten 
om met mijn ongeduld, onrembaarheid, snelheid, ongeordendheid en af en toe 
hardleersheid te werken. 

Prof. dr. Bos, beste Arie, promotor,Prof. dr. Bos, beste Arie, promotor, je was altijd aanwezig op de achtergrond, 
de vinger aan de pols houdend, en altijd bereikbaar voor advies. Je zorgt voor 
inspiratie, een duwtje in de goede richting, of domweg een lading goed advies. 
Ik wil je bedanken voor je kritische blik, je hulp bij het totstandkoming van de 
manuscripten en je warme belangstelling.
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Dr. Hulscher, beste Jan, co-promotor,Dr. Hulscher, beste Jan, co-promotor, zonder jou was het onmogelijk (en zeker 
minder leuk) om dit proefschrift tot een succes te maken.  Afgelopen jaren heb je als 
mijn co-promotor me moed ingesproken (“dappere eerste poging, maar mooi rood 
is niet lelijk!”), de duimschroeven aangedraaid, en mijn enthousiasme geprikkeld is niet lelijk!”), de duimschroeven aangedraaid, en mijn enthousiasme geprikkeld is niet lelijk!”
(“tijd om even mee te denken om mijn kamer?”). Tevens zorgde je voor EHBO na “tijd om even mee te denken om mijn kamer?”). Tevens zorgde je voor EHBO na “tijd om even mee te denken om mijn kamer?”
kiwi intoxicaties (“prednison en cocktails zijn het beste medicijn!”), opvoeding (“ik 
hoor jullie toch wat algemene opvoeding te geven”), loopbaan- en levensadviezen 
en hoge verwachtingspatronen (“ik wil dat je morgen de prijs gaat winnen!”).  Waar 
je af en toe zeer content was met mijn eeuwige doorwerk-modus (“Fardou hier 
demonstreert: gas geven is ook een kunst”), heb je me ook heel veel moeten 
afremmen (“nu ademen en van het weekend genieten!”). Je hebt mij constant 
geprikkeld met je enthousiasme en hebt ervoor gezorgd dat ik boven mezelf kon 
uitstijgen door je directe feedback. Ik wil je bedanken voor je onvermoeide steun en 
‘vrije uren’ die je in de begeleiding hebt gestoken. “Never change a winning team;” 
daarom gaan we gewoon gezamenlijk verder met het onderzoek.

Dr. Harmsen, beste Hermie, co-promotor,Dr. Harmsen, beste Hermie, co-promotor, jij hebt mij omgetoverd tot een lab-nerd 
met vaardigheden zoals DNA extractie, FISH en PCR. Je hebt me kennis laten 
maken met de wondere wereld van de ‘onzichtbare beestjes,’  en dit enthousiasme 
heeft zeer aanstekelijk gewerkt. Ik wil je hartelijk bedanken dat je ervoor open stond 
om mij kennis te laten maken met jouw vakgebied. Soms dacht ik dat mijn e-mails 
naar jou als spam zouden worden aangevinkt, maar toch was ik altijd weer welkom 
voor een lang en gezellig overleg. Bedankt voor je toewijding en bijdrage aan het 
onderzoek. Ik kijk er naar uit om ons onderzoek verder voor te zetten. 

Beste dr. Kooi, beste Elisabeth,Beste dr. Kooi, beste Elisabeth, in een door mannen gedomineerd dankwoord mag 
ik gelukkig ook jou bedanken voor je behulpzaamheid, nuttige bijdrage aan mijn 
onderzoek en je altijd positieve kijk.

Beste dr. Timmer, beste Bert,Beste dr. Timmer, beste Bert, je hebt mij de eerste scholing omtrent microscopie 
en pathologie gegeven. Ik wil je bedanken voor de ruimte die je hebt gemaakt om 
samen naar ‘plaatjes’ te kijken, me te adviseren en je immer positieve instelling. 

