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Chapter 1

GENERAL INTRODUCTION

This thesis will address necrotizing enterocolitis (NEC), a devastating gastrointestinal 
disease that primarily affects preterm infants.1-5 Worldwide, 5 to 13% of the pregnancies 
result in preterm birth, which is defined as a birth before 37 weeks of gestation.6,7 During 
the past 50 years the pathophysiology of NEC has been extensively investigated in order 
to prevent the development of this disease and to improve the treatment for affected 
infants.7 Due to numerous improvements in neonatal care the incidence of NEC increased 
over the past years.1,2,4 NEC is still the deadliest gastrointestinal disease among preterm 
infants, and one of the most difficult diseases to eradicate.2-5 Within hours to days NEC 
can progress towards a fulminant condition resulting in a fatal outcome in up to 50%.3-5,8-12 

A considerable number of survivors develop intestinal complications after NEC resulting in 
feeding difficulties,3,4,13 failure to thrive, and neurodevelopmental problems (Figure 1).14-

24 Approximately 5% of NEC cases recur, with similar mortality rates to that for primary 
NEC.4 Additionally, the development of a post-NEC stricture occurs in 35%, and a short-
bowel syndrome occurs in 9% of the cases.3,4,13 These complications might result in ongoing 
morbidities such as intestinal perforation, bacterial infections and/or sepsis, electrolyte 
imbalances, hypoalbuminemia, cholestasis, and failure to thrive.3,4,13 Later in life, up to 
50% of the preterm infants who survive after NEC reveal a significant delay in motor- and 
cognitive performance.14,17 It becomes more and more clear that NEC is a disease facing 
tremendous challenges to improve neonatal care and outcome. It has become research 
priority number #1 in neonatal research. Therefore, the first aim of this thesis, presented 
in part I, was to gain more insight in the pathophysiology of NEC, by assessing the relation 
between enteral feeding and postprandial intestinal perfusion in preterm infants. In the 
second part of the thesis we focused on intestinal perfusion and intestinal integrity after 
NEC. To assess intestinal perfusion and intestinal integrity we used several biomarkers, 
such as intestinal oxygen saturation, intestinal-fatty acid binding protein, and citrulline. 
In this part of the thesis we aimed to develop novel tools to estimate chances of survival 
and intestinal recovery in preterm infants who developed NEC. The third part of this 
thesis concentrated on neurodevelopment of survivors after NEC. The aim in this part 
was to address possible underlying mechanisms that may be associated with a poorer 
neurodevelopmental outcome. By investigating these research questions, this thesis aimed 
to contribute to future individualized and improved NEC treatment and care. 
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Figure  1. Necrotizing enterocolitis in preterm infants
Abbreviations: NEC-Necrotizing enterocolitis; NDI-Neurodevelopmental impairment
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Chapter 1

A historical perspective
On the 7th of November in 1826, intern Charles Billard observed a nine days old small and 
weak sick neonate, which he first described in his book ‘Triaté des maladies des enfants 
nouveau-nés et à la mamelle’:25 

“She shows generalized redness of the integuments and edematous extremities. The 

temperature of her skin is normal, her cry unaltered; her pulse is irregular at 92/min. 

The infants has copious green-stained diarrhea. An intense perianal redness is noticed; 

the abdomen is swollen. On the 12th the green stool is mixed with streaks of blood. On the 

14th the infant yields a large amount of blood with the stool; her face is thin, livid and 

entirely distorted; she vomits the administered liquids; her extremities are cold and livid; 

her belly is tense; the heartbeat extremely slow; finally she dies in the evening yielding a 

large quantity of black liquid blood through the anus.” 

This infant was Billard’s 50th clinical observation with a sudden onset of comparable 
abdominal signs leading to death.25 Based on postmortem research, he reported a neonatal 
disease termed ‘gangrenous enterocolitis’.25 In only a matter of time (early 1900s) several 
other cases were reported concerning intestinal perforations without obstruction, treated 
with antibiotics and surgery.8,25 In the 1940s, cases of ‘severe infectious enteritis’ were 
reported. 8,25 Twelve years later, in 1952, the term ‘necrotizing enterocolitis’ was first 
mentioned by Schmid and Quaiser, after observing 85 infants who died due to intestinal 
necrosis without a proven infectious etiology.8,25 So far, NEC was only observed in term 
infants. As neonatal units became skilled in caring for slightly younger preterm infants since 
the 1970s, the reported cases of NEC increased dramatically, including those in preterm 
infants.8  

Epidemiology
NEC is one of the most devastating gastrointestinal diseases among preterm infants.1-5,9-12  
Since neonatal care improved, which resulted in active approaches by lower limits of 
gestational ages and higher survival rates, the incidence of NEC has only increased.1,2,4,26,27 
Remarkably, the incidence of NEC varies across neonatal intensive care units (NICUs) and 
between countries.1-5,26-32 For example, the reported incidence of NEC ranged from 1.3% 
to 12.9% among 25 NICUs participating in the Canadian Neonatal Network.32 In addition, 
the reported incidence of NEC among infants with a gestational age below the 32 weeks 
ranged from 2% in Japan, to 6-10% in Europe and the United States.27 Although most NEC 
cases occur sporadically, a few large scale outbreaks have been reported at different sites, 
denoted as ‘NEC epidemics’.31,33 This temporal clustering of NEC cases suggests a possible 
common etiology.31,33  
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Pathophysiology/pathogenesis 
The pathophysiology of NEC is multi-factorial and therefore very complex and not yet fully 
understood.1-5,34-39 As a result of intestinal immaturity, some main factors thought to be 
involved include diminished intestinal perfusion leading to ischemia and/or reperfusion 
injury, delayed transport and digestion of enteral feeds, an altered intestinal microbiome, 
an impaired barrier function, excessive inflammation resulting in epithelial cell damage of 
the intestinal wall, and excessive immune responses of the mucosal surface.1-5,34-39 Based on 
these pathophysiologic factors, scientific evidence demonstrating the feasibility of several 
biomarkers to predict which infants are at risk for the development of NEC is growing. 
As it goes beyond the scope of this thesis to address all these factors, we focused on 
intestinal perfusion and gut-integrity. We first tried to gain more insight in the relation 
between enteral feeding, intestinal perfusion, and the development of NEC. Secondly, we 
tried to provide a tool to estimate survival and intestinal recovery after NEC by focusing on 
intestinal perfusion and intestinal integrity using several biomarkers. We will describe these 
biomarkers in more detail further in this introduction. 

Enteral feeding

Introducing enteral feeding to preterm infants is challenging because gastrointestinal (GI) 
motility is limited causing delay in gastric emptying and intestinal transit. Feeding practices 
have varied significantly during the past years and still vary among NICUs and between 
countries.4 These varying feeding practices range from a fast introduction of feeds after 
birth to a slow modest daily enteral volume increments, and from an early introduction 
of feeds after birth to a delayed introduction of feeds after birth.4,40 At our NICU, enteral 
feeding is early introduced after birth (within 48 hours) and feeding volumes are increased 
daily by 20 mL/kg/day. All preterm infants receive enteral feeding through nasogastric 
tubes. Enteral feeding consists of mother’s own milk, preterm formula, or a combination 
of both when mother’s milk is unavailable or of insufficient quantity. Infants weighing less 
than 1250 grams receive enteral bolus feeding every two hours and infants weighing more 
than 1250 grams are fed once every three hours.