Dear dr. Benkoe (and colleagues), dear Tom,Dear dr. Benkoe (and colleagues), dear Tom, my fi rst two manuscripts that were 
accepted for publication were in cooperation with your department. My thanks goes 
to your always positive words, your advise and support. Hopefully our cooperation 
will not end with this thesis.
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Beste Marcus,Beste Marcus, al ben je maar bij één onderzoek betrokken geweest in dit proefschrift, 
ik kan jou zeker niet overslaan in dit rijtje. Ik wil je hartelijk bedanken voor je zeer 
belangrijke bijdrage aan het microbioom onderzoek. Helaas ben ik me ervan bewust 
dat ik met dit onderzoek redelijk wat uren slaap van je heb afgenomen en ik hoop dit 
in de toekomst niet meer te doen (maar kan dit natuurlijk niet beloven).  

3.3 Word jij al verdacht van goede daden?
In dit onderzoek heb ik gebruikt gemaakt van data van de NoNEC trial en 
CALIFORNIA trial. 
Alle credits voor het opzetten van deze trials gaan naar Maarten, Anne en NynkeMaarten, Anne en Nynke. 
Dankjulliewel dat ik gebruik mocht maken van jullie data. Daarnaast wil ik iedereen 
bedanken die mee geholpen heeft met de realisatie van deze trials, in het bijzonder 
Fleur van Udenhout zonder wie de sample verzameling nooit gelukt was. 

Ook mijn artikelen heb ik niet alleen gerealiseerd. Beste co-auteurs,Beste co-auteurs, zonder jullie 
geen manuscripten en dus geen proefschrift. Graag wil ik jullie allen bedanken voor 
jullie bijdrage aan alle manuscripten. 

Beste Maarten, naast het feit dat ik gebruik mocht maken van de NoNEC data heb 
je mij ook meerdere keren van ‘bijzonder gedetailleerd’ advies voorzien.  Dit heeft 
er zeker voor gezorgd dat ik consequenter ben gaan schrijven. En ‘wist je dat circa 
100 mensen per jaar stikken in een balpen?,” nu jij weer……

Natuurlijk vergeet ik mijn onderzoeksstudenten niet! Gaia, Rianne, Bastiaan;Gaia, Rianne, Bastiaan;
dankjulliewel voor jullie inzet en de bijdrage die jullie hebben geleverd aan mijn 
proefschrift. Jullie hebben tevens laten zien hoe leuk het is om onderwijs te  geven.

Graag wil ik iedereen die mij heeft geholpen op het Microbiologie- en pathologie lab Microbiologie- en pathologie lab 
hartelijk bedanken. Zonder jullie liep ik waarschijnlijk nog steeds rond om materialen 
te zoeken. In het bijzonder wil ik Carien Bus-Spoor en Marian BulthuisCarien Bus-Spoor en Marian Bulthuis bedanken. 
Carien, tijdens mijn lab-weken stond je altijd stand-by om mij uit de brand te helpen, 
dankjewel daarvoor! Marian, dankjewel voor jouw expertise en begeleiding op het 
pathologie lab.

Keep calm and call a statistician. Dr Groen, hartelijk bedankt voor de statistische hulp.

Daarnaast wil ik ook graag alle medewerkers van de afdeling Neonatologie, afdeling Neonatologie, 
Kinderchirurgie, Microbiologie en Pathologie Kinderchirurgie, Microbiologie en Pathologie in het Universitair Medisch Centrum 
Groningen bedanken voor hun hulp. Verder wil ik de betrokkenen van de afdeling 
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Neonatologie en Kinderchirurgie van het Academisch Medisch Centrum en het VU 
medisch centrum, met in het bijzonder Roel Bakx, Roel Bakx, hartelijk bedanken voor het tot 
stand komen van hoofdstuk 2.

3.4 Gezonde voeding, leesvoer
Prof. Heineman, prof. Reiss, en prof. Sinha, leden van de beoordelingscommissie,Prof. Heineman, prof. Reiss, en prof. Sinha, leden van de beoordelingscommissie,
ik dank u hartelijk voor het beoordelen van dit proefschrift. 

3.5 Zorgen moet je doen niet maken
De ondersteunende instanties hebben ervoor gezorgd dat ik mij geen zorgen heb 
hoeven te maken tijdens mijn MD/PhD traject.

De Junior Scientifi c Masterclass, de Rijksuniversiteit Groningen en het Universitair de Rijksuniversiteit Groningen en het Universitair 
Medisch Centrum Groningen Medisch Centrum Groningen wil ik bedanken voor de mogelijkheid die ik heb 
gekregen om dit onderzoek in de vorm van een MD/PhD-traject uit te voeren. 
Research institute GUIDE bedankt voor het aanbieden van cursussen waarmee ik 
mij verder hebben kunnen ontwikkelen. Alle subsidieverleners wil ik bedanken voor 
de fi nanciële ondersteuning voor de realisatie van dit proefschrift (zie bladzijde 2).  