Although essential for gut function, neurodevelopment and growth, enteral feeding 
has also been implicated in the pathophysiology of NEC.4,40-46 Several studies have suggested 
that early administration of feeds to an immature intestine or increasing feeding too rapidly 
increases the risk for the development of NEC.4,40,41 Introducing enteral feeds slowly, however, 
showed no clear benefit either.4,42-46 A recently conducted controlled trial comparing slow 
and fast feed increments showed similar rates of NEC.47 Furthermore, mother’s own milk 
has been suggested to decrease the risk for the development of NEC, while formula has 
been associated with an increased risk for NEC.1-5,39 Two theories concerning the association 
between enteral feeding and the development of NEC have been introduced. Firstly, 
the composition of enteral feeding might influence the intestinal bacterial deposition.5 
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Secondly, a mismatch between an increased postprandial metabolic demand and blood 
flow/oxygen supply might result in feeding intolerance, delayed full enteral feeding (FEF) 
and possibly even NEC.48-50 In this thesis, we focused on this second theory in more detail. 

In the healthy mature intestines, enteral feeding leads to an increased intestinal
perfusion in response to an increased metabolic demand, called postprandial hyperaemia.51-53 

The immature intestine of preterm infants, however, might be less able to adequately 
respond to postprandial physiological changes. In addition, preterm infants are at risk 
for an impaired cerebrovascular autoregulation.54-62 Theoretically, in case of an adequate 
postprandial increase of the intestinal perfusion, this might result in a comprised cerebral 
perfusion if cerebrovascular autoregulation is impaired, due to redistribution of the blood 
flow in favour of the intestine. It is thus important to first understand the physiological 
intestinal response of the immature intestine of relatively healthy preterm infants to 
understand the physiological intestinal response to enteral feeding in an injured intestine 
and to estimate intestinal recovery thereafter. Currently, there is little scientific evidence 
about whether this capability of the preterm intestine to increase its intestinal perfusion 
after feeding depends on postnatal age (PNA), postmenstrual age (PMA), and/or feeding 
volumes. This thesis evaluated the effect of enteral bolus feeding on intestinal perfusion 
in preterm infants during the first five weeks after birth, including whether this effect 
depended on postnatal age, postmenstrual age, and/or feeding volumes (Chapter 2). It 
also explores whether cerebral perfusion changed if postprandial intestinal perfusion does 
increase after enteral feeding.

Intestinal recovery

Nowadays, a direct non-invasive way to determine intestinal recovery after NEC is lacking. 
In this thesis we used two different outcome measures to assess intestinal recovery. Firstly, 
as tolerating full enteral feeding by the intestine after NEC onset can be used as indicator 
of intestinal recovery, we took the time to reach full enteral feeding as surrogate for 
intestinal recovery rate. Full enteral feeding was defined as tolerating feeding volumes 
of minimally 150 mL/kg/day.63,64 In case of uncomplicated reintroduction of enteral 
feeding, feeding volumes can be daily raised with 20-30 mL/kg/day.47,63,64 Secondly, we 
assessed a disturbed intestinal recovery after NEC by assessing the development of post-
NEC complications, such as recurrent NEC or a post-NEC intestinal stricture. As mentioned 
previously, approximately 5% of NEC cases recur and approximately 30-40% of the infants 
develop a post-NEC stricture.3,4,13

Clinical aspects, classification and therapeuthic options
The postnatal age at which preterm infants develop NEC differs between various gestational 
ages.3,32 Preterm infants born before 26 weeks of gestation typically develop NEC after 
approximately three weeks after birth, whereas infants born around 31 weeks of gestation 
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develop NEC mostly within two weeks after birth.3,32 Of all infants who develop NEC, 
approximately 25% develops NEC beyond 30 days after birth.3,32 NEC is characterized by 
a sudden onset of non-specific signs, such as abdominal distension and/or discomfort, 
intolerance for enteral feeds, bloody stools, apneas and an increased need for ventilatory 
support, bradycardia, and temperature instability.1-4,26 NEC might rapidly progress towards a 
fulminant condition with intestinal necrosis and perforation within just hours to days.1-4,9,39 
Common laboratory findings include thrombocytopenia, metabolic acidosis, leukocytosis, 
hyperlactataemia, and a raised C-reactive protein.1,3,4 The diagnosis of NEC is commonly 
based on the radiographic finding of pneumatosis intestinalis, a phenomenon characterized 
by tiny bubbles of gas within the intestinal wall.1,3,4 When NEC progresses, additional 
findings of venous portal gas and/or abdominal free air as sign of intestinal perforation 
could be present.1,3,4 Treatment is based on NEC classification according to the modified 
Bell’s criteria and could be either conservative or surgical.65,66 

Treatment and prognosis

Conservative, medical treatment consists of broad-spectrum antibiotics, bowel rest by 
nil per mouth (NPO) and abdominal decompression with a gastric tube, and, if required, 
respiratory and/or cardiovascular support.1-3 Surgery is inevitable in 20 to 40% of the 
infants.1,3,39 Indications for surgical intervention are still under debate. They may include 
signs of fixed bowel loop, signs of intestinal perforation, or deteriorating clinical condition 
despite maximal conservative treatment.1-4 Surgical intervention consists of primary 
peritoneal drainage (uncommon in the Netherlands) 68 or laparotomy with resection of 
ischemic/necrotic bowel followed by the creation of a primary anastomosis or enterostomy.2-4 
Approximately 50% of the preterm infants with surgical NEC do not survive the surgical 
intervention.1,3,4,10-12 So far, there is no common prediction model, tool, or biomarker to 
adequately identify preterm infants with NEC who will survive surgery and who will not. 
Therefore, this thesis also addressed whether potential biomarkers could aid in the risk 
assessment preoperatively, trying to identify those preterm infants who will and those who 
will not survive surgical intervention (Chapter 3). 

Reintroduction of enteral feeding after necrotizing enterocolitis and intestinal recovery

One of the elements of the treatment after NEC development is a NPO regimen.1,3,4,63,69 
During this period, amino acids, lipids, and other essential nutrients are administered  
temporarily by total parenteral nutrition (TPN).3,4,63 Currently, the duration of this NPO 
period is determined by consensus based guidelines, recommending 7-10 days of NPO in 
conservatively treated NEC and 14 days of NPO in case of surgical intervention.4,64,70,71 At our 
NICU, reintroduction of enteral feeding starts at day 6 after NEC onset, irrespective of Bell’s 
stage, but on the condition that abdominal distension and tenderness have disappeared, 
bloody stools are absent, and pneumatosis intestinalis has disappeared for at least 24 
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hours on abdominal radiographs. As described previously, enteral feeding is essential for 
gut function as well as growth and neurodevelopment.51,69,72-74 In addition, prolonged TPN 
is associated with complications such as cholestatic liver disease and catheter related 
sepsis.75 Therefore, it is desirable to minimize the duration of NPO. One of the risks of 
reintroducing enteral feeding before full intestinal recovery, however, is the development 
of recurrent NEC.64,76,77 Therefore, the optimal timing for reintroduction of enteral feeding 
may be related to the rapidity of intestinal recovery and should possibly be individually 
determined. 

Nowadays, no evidence is available whether clinical, laboratory and radiological 
parameters are helpful in deciding when the intestines have fully recovered after NEC, and 
when it is safe to reintroduce enteral feeding. An important first step to assess intestinal 
recovery before individualizing the optimal timing to reintroduce enteral feeding is to 
establish markers helpful to predict intestinal recovery after NEC. Therefore, this thesis 
addressed several potential biomarkers that might be helpful in predicting intestinal 
recovery after NEC onset in preterm infants (Chapters 4 and 5).

Potential biomakers to predict recovery and survival
Several biomarkers have been evaluated in the context of NEC during the past years. Since 
NEC is associated with a diminished intestinal perfusion affecting gut-integrity, focus has 
been on studies investigating biomarkers with the potential to identify preterm infants at 
risk for the development of NEC and/or to predict progression into a fulminant course. 
Three potential biomarkers addressing previous issues are the regional intestinal oxygen 
saturation48, 77-83 intestinal-fatty acid binding protein (I-FABP),81,85-87 and plasma citrulline.87-90