3.6 Goede vrienden laten je geen stomme dingen doen alleen
Onderzoeken doe je niet alleen en daarom wil ik al alleerst mijn oud-kamergenoten, oud-kamergenoten, 
mede-UMCG-ers (o.a. mede-UMCG-ers (o.a. Sebas, Margot, Ruben, LindaSebas, Margot, Ruben, Linda), mede-(MD)/PhD-ers ), mede-(MD)/PhD-ers 
(o.a.(o.a. Marieke, Mauri, Hilde, Willem-Jan, Bart Marieke, Mauri, Hilde, Willem-Jan, Bart) en collega’s op de IC ) en collega’s op de IC  Marieke, Mauri, Hilde, Willem-Jan, Bart) en collega’s op de IC  Marieke, Mauri, Hilde, Willem-Jan, Bart Marieke, Mauri, Hilde, Willem-Jan, Bart) en collega’s op de IC  Marieke, Mauri, Hilde, Willem-Jan, Bart bedanken. 
Dankjulliewel voor de gezelligheid, dat ik altijd even stoom af kon blazen of van jullie 
tijd mocht stelen voor koffi e. Aansluitend ‘koffi e dame uit de winkelstraat’, bedankt 
voor de koffi e die zeker tot inspiratie heeft gewerkt bij de vele uren schrijven. Er rest 
mij te zeggen, het Jut&Juul-team is op de aankomende congressen gewoon weer 
van de partij. 

Zonder lieve vrienden zou ik er bijlopen als een zielig hoopje ellende. Dankjewel dat 
jullie er altijd voor mij zijn, ondanks mijn altijd drukke agenda. Ik ben gezegend met 
zo’n sociaal netwerk om me heen dat zorgt voor voldoende (destructieve) humor, 
vermaak, belangstelling en de juiste dosis relativeringsvermogen. En lief bestuur, lief bestuur, lief bestuur
hebben jullie nog ‘schapen over het hek zien komen’ in dit proefschrift? 

Marije en HildeMarije en Hilde, ik ben trots en dankbaar dat jullie mijn paranimfen zijn op de ‘dag 
des oordeels.’
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3.7 Wees gerust geen enkele familie is normaal
Lieve heit en mem,Lieve heit en mem, jullie zijn apetrots, maar jullie hebben zeker een aandeel aan dit 
mooie proefschrift. Jullie geloven vaak meer in mij dan ikzelf. Als het even tegenzit 
staan jullie altijd direct op de stoep en delen mijn vreugde bij successen. Bedankt 
voor jullie onvermoeibare steun, interesse en pogingen om de inhoud van mijn 
onderzoek te begrijpen. Heit, bedankt voor het ontwerpen van de voorkant van 
mijn proefschrift. Lieve broer en zus, Lieve broer en zus, samen vormen we de formatie kind 1,2 en 3. 
Bedankt voor jullie uiteenlopende adviezen, steun en een goede portie sarcasme op 
zijn tijd. Leave Beppe en alle oare famyljeLeave Beppe en alle oare famylje, tige tank foar jimme stipe en ynteresse.

Tot slot, lieve Jop, lieve Jop, het hele onderzoeksproces heb je meegemaakt. Dankjewel dat je 
mijn hoogtepunten met mij hebt gevierd, emotionele ‘breakdowns’ hebt opgevangen 
en ervoor hebt gezorgd dat ik nog wat gezond bleef tijdens mijn eeuwige verblijven 
tussen de muren van het UMCG.

4. Conclusie
Deze retrospectieve analyse van de betrokkenheid van derden aan de realisatie 
van dit proefschrift laat zien dat de realisatie van een proefschrift geen individueel 
maar een gezamenlijk proces is. Zoals gezegd, ik ben dank verschuldigd aan meer 
mensen dan dat ik op deze pagina’s kwijt kan. Tot slot, als meest gelezen artikel van 
dit proefschrift wil ik graag de lezers van dit dankwoord bedanken.
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