A marker for intestinal perfusion; Intestinal tissue oxygen saturation

Since intestinal ischemia seems, among others, an important factor in the pathophysiology 
of NEC, assessing intestinal perfusion might be helpful to predict the intestinal condition 
after NEC onset.48,78,81 Two techniques used to assess intestinal perfusion are Doppler flow 
measurements of the superior mesenteric artery (SMA)50,91 and near-infrared spectroscopy 
(NIRS).48,78-84 Doppler flow measurement is an instantaneous recording and probably 
more invasive than NIRS. It goes beyond the scope of this thesis to further illustrate this 
technique. NIRS is a spectrometer used to assess end-organ oxygenation continuously and 
non-invasively.92-99 NIRS can be used at the bedside. It measures the regional tissue oxygen 
saturation (rSO2).

92-99 During the past years, the use of and interest in this technique has 
grown fast. Whereas NIRS was introduced for the first time in 1977 by Jöbsis as method 
to assess the oxygen saturation of a certain tissue,99 NIRS is nowadays used multi-site to 
assess oxygen saturation of cerebral, renal, intestinal, muscle, and sometimes even liver 
tissue.96,97,100-103 
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The NIRS technology (Figure 2)
is based on the ability of near-
infrared light (wavelength 700-
1000 nm) to transmit effectively
through most biological tissues.
92-97,101 The majority of the near-
in will be absorbed by the 
chromophores oxygenated and 
deoxygenated hemoglobin, each
with different spectra of 
absorption. 92-97,101 NIRS devices 
generally use wave-lengths of
700-850 nm, where the absorption 
spectra of oxygenated and deoxygenated hemoglobin are maximally separated.92,94,96 The 
relationship between the chromophore concentration and light absorption is described by 
the Beer-Lambert equation.92-94,96 According to this law, the concentrations of oxygenated 
and deoxygenated hemoglobin can be measured and subsequently the oxygen saturation 
can be calculated.92-94,96 In order to assess oxygen saturation of the tissue of interest, the 
NIRS sensor consists of multiple detectors with of one light emitting diode and two optodes 
that receive the diffusely scattered non-absorbed light.92-95 This way, tissue oxygen levels 
of superficial tissue can be extracted.93-95  By measuring the amount of light returned to 
the optodes (deep path minus surface path), NIRS values represent the amount of spectral 
absorption that is occurring in the deeper tissue, at approximately 2-3 cm depth.94-96 

Next, the ratio of oxygenated hemoglobin to the total of hemoglobin results in 
the rSO2.

92-97,101 The rSO2 is a mixed saturation value that consists of venous blood for 
approximately 75 to 80%, of the capillary compartment for 5%, and of arterial blood for 
the remaining part.94,97,101,104,105 In addition to rSO2, the fractional tissue oxygen extraction 
(FTOE) can be calculated by combining rSO2 measurements with simultaneously measured 
transcutaneous arterial oxygen saturation (SpO2) values using a pulseoximeter.82,95-97,101 FTOE 
reflects the balance between oxygen supply and tissue oxygen consumption.82,95-97 Regardless 
some validity issues concerning the measurement of intestinal wall oxygenation, so far, 
research has demonstrated the feasibility of intestinal oxygen saturation measurements 
to identify infants at risk for the development of NEC or disease progression after NEC 
onset.48,78,80 Whether the finding of a relatively low intestinal oxygen saturation is a risk 
factor or associated with the development of NEC is still under debate, as conflicting 
results are reported 48,78,80 In addition, infants who developed uncomplicated NEC showed 
higher intestinal oxygen saturation values than infants without NEC, while infants who 
developed complicated NEC showed lower intestinal oxygen saturation values than 
infants without NEC or uncomplicated NEC (Bell’s stage 3B, or death as a consequence 

     Figure 2. The NIRS technology  
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of NEC).79,81 As infants with complicated and uncomplicated NEC show different intestinal 
oxygen saturation patterns, the variability of the intestinal oxygen saturation might be 
of added value to gather information on the relation between intestinal perfusion, the 
development of NEC, and survival and intestinal recovery thereafter.82,83 In this thesis we 
tried to estimate the chances of survival and to predict intestinal recovery after NEC onset 
in preterm infants (Chapters 3 and 4). For this purpose, we focused on intestinal oxygen 
saturation measurements including its variability, using the INVOS 5100C spectrometer with 
neonatal Somasensors (Medtronic, Dublin, Ireland).  

A marker for enterocyte damage; Intestinal-fatty acid binding protein

Characteristic for NEC is inflammation and epithelial cell damage of the intestinal 
mucosa.81,85-87 Several urinary biomarkers, based on the mechanism of cell damage and 
inflammation, have been evaluated as diagnostic tool to predict the development of NEC in 
high risk neonates or the severity of disease after NEC onset.85,86,106 One of these biomarkers 
is I-FABP, a mall cytosolic protein (14-15kDa) located in mature epithelial cells of the small 
and large intestine.85-87,107 When integrity of the cell membrane is lost, for example as a result 
of inflammation due to NEC, I-FABP is readily released into the circulation.85-87,107  From the 
circulation I-FABP passes through the glomerular filter of the kidneys with a renal excretion 
of 28% and a half-life time of 11 minutes.85-87,107 As a result, I-FABP can rapidly be detected 
in both plasma and urine (I-FABPu).

85-87,107 The detected I-FABP levels reflect the extent 
of intestinal epithelial damage. 85-87,107 I-FABPu is elevated in infants with NEC compared 
with infants without NEC.69,85,86,107 Moreover, repeated I-FABPu measurements could predict 
progression into complicated disease.86 Subsequently, it has been suggested that I-FABPu 
measurements might be helpful in optimizing the timing to reintroduce enteral feeding 
in preterm infants with NEC.69 Therefore, as a first step, we will focus on disruption and 
restoration of intestinal integrity, by addressing the ability of I-FABPu to predict intestinal 
recovery (Chapter 4).    

A marker for intestinal recovery; Citrulline

Citrulline, a nonprotein amino acid, is an intermediate of the urea cycle. Citrulline is the 
immediate precursor of arginine and is synthesized in the enterocytes of the liver and 
the small intestine.88-90,108,109 As hepatic citrulline is catabolized by the intrahepatic urea 
cycle, the level of systemically circulating citrulline primarily originates from the intestinal 
enterocytes.90,108,109 It has been suggested that lower levels of circulating citrulline are 
associated with intestinal necrosis and loss of functional enterocyte mass. 90,108,109 Several 
clinical studies reported that citrulline levels correlate with intestinal diseases such as 
short-bowel syndrome, villous atrophy-associated intestinal diseases, intestinal graft-versus 
host disease or radiation enteritis.90 Recently, lower plasma citrulline levels were found in 
preterm infants with NEC compared with their peers.90 Additionally, a significant linear 
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relationship has been reported between citrulline levels and the amount of amino acids 
administered enterally.90 We hypothesized that restoration of functional enterocyte mass 
as sign of intestinal recovery might up-regulate intestinal citrulline levels after a primary 
decline due to NEC. This thesis evaluated the course of citrulline levels during the first 48 
hours after NEC onset (Chapter 5). We also determined whether the type of treatment, 
survival, and intestinal recovery after NEC were associated with plasma citrulline levels 
during the first 48 hours after NEC onset.

Neurodevelopmental outcome 
Despite many advancements made in neonatal care, preterm infants who survive 
necrotizing enterocolitis are still at risk for poor neurodevelopmental outcomes compared 
with their peers who did not develop this disease.14-24 Whereas major neurodevelopmental 
impairments were reported in 15% of the infants with mild to moderate NEC, this rate 
increases to 50% in infants with severe NEC.14,17 One third to one half of the infants needing 
surgical intervention show a significant delay in motor- and cognitive performance.14,17 Other 
neurodevelopmental impairments include dysfunctions of vision, hearing, and speech, 
as well as problems with behavior, interpersonal and social skills.3,17,20-22 Although these 
findings raise concerns, current research did not clarify additional contributing etiological 
mechanisms besides surgical intervention. 

The developing brain of preterm infants with necrotizing enterocolitis; 

The role of cerebrovascular autoregulation

Preterm infants are at risk for an impaired cerebrovascular autoregulation, particularly 
at times of severe illness including NEC.54-62 In case of an adequate cerebrovascular 
autoregulation, cerebral blood flow remains stable despite changes in cerebral perfusion 
pressure, by regulating the vascular diameter and resistance. 54-62,110 When cerebrovascular 
autoregulation is impaired, the cerebral blood flow will passively vary with changes in 
cerebral perfusion pressure. This may result in harmful fluctuations of the cerebral blood 
flow causing neuronal injury.54-62,110 In case of hypotension there is a risk of cerebral 
ischemia, while in case of hypertension there is a risk of cerebral hemorrhage.54-62,110 
Cerebral perfusion pressure should stay within a certain range to maintain an adequate 
cerebral blood flow, called the autoregulatory plateau.54-62,110 Several factors influence the 
upper and lower borders of this plateau.54,57,58 These factors can be subdivided into four 
main categories, including blood pressure, chemical factors (pCO2 and pO2), metabolic 
factors (functional activation), and neurogenic factors.54,57,58 Surgery, including anesthesia, 
might affect these factors and thereby increase the risk for an impaired cerebrovascular 
autoregulation.111,112 This thesis addressed whether surgery and/or anesthesia influence 
cerebrovascular autoregulation in preterm infants with NEC (Chapter 6).
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The developing brain of preterm infants with necrotizing enterocolitis; 

The contribution of enteral feeding

A second possible underlying mechanism that might increase the risk for a poorer 
neurodevelopmental outcome after NEC concerns a less adequate nutrition,113,114 for 
example due to withdrawal of enteral feeding to treat NEC. In the second and third 
trimester of pregnancy several processes contribute to the development of the brain, such 
as neurogenesis, neuronal maturation and synaptogenesis.17,113 During the third trimester 
of gestation, preterm infants have already left the womb, while their brains still have 
to undergo a trajectory of rapid growth and differentiation.113,114 The brain of preterm-
born children is therefore very vulnerable and disturbances might lead to deficits in brain 
maturation affecting neurodevelopment. 17,113,114 One of the main factors prerequisite for 
appropriate brain maturation to support the trajectory of rapid growth and differentiation 
is adequate nutrition.113,114 Preterm-born children who develop NEC, however, need to be 
treated with withdrawal of enteral feeds and they will be fed temporarily by TPN.1,3,4,63,69 
So far, it remains uninvestigated whether this period of withdrawal of enteral feeding 
influences brain maturation and neurodevelopment. This thesis evaluated whether the time 
to full enteral feeding after NEC onset is associated with neurodevelopmental outcome 
assessed at two to three years of age by the Bayley Scales of Infant and Toddler Development 
(Chapter 7). 

Assessment of the Bayley Scales of Infant and Toddler Development

The Bayley Scales of Infant and Toddler Development, third edition, (Bayley-III) is a 
commonly used tool to assess neurodevelopmental outcome in preterm-born children.115-117 
This tool is suitable for all children aged between 16 days post term till 42 months and 15 
days .115-116 The starting point of the test is determined by the children’s age corrected for 
prematurity.115 This test consists of three components, all with a final total score, including 
the cognitive, motor and language domain.115 In the Netherlands we only assess cognitive 
and motor outcomes, because the language assessment in not yet fully validated. The 
total cognitive and motor scores are composite scores, with a mean of 100 and a standard 
deviation of 15.17,18, 115 The total motor score consists of the sub scores fine and gross motor. 

115,117 Fine and gross motor scores are scaled scores with a mean of 10 and a standard 
deviation of 3.115-117 Abnormal scores are defined as achieved scores of 2 SD or more under 
the mean.115,117 As enteral feeding is temporarily withdrawn in preterm-born children who 
developed NEC, while enteral feeding is essential for growth and neurodevelopment, 
the time to full enteral feeding after NEC might be associated with neurodevelopmental 
outcome. This thesis evaluated whether the time to full enteral feeding after NEC onset 
and the presence of post-NEC complications were associated with neurodevelopmental 
outcome, using the Bayley Scales of Infant and Toddler Development, third edition.
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AIM OF THE THESIS

The first aim of this thesis was to gain insight in the effect of enteral feeding on intestinal 
perfusion, and to determine whether this effect depended on postnatal age, postmenstrual 
age and/or feeding volumes. The second aim of this thesis was to determine whether 
potential biomarkers were able to aid clinicians to estimate the changes of survival of 
preterm infants with NEC requiring surgical intervention, as well as providing an estimate 
of intestinal recovery rate after NEC onset in surviving preterm infants. The last aim of 
this thesis was to gain insight in two possible etiologic mechanisms which might contribute 
to a poorer neurodevelopmental outcome in preterm born infants who survived after the 
development of NEC. 

OUTLINE OF THE THESIS

This thesis consists of three parts, each addressing several specific research questions.

Part I – Before Necrotizing Enterocolitis Onset; the Relation between Enteral Feeding, 
Intestinal Perfusion, and the Development of Necrotizing Enterocolitis
The Effect of Enteral Bolus Feeding on Regional Intestinal Oxygen Saturation in Preterm 

Infants is Age-Dependent: a Longitudinal Observational Study (Chapter 2)

Aim: To determine the effect of enteral feeding on regional intestinal oxygen saturation in 
preterm infants and whether this effect depended on postnatal age, postmenstrual age,
and/or feeding volumes. Additionally, we investigated whether postprandial changes in
intestinal oxygen saturation was associated with postprandial changes in regional cerebral
oxygen saturation. 

Part II – Prediction of Survival and Intestinal Recovery after Necrotizing Enterocolitis  
Onset; the Identification of Several New Biomarkers 
Intestinal Oxygenation and Survival after Surgery for Necrotizing Enterocolitis (Chapter 3) 
Aim: To determine whether preoperative regional intestinal oxygen saturation and regional 
cerebral oxygen saturation measurements are of added value to conventional clinical 
assessment in the risk assessment of identifying which preterm infants with NEC will survive 
after surgery. 

Predicting Intestinal Recovery after Necrotizing Enterocolitis in Preterm Infants (Chapter 4)

Aim: To evaluate whether the biomarkers regional intestinal oxygen saturation and urinary 
intestinal-fatty acid binding protein can predict intestinal recovery in preterm infants after 
NEC. 
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Plasma Citrulline during the First 48 Hours after Onset of Necrotizing Enterocolitis 

(Chapter 5)

Aim: To evaluate the course of plasma citrulline during the first 48 hours after NEC 
onset. Additionally, we determined whether plasma citrulline levels differed between 
conservatively and surgically treated infants, and between survivors and non-survivors. 
We also determined whether plasma citrulline levels were associated with the time to full 
enteral feeding. 

Part III – Preservation of the Preterm Brain; Two Etiologic Factors and the Relation 
to Neurodevelopmental Outcome in Preterm Infants after Development of Necrotizing 
Enterocolitis
Preterm Infants Undergoing Laparotomy for Necrotizing Enterocolitis or Spontaneous 

Intestinal Perforation Display Evidence of Impaired Cerebrovascular Autoregulation 

(Chapter 6)

Aim: To evaluate the presence of cerebrovascular autoregulation before, during, and 
after laparotomy. Secondly, to determine which clinical and biochemical variables were 
associated with an impaired cerebrovascular autoregulation during surgery.
Surgical Treatment and Time to Full Enteral Feeding after Necrotizing Enterocolitis are 

Associated with Worse Motor Development at 2-3 Years of Age in Preterm-Born Infants 

(Chapter 7)

Aim: To determine whether the time to full enteral feeding after NEC onset and the 
presence of post-NEC complications were associated with neurodevelopmental outcome in 
preterm born children with NEC. 
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